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Abstract

 Background—Previous research suggests that classically trained professional singers rely not 

only on external auditory feedback but also on proprioceptive feedback associated with internal 

voice sensitivities.

 Objectives—The Lombard Effect in singers and the relationship between Sound Pressure 

Level (SPL) and external auditory feedback was evaluated for professional and non-professional 

singers. Additionally, the relationship between voice quality, evaluated in terms of Singing Power 

Ratio (SPR), and external auditory feedback, level of accompaniment, voice register and singer 

gender was analyzed.

 Methods—The subjects were 10 amateur or beginner singers, and 10 classically-trained 

professional or semi-professional singers (10 males and 10 females). Subjects sang an excerpt 

from the Star-spangled Banner with three different levels of the accompaniment, 70, 80 and 90 

dBA, and with three different levels of external auditory feedback. SPL and the SPR were 

analyzed.

 Results—The Lombard Effect was stronger for non-professional singers than professional 

singers. Higher levels of external auditory feedback were associated with a reduction in SPL. As 

predicted, the mean SPR was higher for professional than non-professional singers. Better voice 

quality was detected in the presence of higher levels of external auditory feedback.

 Conclusions—With an increase in training, the singer’s reliance on external auditory 

feedback decreases.
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 Introduction

It has been established that auditory feedback has a strong effect on the performance of 

singers, and instrumentalists, and an integration of such feedback is important in the search 

for the ideal sound.1 In the case of instrumentalists, the source of sound is external to their 

own body, while for vocal performers, the voice is generated internally. Therefore, vocal 

performers rely not only on external auditory feedback but also on proprioceptive feedback 

associated with internal voice sensitivities. These sensitivities, consisting primarily of 

pallesthetic (vibratory) and kinesthetic (muscular) sensitivities, provide performers with 

landmarks for controlling their emissions.2 This means of control is more reliable than 

external auditory feedback, in which the perceived voice is substantially modified by the 

acoustics of the environment.2

Over the last few decades, several studies have been conducted to quantify external auditory 

feedback and to assess which acoustic parameters are relevant to performance quality.3 

Currently, the Support (ST) parameters proposed by Gade are part of the standard ISO 

3382:2009.4 A voice-specific support parameter, STV, was proposed by Brunskog et al.5 and 

revised by Pelegrín-García.6 By analogy with Gade’s ST3, this parameter is termed voice 

support and is defined as the difference between the reflected sound and the direct sound of 

the Impulse Response (IR), measured using the mouth of a Head and Torso Simulator 

(HATS) as the source, with the ears as receivers.

During a performance, the singer moves around on the stage. In different positions, the 

acoustic conditions and the balance with the orchestra differ; however, the singer’s voice 

emission should be internally consistent. Consequently, one of the goals of classical vocal 

training is to emit a consistent sound that is independent from the acoustics of the space. 

This goal is inconsistent with natural tendencies in the use of the voice, such as the Lombard 

Effect. Lombard noted in 1911 that a speaker changes his or her voice level when the 

ambient noise level increases, on the one hand, and when the level at which he hears his own 

voice (his external auditory feedback) decreases, on the other.7

Few studies have examined the Lombard Effect in singers. Coleman and Hicks8 measured 

the sound pressure level (SPL) produced by singers (6 professional singers, 6 choir singers) 

at six inches from the mouth during a performance of two songs with three different levels of 

accompaniment (80, 95 and 110 dB) presented by means of headphones. In most cases, 

professional singers were approximately 5–6 dB louder than choir singers. The only 

significant effect of the level of the accompaniment on that of the voice was found for choir 

and professional singers with a slope of 0.06 dB/dB and 0.12 dB/dB, respectively. In 1992, 

Tonkinson9 found a similar effect in choir singers, but experience was not a significant 

factor.

