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Abstract: This study investigates speech production under various room acoustic conditions in virtual environments, by com-
paring vocal behavior and the subjective experience of speaking in four real rooms and their audio-visual virtual replicas. Sex
differences were explored. Males and females (N¼ 13) adjusted their voice levels similarly to room acoustic changes in the
real rooms, but only males did so in the virtual rooms. Females, however, rated the visual virtual environment as more realis-
tic compared to males. This suggests a discrepancy between sexes regarding the experience of realism in a virtual environment
and changes in objective behavioral measures such as voice level. VC 2024 Author(s). All article content, except where otherwise noted,
is licensed under a Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Voice and speech behavior are affected by several factors, one of them being the room acoustic conditions. Previous stud-
ies have pointed out poor room acoustic conditions as a possible risk factor for voice problems for people working within
vocally demanding occupations.1–3 The link between room acoustics and vocal behavior can be explained through side-
tone, which encompasses how a speaker hears his/her own voice while speaking.4 Studies aiming to disentangle the rela-
tionship between specific room acoustic parameters and vocal behavior, referred to as the room effect, show diverse results.
The room effect seems to be sensitive to several confounding factors, such as the investigated speech task,5 the talker-
listener distance,6 the vocal health of the participants,5 and background noise level.7 Two room acoustic parameters used
for investigating the room effect are voice support (STv) and room gain (GRG).

5,8 Voice support measures the strength of
the speaker’s voice reflection as related to the strength of the direct sound between the mouth and the ears, and room
gain measures the level of amplification that the room provides of the speaker’s voice at his own ears.8

Studying voice production in varied room acoustic conditions can be challenging because, in real-world settings,
it is difficult to isolate specific factors of interest while controlling for confounding variables. Virtual acoustic environments
can aid this research by creating space- and time-efficient experiments in a laboratory setting, using real-time auralization
provided either by headphones or a loudspeaker array. This has been done by, e.g., Pelegr�ın Garc�ıa and Brunskog5 and
Rapp et al.,9 providing promising results on how to efficiently investigate room effects. A disadvantage of the laboratory
setting is the laboratory environment in itself since the visual information also plays a fundamental part in regulating
speech and voice behavior.6,8 Virtual reality (VR) using a head-mounted display (HMD) could aid this problem, by adding
a simulated visual environment. In this way, both visual and auditory cues important for speech regulation can be con-
trolled and changed accordingly in line with the research question of interest.

A laboratory setup for studying speech behavior in virtual environments, through acoustic and visual simula-
tions, has recently been developed by our research team.10,11 Preliminary results investigating the room effect, defined as
changes in vocal sound pressure level (SPL) with respect to STv, suggest a discrepancy in the room effect between males
and females.11 The results showed that males increased their vocal SPL when STv increased, to a magnitude of almost
0.70 dB vocal SPL dB/dB STv. For females, the increase was only 0.13 dB vocal SPL dB/dB STv. These results contradict
previous research in two main aspects. First, in previous studies, vocal SPL has mainly decreased with increasing STv.

5,8,9

Second, Rapp et al.,9 investigated sex differences in vocal SPL dB/dB STv, and found no differences between males and
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females. A major difference between our set-up and previous studies5,8,9 is the use of VR for visual simulation.
The purpose of this study was therefore to explore the use of audio-visual virtual rooms as a method for investigating
vocal SPL and fundamental frequency (fo) as well as subjective perception of speaking under different room acoustic con-
ditions. Another purpose was to investigate possible sex differences in room effects and talker experience. This was done
by comparing the vocal output and the subjective perception of female and male talkers speaking under different acoustic
conditions in real rooms and in their simulated acoustic and visual counterparts.

2. Methods

2.1 Participants

A total of 13 engineering students, seven males and six females, were recruited as participants through convenience sam-
pling. The age spread was 22 to 32 years. All reported normal hearing, normal or corrected normal vision, and no occur-
rence of any vocal disorder. Three male and two female participants reported extensive video game usage, and the remain-
ing seven reported playing video games occasionally, mostly in their teens. None had notable VR experience.

