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Scientific ArticleReduced reproduction levels of outdoor soundscapes are deemed appropriate – even after real-world exposure
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Abstract

Laboratory experiments in psychoacoustical and soundscape research indicate that participants perceive a reproduction sound level lowered by 8–10 dB as more plausible than the original level. This bias supposedly roots in an adaptation of perceptual loudness scaling to the laboratory environment, that is overall quieter than urban outdoor soundscapes. To gain further insights into the nature of such loudness bias, we conducted a listening experiment in both field and laboratory using a within-subjects design. Thirty-one participants visited a street and listened to the environmental sounds for one minute, while these sounds were also recorded using a dummy head. Thereafter, they listened to the recording in a quiet laboratory nearby and adjusted its level as they remembered it. About half of the sample did this immediately, the other half about 20 min after the recording. Results confirm a bias towards lower levels with a mean of about 8.9 dB, regardless of the time between the recording and the reproduction in the laboratory. Also, participants with higher musical abilities tended to select higher, more accurate levels, whereas noise-sensitive participants deemed lower levels appropriate. Results suggest that the hypothesized adaptation of perceptual scaling to the laboratory happens immediately and is affected by individual factors.
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1. Introduction
To achieve ecological validity in psychoacoustical experiments that include the presentation of real-world sound in a laboratory, the need to ensure accurate reproduction of sound pressure levels seems rather obvious. Following the widely adopted definition by Keidser et al. [1], ecological validity describes the extent to which findings from a laboratory setting “reflect real-life hearing-related function, activity, or participation". Thus, an experiment’s ecological validity comprises the selection of participants, the experimental conditions (including the selection and reproduction method of sound stimuli) and the cognitive tasks at hand [2]. This paper focuses on the sound reproduction component with an emphasis on the complex sound compositions of urban soundscapes. Here, previous research has widely adopted three-dimensional spatial reproduction techniques, such as Ambisonics loudspeaker systems [2–7] and binaural headphone auralizations [8–10]. Guastavino et al. [3] found that especially for complex sounds, spatial reproductions evoke mental representations of soundscapes as a single complex background noise (rather than a composition of single sound sources) that are more similar to results obtained in field studies. Furthermore, research is increasingly incorporating additional visual display of recording sites (see Li and Lau [11] for a review) to convey a sensory impression that is as similar as possible to the real-world experience. As Ambisonics or binaural audio (especially in combination with visual display) seek to ensure a reproduction of the spatial properties of complex sounds that evokes similar impressions as the real-world equivalent, again, it seems reasonable to then carefully calibrate the sound’s playback level to its recording level. However, there is evidence that, in fact, lower reproduction levels are perceived as more appropriate [5–7, 9, 10]. Consequently, environmental sounds presented in a laboratory at physically accurate levels might be perceived louder as they would be in reality, threatening the experiment’s ecological validity.
1.1. Biased evaluation of soundscape levels in laboratory experiments
Regarding the reproduction of urban soundscapes, Oberman et al. [4] and Tarlao et al. [2] observed that participants perceived soundscapes presented with a first order Ambisonics loudspeaker system with physically accurate playback levels as too loud. Furthermore, laboratory reproductions of soundscapes with accurately calibrated playback levels have been rated as more chaotic and unpleasant than in situ [8], and received overall less pronounced pleasantness ratings [2], which could also be at least partially attributable to biased loudness perception.
To correct for such a loudness bias, Fraisse et al. [5] lowered the level of soundscapes reproduced via a fourth-order Ambisonics 24-channel loudspeaker system by 4 dB, based on the authors’ judgment. By contrast, Davies et al. [6] let the participants adjust the reproduction levels as part of a soundscape synthesis procedure and found that a mean reproduction level of 12.3 dB below the physically accurate level was deemed appropriate. The sounds were presented with an eight-channel first order Ambisonics loudspeaker system, and the selection of lower level was attributed to the quietness of the semi-anechoic chamber where the experiment was carried out.