The SPL of the voice is also influenced by the dynamics specified in the score. Boren et al.10 

asked nine professional singers (6 females and 3 males) to perform a piece (30–60 s long) 

from their repertoire at three levels: pianissimo, mezzo forte and fortissimo. The range of the 

Leq for the mask singing voice was found to be 73.2–84.8 dBA, while the range of the peak 

sound pressure level was 93.8–106.4 dBA.
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The Lombard Effect involves not only an increase in SPL, but also spectral changes.11 Some 

voice acoustic measures take into account these spectral changes and their relationship with 

voice quality. Among them, the Singing Power Ratio or SPR12 represents the ratio between 

the greatest spectral resonance peak between 2 and 4 kHz and the greatest spectral resonance 

peak between 0 and 2 kHz. This parameter, which typically relates to the number of years of 

voice training, is used for an objective evaluation of singing voice quality.13

In the present study, recordings of an excerpt of the Star-spangled Banner (the American 

National Anthem) sung by ten female and ten male classical singers were analyzed. The 

singers comprised ten professional and ten non-professional singers. The Lombard Effect in 

singers and the relationship between SPL and external auditory feedback was evaluated for 

both groups. Additionally, the relationship between voice quality (evaluated in terms of 

SPR) and external auditory feedback, level of accompaniment, voice register and singer 

gender was analyzed.

 Methods

 Subjects

The human subject research was approved by the Institutional Review Board (IRB 

#13-1149). Ten female and ten male singers (mean age 22.9 ± 4.5 years) participated in the 

experiment. The sample was divided into two groups: group 1 comprised amateur or 

beginner singers, while group 2 comprised professional and semi-professional classical 

singers. In group 1, there were 3 Sopranos, 2 Mezzo sopranos, 3 Baritones and 2 Tenors. 

They were mainly choristers in a cappella choirs, with a primarily popular (“pop”) 

repertoire, with years of singing experience ranging from 4 to 16 and an average number of 

years of private classical voice lessons equal to 4.7. In group 2, there were 5 Sopranos, 1 

Mezzo-soprano, 3 Basses, and 1 Tenor. They were predominantly Master’s students in 

classical singing, with years of singing experience ranging from 4 to 14 and an average 

number of years of private voice lessons equal to 7.6.

 Protocol

After an initial (guided) warm-up, subjects performed vocal tasks in three different external 

auditory feedback conditions. The tasks consisted of singing an excerpt from the Star-

spangled Banner with a musical accompaniment, without the use of falsetto. The keys used 

were B major for Tenors and Sopranos and Ab major for the other singers. These keys were 

chosen with the purpose of recording notes in the low, middle and high registers according 

to the voice type. The scores of the excerpt for the different voice types is shown in Figure 1.

The experiment was conducted in a soundproof room (2.5 × 2.75m and h=2 m). This 

environment is referred to as set 1. In a second condition (set 2), two reflective panels were 

placed in this room at 0.5 m from the singers, 45° from the mouth axis. In this condition, 

external auditory feedback is increased. In the third condition (set 3), singers were asked to 

put on headphones, which cancelled external auditory feedback. Three different levels of the 

accompaniment were used: 70, 80 and 90 dBA measured at the singers’ ears with a KEMAR 
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45BB-1 HATS. In sets 1 and 2, the accompaniment was played by means of a loudspeaker, 

while in set 3 headphones were used.

A total of 9 tasks were recorded for each subject by means of a boundary microphone 

(Behringer ECM8000) and a head-mounted microphone (HMM, Glottal Enterprises M-80). 

Both microphones were connected to a PC via a Scarlett 2i4 Focusrite soundboard. Audacity 

2.0.6 was used as the recording software. In order to avoid systematic effects introduced by 

the order of task presentation, task order was randomized.