2.2 Experimental conditions

The experimental conditions consisted of four real rooms (an anechoic room, a lecture room, a reverberation chamber,
and a corridor, henceforth real scenario) and their virtual replicas, henceforth virtual scenario, giving a total of eight condi-
tions. The virtual scenario consisted of corresponding audio-visual simulations of the rooms presented in the anechoic
room using VR for visual, and a 64-loudspeaker array for auditory simulations (see Secs. 2.4 and 2.6). For the anechoic
room, the acoustic condition was the same for both the real and virtual scenarios, the only difference being the visual con-
dition provided by the HMD. The order of the two scenarios, real and virtual, was randomized for each participant. The
order of the four rooms was also randomized for each participant, although consistent across the two scenarios.

In the real scenario, the participants sat in an office chair wearing a DPA 4088 head-mounted microphone
(DPA Microphones A/S, Kokkedal, Denmark). In the virtual scenario, the participants sat in a similar chair at the center
of the loudspeaker array wearing the same microphone and an HMD (see Sec. 2.6). The test-leader or a human avatar,
henceforth referred to as the audience, stood 4 meters in front of the participant in the real and virtual environments,
respectively. The virtual distance has been rated to a median of 4 meters (IQR¼ 2m) by 80 participants in a previous yet
unpublished data collection (€Ohlund Wistbacka). In both scenarios, the participants’ speech were recorded by a measure-
ment microphone (B&K 4192, Bruel & Kjaer Sound & Vibration Measurement A/S, Virum, Denmark) positioned one
meter away.

2.3 Experimental task

In each experiment, the participants were asked to speak freely about a topic of their own choice, for instance, hobbies,
travels, or studies. The participants had different native languages, and in order to obtain as fluent speech as possible,12

they were instructed to speak in their own mother tongue: English (n¼ 1; male), Greek (n¼ 5; two males, three females),
French (n¼ 1; male), Chinese (n¼ 2; one male, one female), Danish (n¼ 2; one male, one female), Thai (n¼ 1; male), or
German (n¼ 1; female). The instruction was to “speak in a way so that it feels like the audience would be able to hear
you.” No feedback was given to the participant during the speech task. After speaking for 3min, the participants were
asked to rate statements about their subjective experience of speaking in the present condition, on a scale from 1 (do not
agree at all), and 10 (completely agree). The statements, given in English, were: (1) The room helps me to speak comfort-
ably; (2) It is easy for me to make myself heard in the room; (3) My voice reverberates in the room as I speak; (4) The
room feels acoustically dry or damped; (5) I succeeded well with the task I was asked to perform; (6) I needed to make an
effort to perform as I did; (7) The task made me feel insecure, irritated or stressed; (8) The task was fun; (9) The sound envi-
ronment feels realistic; (10) The visual environment feels realistic. Statements 9 and 10 were asked solely in the virtual
rooms as they only refer to the acoustic and visual simulations. In addition, the participants were asked to estimate their
distance to the audience in meters for each room in both scenarios.

2.4 Room acoustic simulations

For the acoustic simulations, the room impulse responses (RIR) were first measured in the real rooms (classroom, rever-
beration chamber and corridor), in accordance with ISO 3382-2,13 using the Dirac software (Dirac Research AB, Uppsala,
Sweden), a B&K 4292 loudspeaker, and a B&K 4192 microphone (Bruel & Kjaer Sound & Vibration Measurement A/S,
Virum, Denmark). Room dimensions were measured with a laser meter.

Computer-based room models were created using SketchUp,14 and imported to the ODEON Room Acoustics
Software.15 The simulations were calibrated using the measured RIRs and the Genetic Material Optimizer.15 Speaker and
listener positions were inserted according to the real room positions. The sound source approximated human voice direc-
tivity (ODEON’s ‘BB93NormalNaturalSO8’). The receiver was an omnidirectional microphone placed 1m away from the
source. Early reflections and directional energy curves were extracted from the simulated room acoustic model, using 5000
late rays, a maximum reflection order of 2000, early reflections’ transition order 3, and an impulse response length of
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15 000ms. Figure 1 shows a comparison between the tuned simulated and the measured reverberation times (T30) for the
rooms. We notice a discrepancy between the real room and the simulated room at low frequencies in the reverberation
chamber.