In a follow-up study by Sudarsono et al. [7], an average level reduction of about 9.5 dB for a soundscape in Manchester, UK, was considered accurate by a sample of Manchester locals, as well as by study participants in Indonesia. Again, an eight-channel first-order Ambisonics system was used for playback, and the experiments in the two countries were conducted in a listening and a recording room, respectively.
Based on the aforementioned study, Yang and Kang [9] lowered the reproduction level in virtual sound walks by 10 dB and confirmed that loudness ratings in virtual sound walks were closer to in-situ ratings, compared to a reproduction with accurate levels.
Recently, Lu and Lau [10] combined dynamic binauralizations of soundscapes via headphones with a visual display of the recorded spaces using a head-mounted display (HMD), and presented fixed reproduction levels of 0 dB, 4 dB, 8 dB, and 12 dB below the original. Here, participants, who had also performed in-situ evaluations of the soundscapes a week earlier, rated a level reduction of 8 dB to be most realistic. The experiment was conducted in an office with about 40 dBA background noise.
In summary, the aforementioned studies suggest that participants perceive lower playback levels as more plausible, regardless of the reproduction systems used (although the only study applying higher-order Ambisonics arrived at a smaller gain reduction [5]), fixed and freely adjustable playback levels, and the degree of familiarity with the soundscapes presented. While previous research acknowledges the existence of the loudness bias and measures its magnitude, the underlying cognitive mechanisms are seldom discussed. Some studies assume an adaptation of loudness perception to laboratory background noise levels [6, 10] and Hermina Cadena et al. [8] suggested that the absence of visual information would change expectations for an urban soundscape’s eventfulness. However, Lu and Lau [10] found the loudness bias to persist when participants saw a visual representation of the recording site via an HMD.
1.2. Objectives of the study
According to Braida et al. [12], the perceptual scaling of sound intensity in an experimental setting depends on the range of presented intensities and one or more internal “perceptual anchors". This is in line with the suggested adaptation to laboratory background noise, as this noise level would serve as a perceptual anchor that shifts the scaling baseline from, for example, an urban outdoor area to a sound-proof laboratory. However, Ward [13] observed that the loudness framework participants established based on a set of (pure tone) levels can impact the scaling of a different set of levels on a following day, implying that, even for synthetic tones, perceptual anchors are not limited to the current range of intensities. Therefore, previous exposure to the actual soundscape might reduce the adaptation of perceptual scaling. Lu and Lau [10] included an actual previous exposure to the recording site in their experiment, but the duration of one week between the in-situ evaluation and laboratory reproduction was probably too long to maintain some sort of absolute loudness reference.
Therefore, the present study employed a different design where the selection of an accurate level for reproducing an urban soundscape in the laboratory was performed immediately after an in-situ experience of this soundscape, with either about 20, or only a few minutes in between. The aim was to test if the reported bias towards levels lowered by 8–12 dB would persist when the time span between reproduction and in-situ listening was short enough to possibly maintain an internal reference (or perceptual anchor) of the actual sound level.
1.3. Loudness recall after short time periods
It has been known for a long time that the ability to accurately recall the level of a tone decays within the first 20 s [14, 15]. Research on the brain activity during pitch recall suggests that this originates from the transition from a purely working-memory-based recall to an activation of long term memory [16]. In the study presented here, at least 2–3 min passed between the initial perception of the soundscape and the recall of its loudness, so that the recall is undoubtedly based on long term memory.
Furthermore, evaluating the plausibility of a soundscape reproduction level does not limit to the recall of a single tone’s loudness, but a composition of various complex sounds over a certain period. Several studies suggest that remembered loudness of a soundscape sequence – which forms the basis to select an appropriate reproduction level – does not weight all temporal segments equally. Hellbrück [17] observed that retrospective loudness judgments after being exposed to a soundscape for 2 min correlated more with the momentary loudness ratings during the last 7.5 s of exposure than with the momentary ratings averaged over the entire duration – a phenomenon commonly referred to as recency effect. Dittrich and Oberfeld [18] also found primacy effects where the beginning of a sound has more impact on the remembered loudness – at least for sounds as short as 900 ms.