 Analysis

For each task performed by each subject, the time history of the SPL was calculated from 

the head-mounted microphone signal. The calibration of the signal was performed by means 

of a comparison with the signal of the boundary microphone, which was first calibrated with 

a Sound Calibrator (NC-74). These analyses were conducted with MATLAB R2014b. The 

highest note in the excerpt from the Star-spangled Banner (the vowel in the word “free”) and 

a note in the low-middle voice register (the first portion of the vowel in the word “land”) 

were selected in each task. The relevant notes are highlighted in Figure 1. SPR was 

calculated per vowel and task with Praat 5.4.01.

Linear mixed-effects models were fit by Restricted Maximum Likelihood in R 3.1.214 using 

the lme4 package15 with p values based on Satterthwaite’s approximations16 and corrected 

Tukey’s post-hoc comparisons. Model comparisons were performed on the basis of the 

Akaike Information Criterion and chi-square (χ2) likelihood ratio test statistics and p values 

from the chi-square distribution.

 Results

 Acoustics of the sets

As described above, three sets were used during the experiment, which differed in the level 

of external auditory feedback. Set 1 consisted of the soundproof room, without reflective 

panels. The auditory feedback was at a medium–low level. The mid-frequencies 

Reverberation Time (RT) in the room was 0.05 s and the trend over the octave band was 

almost flat. The Schroeder Frequency was 121 Hz; consequently it was possible to evaluate 

the room acoustic parameters only for frequencies higher than 121 Hz. In set 2, auditory 

feedback was increased with the introduction of reflective panels. The introduction of the 

panels did not affect the reverberation time. The IR of this set showed a strong first 

reflection due to the panels, as is notable in Figure 2.

STV and room gain (RG) were calculated for sets 1 and 2.6 Unlike the method proposed by 

Pelegrín-García6, a window of 1 ms (rather than 5) was used to discriminate between the 

direct and the reflected sound. This modification was necessary because the arrival time of 

the first reflection (due to the proximity of the panels) was used as a discriminant value for 

the direct sound. RG was 0.07 dB and 0.38 dB in set 1 and set 2, respectively, while STV 

was −18.1 dB and −10.4 dB in set 1 and set 2, respectively.
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Set 3 involved the minimum level of the external auditory feedback and was obtained using 

headphones to reproduce the accompaniment. The insulation introduced by the headphones 

was higher at higher frequencies with an average attenuation of 16.2 dB for frequencies 

between 250 Hz and 8 kHz.

 Sound pressure level in the singing voice

The sound pressure level (SPL) was derived from the signals per task with a time step of 

0.186 s. The reported levels were estimated at 1 m from the subject on-axis in quasi-

anechoic conditions. SPL means, standard deviations and peaks are reported in Table I per 

subject, with the subject’s age, gender, and group membership (non-professionals being 

group 0 and professionals being group 1).

The range of the mean SPL was between 70.2 dBA and 83.5 dBA, and the range of the SPL 

peak was between 87.4 dBA and 101.1 dBA. These values are consistent with those reported 

by Boren et al.10 Indeed, as mentioned above, they found a mean SPL for singers varying 

between 73.2 dBA and 84.8 dBA and a peak SPL varying between 93.8 dBA and 106.4 

dBA. The SPL values over the time for the two groups are shown in Figure 3. The SPL 

means and standard deviations are given in Table II per level, set and group.

Table III shows the summary of the best fitting linear mixed-effects model to the SPL data 

with the predictors of (1) group, (2) level and (3) set, and interaction terms for (4) level and 

set and (5) level and professional, with the random effect term of (6) subject. The 

unconditional variance of subject was estimated as 9.86 (and the residual variance was 

estimated as 97.2). The estimate of the regression coefficient for group 1 was 4.81 dBA 

higher than the estimate for group 0 (p<0.01). This value is comparable with the difference 

between groups found by Coleman and Hicks8 (5 – 6 dB). Level 70 was associated with 

estimates that were 2.08 and 4.70 dBA lower than levels 80 and 90, respectively (p<0.0001). 