The early reflections and directional energy curves were processed by the LoRA toolbox16 to generate 64 FIR fil-
ters for reproducing the simulated acoustic environment at the center of a spherical 64-channel loudspeaker array in the
anechoic room. Details regarding the laboratory facility can, e.g., be found in two studies by Ahrens et al.17,18 The input
to the reproduction system was the participant’s voice, picked up the head-mounted microphone. Details regarding the
real-time auralization including a calibration process for each participant is described in a previous paper.10

2.5 Effective room acoustic parameters

The effective room acoustic parameters for each room and scenario are found in Table 1. In both the real and virtual
scenarios, the acoustic conditions as quantified by room acoustic parameters and perceived at the location of the partici-
pants were calculated from RIRs between the loudspeaker-mouth and microphone-ears of a head-and-torso simulator
(HATS 4128; HBK Sound & Vibration Measurements A/S; Virum, Denmark). The HATS was positioned at the partici-
pant’s location and the measurements were conducted under the same conditions as during the experiment. The RIRs
were estimated from averages over 30 exponential sweeps of 240 s, using a frequency range of 1Hz–20 kHz at a sample
rate of 48 kHz, as to achieve a good signal-to-noise ratio. For the measurements in the virtual scenarios, HATS was wear-
ing the HMD, as the HMD can influence the head-related transfer function,19 sound localization,18 and sidetone.20 The
personalized reproduction filters for HATS were created in a similar manner as for a human participant.10

The room acoustic parameters of interest were reverberation time T30, room gain GRG, voice support STV,

and the mouth-to-ear decay time DT40. For the computation of T30, the first 5ms were removed from the impulse
responses to avoid the influence of the direct sound, in accordance with Pelegrin-Garcia and Brunskog.5 The just
noticeable difference (JND) of T30 is 5%, as established by ISO3382-1:2009.21 The differences between the real and

Fig. 1. T30 measured and tuned simulations in Odeon (before including the audience materials). Note that the JND is 5%, see Sec. 2.5, being
fulfilled in all cases except for the lowest frequencies for the reverberation chamber.

Table 1. Room acoustic parameters measured with the ear-canal microphones of a head-and-torso simulator in the real and virtual scenarios.
The acoustic conditions are identical in the anechoic room for both scenarios. T30, reverberation time; GRG, room gain; STV, voice support.

Rooms Volume [m3] T30 [s] GRG [dB] STV [dB]

Anechoic Room 336 0.20 0.08 �16.89
Corridor (Real) 450 2.00 1.10 �5.54
Corridor (Virtual) 1.90 0.80 �7.10
Lecture Room (Real) 186 0.60 0.20 �13.06
Lecture Room (Virtual) 0.58 0.17 �13.95
Reverb. Chamber (Real) 240 2.78 1.60 �3.50
Reverb. Chamber (Virtual) 2.60 1.00 �5.93
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virtual measurements for the lecture room and the corridor were within the 5% range. In the reverberation chamber,
the T30 in the virtual room measurement was 2.60 s and in the real measurement 2.78 s, giving a difference between
measurements exceeding the 5% JND with 0.04 s. The room gain is defined by GRG ¼ 10 log ½ðED þ ERÞ=ED� dB, where
ED is the airborne direct sound energy and ER is the reflected sound energy.8 Voice support STV is the energy ratio in
dB between the reflected and direct airborne sound defined by STV ¼ 10 log ER=ED dB. The direct and reflected sounds
were extracted from the averaged energy responses between the loudspeaker-mouth and the two microphone-ear
canals.8,22 Furthermore, a speech weighting in the frequency octave bands 125–4000Hz for STV was applied, in accor-
dance with Pelegr�ın Garc�ıa et al.,23 in order to more accurately adapt the parameter to auditory perception. The
mouth-to-ear decay time DT40 is the 60 dB reverberation time extrapolated from the energy decay over the first 40 dB
drop. Despite previously being useful,5 it turned out strongly correlated with T30 in the current measurements and was
therefore dropped from further analysis.

2.6 VR simulation

VR versions of all four real rooms were built using Unity (Unity Technologies, San Francisco, CA) to simulate the visual
environments. The corridor and reverberation chamber models were empty, windowless rooms, as they were in the real
versions. The anechoic chamber was also modeled as empty, hence the model did not show the 64-loudspeaker array pre-
sent in the real room. The classroom model was furnished in the same way as the real room including windows. The dis-
play was presented via HTC VIVE Pro Virtual Reality head mounted display (HTC Corporation, New Taipei City,
Taiwan) with the use of the SteamVR plugin (Valve Corporation, Bellevue, WA). The test participant and audience were
positioned similarly to the talker and listener in the real room experiment. The audience avatar was chosen from a pack-
age called “realpeople.male” (3drt.com). To avoid drop-outs in the audio loop, Unity and the real-time signal convolution
were run on separate computers.10