Therefore, if a perceptual anchor for a given soundscape is formed during the in-situ experience, distinct temporal segments might be of more importance than others. Thus, in our study, the gain level participants chose in the laboratory are compared to the loudness within different time segments of each individual recording.
1.4. Individual differences
To further explore possible reasons for the bias in loudness judgments, one objective of the present study was to compare the reproduction levels participants considered appropriate to individual differences. Sudarsono et al. [7] observed that participants who had experience in acoustics and had participated in listening tests before were more consistent in the level adjustment of soundscapes, albeit not less biased. If loudness judgments in the laboratory are based on internal perceptual references, it seems plausible that their “robustness against adaptation” can be increased by knowledge on acoustics and experience in critical listening.
For this reason, in our study, we obtained previous experience with acoustics, musical sophistication, which might also be indicative of critical listening ability and auditory sensitivity [19, 20], and individual noise sensitivity, which we found to affect performance in auditory recall tasks in a previous study [21].
1.5. Research questions
The study was guided by two central research questions. As previous research has shown that participants often consider lower soundscape reproduction levels to be realistic, the first question was how accurately participants could reproduce an outdoor soundscape in the laboratory immediately after in-situ exposure to this exact soundscape. In this context, it was also investigated whether a time delay of several minutes between in-situ exposure and recording, where participants were occupied with another listening task, would make a difference.
As explained in the previous section, individual factors such as expertise in acoustics might influence the ability to recall the level of a soundscape recording. The second research question was thus concerned with the importance of individual differences and their possible effects of individual variation in the selected reproduction level.
2. Material and methods
2.1. Participants
To address our research questions, we conducted a combined field and laboratory experiment (within-subjects design) with 32 participants aged between 18 and 68 years (mean: 31.7 years, SD: 14.2 years). The majority, 23 participants, identified as male (71.9%), 8 as female (25%), and 1 as diverse (3.1%). More than half were undergraduates (56.3%), the rest held an university degree or another kind of professional education. No participant reported hearing disorders, except for one report of tinnitus. However, one participant was excluded due to selecting the maximum possible playback level and showing possible symptoms of hearing loss during conversations. Thus, all following analyses refer to a sample of 31 participants.
Participants were recruited via mailing lists targeting students as well as non-university members who registered for listening test invitations at our institute, and by spontaneously approaching people at the Hochschule Düsseldorf campus. Participation was compensated with 5 euros.
2.2. In-situ recordings
During the in-situ listening phase, binaural recordings were made on a vivid street (Münsterstraße) in Düsseldorf, about 80 m away from a street crossing with tram and bus stations (see Fig. 1). The soundscape mainly consisted of passing cars, bicycles, busses, trams, and pedestrians. The recording site was in a broad and rather quiet entrance to the campus of the Hochschule Düsseldorf, so that most sounds stemmed from the street in front of the dummy head and the participant standing next to it. The recordings’ average A-weighted equivalent sound pressure level (LAeq) was at 69.3 dBA (SD: 2.1 dB).
	[image: thumbnail]	Figure 1. Recording site, showing the tram station and the entrance to campus where participants stood (right).



An HMS II.3 dummy head was used for the recordings, which was connected to a BEQ II preamplifier (HEAD Acoustics), providing a calibrated analog-digital (AD) conversion so that −16 dBFS corresponded to 94 dBSPL. To avoid distortions in the recordings, 3D-printed hemispherical grids covered with nylon fabric were placed as windshields over the dummy head’s ears (see Fig. 2).
	[image: thumbnail]	Figure 2. (a) Dummy head with mounted windshields on both ears. (b) The windshield’s plastic grid (left) covered with nylon fabric (right).