Figure 4 shows the sound pressure level by accompaniment level per group. The estimate for 

set 2 (highest level of external auditory feedback) was 0.73 and 1.29 dBA lower than the 

estimates for sets 1 and 3, respectively (p<0.01). Figure 5 shows SPL by set per group.

Regarding the interaction terms, there was least difference in SPL according to the level of 

the accompaniment in set 3 (p<0.05). SPL differed less according to accompaniment level 

for subjects in group 1 than for subjects in group 0 (p<0.001). Post-hoc multiple 

comparisons of means (Tukey’s with adjusted p values) were run for the level term in the 

fitted model. All comparisons were significant at p<0.0001 (80–70, z =6.7; 90–70, z=15.1; 

90–80, z=8.45).

 Singing Power Ratio

The singing power ratio (SPR) was calculated per task from the spectra of two extracted 

notes: (1) a note in the high register, sung on the word “free”, and (2) a note in the low-

middle register, sung on the first portion of the word “land”. The SPR mean and standard 

deviation per subject are reported in Table I. The range of the mean SPR was between −33.3 

dB and −9.1 dB. This range is consistent with the values reported by Omori et al.12 Means 

and standard deviations per set, level, group and word are reported in Table II.
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A model was fit to the SPR data with the predictors of (1) group, (2) level, (3) set, (4) word 

and (5) gender and the interaction of (6) word and gender, with the random effect term of (7) 

subject (Table IV). The unconditional variance of subject (subject-to-subject variability) was 

estimated as 15.47 (and the residual variance was estimated as 12.64). The effects of group 

and gender on SPR are shown in Figure 6. The estimate regression coefficient for “land” was 

1.07 dB higher than that of “free” (p<0.05), while the estimate for group 1 was 6.4 dB 

higher than the estimate for group 0 (p<0.01). The estimate for males was 9.8 dB higher than 

that of females (p<0.0001). The estimate for set 2 (with panels) was higher than both set 1 

and set 3, although the difference merely approached significance for set 1 (set 1 – set 2, 

p=0.054; set 3 – set 2, p<0.0001). The effect of set on SPR is shown in Figure 7.

Level 70 tended to be associated with a lower SPR than 80 or 90, but differed significantly 

only from level 90, which was associated with an SPR estimate that was 1.2 dB higher (p 

<0.05). There was an interaction of word and gender (p<0.0001): the difference in SPR 

between genders was present only for the word “free”, for which males were associated with 

a higher SPR than females. This interaction effect is shown in Figure 8.

 Discussion

There are two opposing tendencies in the response of voice intensity to an increase in the 

level of the accompaniment. The Lombard Effect is the unconscious tendency to increase the 

intensity of the voice with an increase in the intensity of the background noise. The opposing 

tendency is due to the effect of a goal of (especially classical) singing training: a decrease in 

the dependency on external auditory feedback and an increase in the reliance on internal 

voice sensitivities (internal auditory and proprioceptive or kinesthetic feedback). In Figure 4, 

it was shown that the Lombard Effect is stronger for non-professional singers (group 0) than 

professional ones (group 1). Over the 20 dB increase in the level of the accompaniment, 

there was a 4.29 dB increase for group 0 and only a 2.55 dB increase for group 1. A slope of 

0.21 dB/dB was found for non-professional singers and a slope of 0.13 dB/dB was found for 

professional singers, indicating a decrease in the reliance on external auditory feedback for 

the professional singers.

When the accompaniment was played via headphones (set 3), the slopes were 0.17 dB/dB 

for non-professional and 0.08 dB/dB for professional singers. These results differ from those 

of Coleman and Hicks, 8 who report a slope of 0.06 dB/dB for choristers and a slope of 0.12 

dB/dB for professional singers. The differences between the results of the two studies may 

be due to lower subject numbers in the Coleman and Hicks8 study and to the fact that their 

accompaniment varied within a higher range (80 to 110 dB) than that of the present study. 