2.7 Processing of voice recordings

Voice SPL and fundamental frequency (fo) were extracted from the voice recordings by averaging the 3-min recordings
measured in each room for each participant. The transfer function between the head-mounted microphone and the mea-
surement microphone 1m away was used to normalize the SPL to a distance of 1m. The signals were further processed to
exclude speech pauses. For each signal, a short-time Fourier transform with 43ms (N¼ 2048) Hann-windowed blocks
with 25% overlap was computed, and each block was classified as voiced or unvoiced according to a spectral flatness crite-
rion of its power spectrum S: voiced blocks have a spectral flatness,

exp
1
N

XN�1
n¼0

lnmax S2n;
1
N

r2

� � !

1
N

XN�1
n¼0

max S2n;
1
N

r2

� � < 0:05: (1)

Other blocks were considered unvoiced and excluded when computing the equivalent voice level of the speech signal. The
flatness measure was robustified by lower bounding the power spectral density with a background noise variance estimate
r2. The mean fo was extracted automatically using the software Praat.24

2.8 Statistical analysis

Data were analyzed using linear mixed-effect models. The analyses were performed in R25 version 4.3.0 with the lme426

and MuMin packages.27 The general mixed linear models are described by the expression y ¼ Xbþ Zaþ �, where y is a
vector of observations of the outcome variable, X is a matrix of the predictor variables (fixed effects), b is a vector of
unknown regression coefficients of the fixed effects, Z is the design matrix for the random effects, a is a vector of random
effects, and � is a column vector of errors.28 The outcome variables, y, were the objective measures of SPL and fo, and the
subjective responses to each of the ten statements. For each of the 12 y, three models were tested, one for each room
acoustic parameter as a fixed effect (STV, GRG, or T3; continuous variables). For outcome variables SPL and fo, the addi-
tional fixed effects X were Distance (the subjective estimation of distance to the audience in meters, continuous variable),
Sex (male/female, categorical variable), and Scenario (real/virtual, categorical variable). For statements 1–8, the additional
fixed effects were Sex and Scenario. For statements 9–10, which were solely answered in the virtual scenario, the only addi-
tional fixed effect was Sex. All possible one- and two-way interactions of the fixed effects were included in each model.
Participants were always included as the random effect Z. A top-down approach was implemented when building the
models, starting with the full models and removing the non-significant predictors one at a time. This was done by evaluat-
ing the analysis of variance (ANOVA) (significance level p< 0.1) and comparing the Akaike information criterion (AIC).
The lower the AIC score, the better the fit of the model.29
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3. Results

3.1 Perceived distance to the audience

Males rated the perceived distance to the audience to be between 2 and 5.5 meters in the real scenario rooms, with a
median matching the real distance of 4 meters. Females rated the distance to be between 2 and 5 meters in the real rooms,
also with a median of 4 meters. In the virtual scenario, the perceived distance for males was between 1 and 4 meters, with
a median of 2.5 meters. For females, the perceived distance varied between 1.5 and 3 meters, with a median of 2.8 meters.

3.2 Voice SPL and fundamental frequency ( fo) for males and females in the real and virtual scenario

The SPL and fo for male and female participants for each scenario and room are shown in Fig. 2. In the real rooms, the
median SPLs differed by up to 3 dB between sexes. The relative changes in SPL between the real rooms were similar for
males and females. When comparing SPL in the real rooms to the virtual ones, male participants presented 1–2 dB higher
SPL median values in all virtual rooms except for the anechoic one in which the median SPL was 1 dB lower compared to
the real room. The relative changes in SPL between the four different rooms followed the same pattern in the virtual sce-
nario as in the real scenario for males. Females, on the other hand, lowered their median SPL in the virtual scenario and
did not change their SPL as much between the four virtual scenario rooms, compared to the four real scenario rooms.

For males, a slight increase in fo was found in the virtual anechoic room compared to the real counterpart, and
a drop in fo in the virtual corridor compared to the real one. In the lecture room and reverberation chamber, the fo was
kept rather steady regardless of room or scenario. For the female participants, the fo was kept steady in the anechoic room
regardless of the scenario. In the other rooms, the fo dropped 5–10Hz in the virtual scenario compared to the real one,
however, the relative F0 changes between the three rooms were similar between scenarios.