The efficiency of these windshields was tested in a wind tunnel that produced a continuous air flow with a speed of 4 m/s (about 14 km/h). Figures 3a and 3b depict the frequency spectrum of recordings of the dummy head’s right ear in the wind tunnel, with the air flow either orthogonal to the ear-axis, or on the ear-axis (the dotted line represent background noise measurements with no air flow). The measurements confirmed a considerable reduction in distortion artifacts, and in a subjective evaluation of the recordings by two of the authors, no audible distortion artifacts were observed.
	[image: thumbnail]	Figure 3. (a) Recording of the dummy head’s right ear in a wind tunnel with an air flow orthogonal to the on-ear axis, with (black line) and without (grey line) windshields. The dotted line is a reference measurement with the wind tunnel turned off. (b) Same as (a), but with wind flow on the ear-axis. (c) Difference between transfer functions of the left ear in an anechoic chamber with and without the windshields. (d) Same as (c), but for the right ear.



Furthermore, the dummy head’s transfer function with and without the windshield was measured in an anechoic chamber. A Genelec 1031A loudspeaker was positioned at a distance of about 1.5 m, facing each of the dummy head’s ear, and a logarithmic sine sweep was used as excitation signal. As can be seen in Figures 3c and 3d, the windshields altered the dummy head frequency responses by less than ±1 dB at frequencies up to 3 kHz and ±4 dB at higher frequencies relevant for the experiment.
2.3. Audio playback and level adjustment
For the laboratory reproduction, the binaural recordings were played back via open, circumaural, electrostatic STAX SR-303 headphones, which were connected to a PEQ V interface and a HPS IV preamplifier (HEAD Acoustics), that supplied the polarisation voltage for the headphones. The PEQ V interface provided a custom digital equalization filter of this specific headphone’s transfer function (provided by HEAD Acoustics) and an output level calibration. In line with the dummy head, the output level was set to −16 dBFS corresponding to 94 dBSPL, and it was tested that the output level specified in the PEQ V interface was properly reproduced through the headphones. To do so, recordings made with the dummy head were replayed to the dummy head through the headphones, showing that the replay produced the same input levels as the original recording. The software ArtemiS (HEAD Acoustics) was used for the recording and audio playback. To realize the loudness adjustment, the PEQ V interface was not directly connected to the laptop, but through an RME Babyface Pro audio interface that supplied a digital output signal to the PEQ V via ADAT. Participants were given a shuttle wheel, the Contour ShuttleXpress controller, to control the gain level in the Babyface Pro’s control software TotalMix. Here, the Babyface’s gain could be altered in 0.3 dB steps between negative infinity (complete silence) and +16 dB. If this gain level was set to 0 dB in TotalMix, the audio output was forwarded to the PEQ V interface with no additional gain, resulting in the reproduction of the dummy head’s recordings with the original sound level. Figure 4 illustrates the audio signal chain for the in-situ recording and the reproduction in the laboratory.
	[image: thumbnail]	Figure 4. Schematic overview of the audio signal chain. The analog-digital (AD) and digital-analog (DA) conversions were calibrated to the same level of −16 dBFS corresponding to 94 dBSPL.



The adjustment procedure started with “silent playback”, so that a gain of “negative infinity” was set in TotalMix as the initial value. During the experiment, it was observed that increasing the gain from this initial value by 0.3 dB did not always result in exactly the same next smallest gain value, resulting in minor shifts in the discretizations of gain values between participants. This also meant that a gain of 0.0 dB (exact reproduction of the original level) could not always be exactly selected, resulting in deviations of 0.1 or 0.2 dB. We consider these minor deviations to be of little practical relevance but report them for reasons of transparency and completeness.
2.4. Questionnaires
To test for individual differences in noise sensitivity, participants were administered the German version of the reduced noise sensitivity questionnaire (NoiSeQ-R) by Schütte et al. [22] (see Tab. II.9 in [23] for the questions). The NoiSeQ-R comprises different sub-scales of noise sensitivity that are specific to the contexts of sleep (e.g., “I need an absolutely quiet environment to get a good night’s sleep.”), work (e.g., “I need peace and quiet to do difficult work”), and habitation (e.g., “I am very sensitive to neighbourhood noise.”) that are answered on a 4-point Likert agreement scale.