The implication of this difference in the level of the accompaniment is that an achievement 

of the singer’s maximum voice power may have occurred in Coleman and Hicks’ study8, 

more so for choristers than professionals. Indeed, the results of the present study indicate 

that non-professionals, who were typically choristers, have a lower maximum voice power 

(as indicated by the SPL peak reported in Table I).

The relationship between external auditory feedback and SPL was discussed, where in set 1, 

the external auditory feedback was at a medium–low level, in set 2, it was increased with the 
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introduction of reflective panels and in set 3 it was strongly attenuated by headphones. As 

shown in Figure 5, set 2 was associated with the lowest SPL values. Thus, higher levels of 

external auditory feedback were associated with a reduction in SPL, as would be predicted 

on the basis of Pelegrín-García’s findings6 for the effect of RG on SPL in speech. The SPL 

was typically approximately 4 dB higher for professional than non-professional singers. For 

the non-professional singers, the SPL was 1.17 dB lower for set 2 than set 1, and 0.6 dB 

lower for set 2 than set 3. For the professional singers, the mean was 0.13 dB lower for set 2 

than set 1, and 0.5 dB lower for set 2 than set 3. These results provide further evidence for 

the claim that the effect of external auditory feedback on voice regulation is reduced with 

(classical) training.

With regard to SPR, the mean for the professional singers was higher than that for the non-

professional singers, just as the mean for males was higher than that for females (Figure 6). 

The difference in SPR between males and females was greater in the professional group, as 

shown in Figure 6. The mean SPR for professional female singers was −18.24 dB and for 

non-professional female singers, −22.6 dB. The mean SPR for professional male singers was 

−10.47 dB and for non-professional singers, −19.34 dB.

The results obtained in this study show some inconsistencies with the results reported by 

Omori et al.12 In the two studies, professional male singers show similar SPR values, while 

professional female singers in the present study show lower values than those in the Omori 

et al. study.12 The SPR values of the non-professional singers in the present study lie 

between those of non-singers and non-professional singers in the Omori et al. study. 12 The 

inconsistency may be caused by differences in the classification of the singers into groups in 

the two studies. In the present study, the non-professional singers received classical training 

but primarily performed a popular repertoire.

In the present study, a significant interaction was found between gender and word, where 

‘word’ refers to different voice registers. As mentioned, the SPR was calculated separately 

for the two words, which were sung in two different registers: “free” (high register) and 

“land” (low-middle register). Figure 8 showed that the difference in SPR between genders 

occurred in the context of the high register only. That is to say, there was a higher SPR for 

males than females in the high register. This effect is related to the shape of the spectrum 

and hence the dimensions of the vocal tract. In general, as shown by Sundberg,17 the 

spectrum of singing voice differs according to gender. Male singers had a stronger frequency 

component between 2000 and 4000 Hz than female singers. In particular, tenors showed a 

peak between 2500 and 3500 Hz, while baritones and basses showed a peak between 2000 

and 3000 Hz. These peaks increased with an increase in the fundamental frequency. 

Consequently, higher values of SPR were detected in the high register (on the word “free”). 

In the females’ voices, spectral components (e.g., vocal tract resonances) were stronger near 

the fundamental frequency and this spectral shape was emphasized in the high register. 

Relatedly, there was a decrease for females in SPR in the high register relative to the low-

middle register.

As far as the effect of external auditory feedback on the SPR is concerned, as shown in 

Figure 7, higher levels of external auditory feedback were associated with higher levels of 
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SPR. That is, better voice quality was detected in the presence of higher levels of external 

auditory feedback. The benefits of increased external auditory feedback were more evident 

for the high register than the low-middle register. Especially in the case of the low-middle 

register, an increase in SPR was evident for set 2 relative to set 3. This finding indicates that 

an increase in the level of external auditory feedback was associated with an increase in 

voice quality. Non-professional singers appeared to benefit more from the increase in 

external auditory feedback than professional singers. Consequently, these results confirm the 

tendency for classically trained professional singers to rely less on external auditory 

feedback than non-professional singers.