Based on the AIC, the best-fitted statistical model for SPL as an outcome variable included the significant
(p< 0.05) fixed effects STV, Sex, and Scenario as well as the two-way interactions Distance � Scenario and Sex � Scenario.
The fixed effect explaining most of the variance of SPL was the STV, giving a room effect vocal SPL dB/dB STV of 0.27 dB/dB.
The effect of perceived distance on SPL wasþ 1.4 dB SPL higher per þ1 meter distance in the virtual scenario compared
to the real one (Distance � Scenario). Both males and females decreased their SPL in the virtual scenario compared to the
real one, but males did so to a lesser extent (Sex � Scenario). The best fitted model for fo included the fixed effects T30,
Sex, Scenario, and the two-way interaction T30 � Sex. The results showed a decrease in fo for females when T30 increased
(�6.9Hz/s), and a slight increase in fo for males when T30 increased (�6.9þ 7.3¼ 0.4Hz/s). fo decreased by approximately
9Hz in the virtual scenario compared to the real one for both sexes. The full results from these models are presented in
Table 2. All six models tested are presented in the supplementary material.

3.3 Subjective results

All results from the mixed models of the ten statements are found in the supplementary material. For statements 1–4 and
6–8, the best fitted models all included T30, which also was the fixed effect explaining most of the variance. Additional sta-
tistically significant fixed effects were Scenario (statements 1, 3, 4, and 7), Sex (statements 2 and 10), and the two-way
interaction T30 � Scenario (statements 1–4, 6 and 8). No fixed effects were statistically significant for statements 5 (I suc-
ceeded well with the task I was asked to perform and 9 (The sound environment feels realistic), in either model.

In statement 1 (The room helps me to speak comfortably), the room was rated as more comfortable to speak in
when T30 decreased, to a magnitude of �14.0/T30 in the real scenario and �5.5/T30 in the virtual scenario. A similar effect
was found for statement 2, (It is easy for me to make myself heard in the room), to a magnitude of �7.2/T30 in the real
scenario and �2.4/T30 in the virtual scenario. In this statement, an effect of Sex was also found, showing that males rated
this statement on average 1 point lower than females. Statement 3, (My voice reverberates in the room as I speak), was

Fig. 2. Medians and interquartile ranges of voice SPL (left) and fundamental frequency (fo, right) in the different rooms in the real (in red)
and virtual (in blue) scenarios for female (F) and male (M) participants.
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rated higher with increasing T30, to a magnitude of 18.9/T30 in the real scenario, and 8.5/T30 in the virtual scenario. The
opposite effect was found in the ratings of statement 4, (The room feels acoustically dry or damped), showing a lower rating
with an increasing T30, to a magnitude of �18.1/T30 in the real scenario, and �8.9/T30 in the virtual scenario. For state-
ment 6 (I needed to make an effort to perform as I did), the participants rated their performance as more effortful when
T30 increased, to a magnitude of 4.4/T30 in the real scenario, and 1.5/T30 in the virtual scenario. For statement 7 (The task
made me feel insecure, irritated or stressed), the participants rated their feelings more negatively affected when T30
increased (1.3/T30). The participants rated their feelings as on average 2.6 points more negatively affected in the real sce-
nario, compared to the virtual one. Statement 8, (The task was fun) was rated lower when the T30 increased, to a magni-
tude of �3.5/T30 in the real scenario and �0.8/T30 in the virtual scenario. In statement 10 (The visual environment feels
realistic), females rated the visual environment in the virtual scenario as on average 2.6 points more realistic than males
did.

4. Discussion

The purpose of this study was to investigate differences in vocal behavior (SPL and fo) and the subjective experience of
speaking in four real rooms with varying room acoustic conditions, compared to audio-visual virtual replicas of the same
rooms. An additional purpose was to investigate possible sex differences. The results showed that males adjusted their SPL
to changes in STV in the same manner in both the real and virtual scenarios. Females, on the other hand, adjusted their
SPLs less to changes in STV in the virtual scenario, compared to the real one. Females tended to lower their fo as an effect
of increased T30 in both scenarios, whereas males slightly increased their fo when T30 increased. The subjective ratings
were mostly affected by T30 in interaction with Scenario, and to some extent by Sex.

The results from the SPL analyses are in line with some reported results,11 but differ from others.5,6,9 The
increase in SPL when the STV increases is contradictory to most previous research, in which a negative slope between the
two parameters has been found.5–9 One explanation for the different results could be the chosen speech task, as that has
been shown to affect the room effect in previous studies.6

Few studies have systematically investigated differences between sexes in vocal behavior in relation to room
acoustics. Rapp et al.9 did so but found no sex differences in voice SPL changes in relation to changes in STV. Their study
was performed using headphones for real-time auralization in an anechoic room.9 In the present study, the room effect
was similar between sexes in the real scenario but differed in the virtual one. This discrepancy between scenarios could
perhaps be explained by possible sex differences regarding how the user perceives and accepts him/herself as actually
“being there” in a VR-simulated situation, despite knowing it to be an illusion; i.e., the concept of “Presence.”30 The sense
of presence has been evaluated through self-report or by measuring physical responses such as heart rates,30 and some sex
differences in self-report measures have been previously reported.31 Vocal behavioral measures have, to the best of our
knowledge, not been used as a physical response measure for investigating presence. The results from the present study
show some potential for using voice measurements, particularly SPL, as physical presence markers, especially when consid-
ering the discrepancy between the SPL adjustments and the ratings of the subjective statements. Despite adjusting SPL less
than males in the VR scenario, females still rated the visual realism of the virtual scenario higher than males. With the
exception of this statement, and the statement regarding the sense of easiness to be heard, females and males rated the
real and virtual scenarios in a similar manner. An effect of the scenario was found in the ratings of most statements, pre-
sented as higher rating scores in the real scenario compared to the virtual one. The direction of the slopes of the

Table 2. Summary results of the mixed-model ANOVA for the best-fitted models for voice SPL and fundamental frequency (fo) based on the
lowest AIC. The effect size is presented as the conditional R2. STV, voice support [dB]; T30, reverberation time [s]; M, male sex; V, virtual sce-
nario; �p < 0.05, ��p < 0.01, ���p < 0.001; NS, not significant.

Fixed effects Estimate F statistic p

Effect of STv on SPL Intercept 65.5
AIC¼ 456.6 conditional R2¼ 0.76 STv 0.27 F(1, 88.7)¼ 52.5 <0.001���

Distance �0.61 F(1, 94.3)¼ 0.04 NS
Sex (M) 2.21 F(1, 10.9)¼ 11.4 0.006��

Scenario(V) �6.56 F(1, 87.9)¼ 9.5 0.003��

DistanceXScenario(V) 1.37 F(1, 88.6)¼ 7.6 0.007��

Sex (M)Xscenario(V) 3.23 F(1, 86.7)¼ 19.9 <0.001���

Effect of T30 on fo Intercept 211.59
AIC¼ 807.7 conditional R2¼ 0.95 T30 �6.85 F(1, 88)¼ 10.1 0.002��

Sex(M) �98.21 F(1, 13.7)¼ 133.3 <0.001���

Scenario(V) �9.01 F(1, 88)¼ 19.5 <0.001���

T30XSex(M) 7.29 F(1, 88)¼ 12.9 <0.001���
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regression lines were however the same regardless of scenario in all statements, suggesting similar but less extreme experi-
ences in the virtual scenario compared to the real one.

In order to confirm these results, the study should be replicated with a larger sample size. The distance to the
audience was rated as four meters in the real scenario but under three meters in the virtual one. The expected outcome of
a shorter distance to the listener would be a decrease in SPL,6 which is seen for the female participants. It is thus possible
that the discrepancy in distance ratings has impacted the female results. The seven different native languages used might
have affected the results, as vocal behavior has been shown to vary between languages (see, for example, Van Bezooijen32)
However, as language is a within-subject factor, it is taken into account when including Participant as a random factor in
the statistical model. Including participants with different native languages also makes the findings more general across
languages.

5. Conclusions

This study suggests that using virtual audio-visual rooms, integrating real-time auralization and a VR HMD, is a valid
setup for studying how males’ vocal behavior relates to room acoustics. However, for females, the VR environment appears
to decrease the accuracy of their vocal response to acoustic changes compared to the real environment. Subjective percep-
tions differed slightly between real and virtual scenarios for both sexes, mostly aligning with room acoustic changes.

Supplementary Material

See the supplementary material for complete mixed model results of the six models tested for vocal sound pressure level
and fundamental frequency as outcome variables and for complete mixed model results of the subjective statements as
outcome variables.
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