 Conclusion

The current study considered the effect of training and external auditory feedback on two 

aspects of the singing voice: variation in voice level according to accompaniment level (the 

Lombard Effect) and voice quality, estimated by the SPR parameter. Ideally, a singer is 

independent from external auditory feedback, but this independence runs counter to the 

Lombard Effect. The findings are summarized below:

1. SPL was typically approximately 4 dB higher for (classically trained) 

professional than non-professional singers;

2. The Lombard Effect was stronger for non-professional singers (0.21 dB/dB) 

than in professional ones (0.13 dB/dB);

3. Higher levels of external auditory feedback were associated with a reduction in 

SPL and this effect was stronger in non-professional singers than professional 

ones;

4. The mean SPR was higher for professional than non-professional singers, i.e., 
voice quality as measured by SPR improved with training;

5. Better voice quality (higher SPR) was detected in the presence of higher levels 

of external auditory feedback, especially in the high register;

6. Non-professional (predominantly choral) singers appeared to benefit more 

from the increase in external auditory feedback than professional classical 

singers.

The limitations of this study include the fact that the professional singers were students, with 

a mean age of 22.9 ± 4.5 years. One implication is that the concepts concerning singing 

techniques, which have been learned by the singers, may not have been fully acquired as 

automatic behaviors. Thus, it is conceivable that mature singers rely only on internal 

sensitivities.

A limitation of the SPR measure is that it varies according to gender and register, as was 

found in the current study. Differences in male and female vocal tract dimensions are 

associated with differences in the voice spectrum. Moreover, the effect of an increase in 

fundamental frequency on the spectral slope differs between males and females. Due to 

these spectral differences, in the present study, SPR increased with the fundamental 

frequency for males, but decreased for females, independently from voice quality. Omori et 
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al.12 did not observe the interaction between gender and fundamental frequency because 

they merely asked the singers to produce the vowel sound /a/ at a comfortable pitch and 

intensity. However, it is clear from the findings presented here that any future study of SPR 

should consider the effect of gender and singing register. Additionally, in future research the 

possibility of extending these findings to other types of professional singers, such as 

commercial ones, could be considered.
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Figure 1. 
Scores of the excerpt from the Star-spangled Banner used during the experiment. The keys 

used during the experiment were B major for Tenors and Sopranos and Ab major for the 

other singers.
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Figure 2. 
Impulse Response between the mouth and the ears of a Head and Torso Simulator in the 

soundproof room with and without reflective panels (set 1, without panels; set 2, with 

panels).
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Figure 3. 
Voice Sound Pressure Level (dBA) at 1 meter in quasi-anechoic conditions recorded in all 

subjects over time (s). Values are presented per group (0: non-professional; 1: professional).
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Figure 4. 
Means and 95% confidence intervals of voice Sound Pressure Level (dBA) at 1 meter in 

quasi-anechoic conditions. Values are presented by accompaniment level per group (0: non-

professional; 1: professional).
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Figure 5. 
Means and 95% confidence intervals of voice Sound Pressure Level (dBA) at 1 meter in 

quasi-anechoic conditions. Values are presented by set and group (0: non-professional; 1: 

professional).
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Figure 6. 
Singing Power Ratio (SPR in dB) per group and gender where boxes represent the 

interquartile range (25 to 75%) and medians are marked by horizontal lines. Where notches 

differ, medians differ significantly.
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Figure 7. 
Mean values of the Singing Power Ratio (SPR in dB) evaluated on two notes (on the word 

“free” in the high register and on the word “land” in the mid-low register) for females and 

males, respectively. Values are presented by set and group (0: non-professional; 1: 

professional).
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Figure 8. 
Means and 95% confidence intervals of Singing Power Ratio (SPR in dB) evaluated on two 

notes (on the word “free” in the high register and on the word “land” in the mid-low 

register). Values are presented by gender.
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