Also, questions on musicality and previous experience with acoustics were included to test if training in focused listening would have any effect on loudness reproduction accuracy. Musical sophistication was assessed by means of two sub-scales of the Goldsmiths Musical Sophistication Index (Gold-MSI) by Müllensiefen et al. [24]. These sub-scales measured the participants’ perceptual abilities, comprising nine self-report items on abilities to spot mistakes in own and other people’s musical performances (e.g., “I can tell when people sing or play out of tune.”), and their musical training consisting of seven items on formal musical training (e.g., “I have had formal training in music theory for … years”). Following the original publication [24], the Gold-MSI questions were answered on 7-point Likert agreement scales, except for those that inquire numerical information such as years of training on an instrument, where 7 response options (e.g., “0” to “10 or more”) were available. Finally, previous experience with acoustics was assessed by means of two questions on dealing with acoustics as part of an academic career, and recording activities, respectively, that have been previously used to measure acoustical expertise by von Berg et al. [20]. Here, the amount of engagement for each question was inquired using an ordinal 5-point frequency scale from “never” tos “very often”.
2.5. Individual recording loudness
To test for effects of intensity differences in the individual recordings on the remembered loudness, potential acoustical predictors were analyzed. Besides the mean L
Aeq, the mean loudness level according to ISO 532-1 [25] LLz, which we found to be a more accurate predictor of perceived loudness [26], was calculated for the each recording. Furthermore, the loudness level of the first and last 7.5 s [LLz7.5(f) and LLz7.5(l)] and 15 s [LLz15(f) and LLz15(l)], respectively, were calculated to account for recency or primacy effects. The time interval of LLz15(l) was chosen as the last quarter of the recording while the duration of 7.5 s agrees with the final period of a recording for which Hellbrück [17] observed a recency effect in loudness judgments.
2.6. Experimental procedure and design
The experiment was conducted with one participant at a time. At the beginning, the experimenter led the participant to the recording site, where participants were instructed to carefully listen to the street noise for one minute and remember its loudness. At the same time, the environmental noise was recorded with the dummy head placed next to the participants.
After the outside recording, participants were brought to a sound-proof laboratory with a background noise level of about 22 dBA. The walk from the recording site to the laboratory took about one minute, with about 2/3 of the way leading along the same road where the recordings were made and 1/3 through the hallway of the institute, which had a noise level of about 47 dBA.
In the laboratory, there was a short explanation of the experimental procedure, then each participant was presented the binaural recording of the acoustic environment that they just listened to outside. They were given the shuttle wheel controller to adjust the playback level, and instructed to use the controller to make the replayed sound as loud as they remembered it from the in-situ listening. The controller was unlabeled and there was no visual feedback on a computer screen or on the audio interfaces’ displays.
As mentioned above, the playback started at a gain of negative infinity (complete silence), and the recording was looped so that there was no time limit for the adjustment procedure. Most participants needed 2–5 loops (of one minute each) to perform the level adjustment, and everyone listened to the entire recording more than once. After finding a level they deemed appropriate, the experimenter noted this level.
Each participant completed only one level adjustment for the recording that they had previously attended in-situ.
To test for effects of the time passed since the recording on the ability to correctly remember the soundscape’s loudness in the laboratory environment, half of the participants (15) performed the loudness reproduction immediately after having returned to the laboratory, which was about two minutes after the recording, and were afterwards administered questionnaires on demographic information, noise sensitivity, and musical sophistication (see Sect. 2.4). The other 16 participants first completed the questionnaires, as well as another listening experiment of about 20 min, where they had to rate different concert hall auralizations that were also presented via headphones, with a mean playback level of 63 dBA, similar to the average level of the street where recordings were made.
The reason for presenting a listening test with different audio stimuli in this 20 min time-span was to ensure an identical and controlled sound exposure for all participants without presenting other soundscapes (that would most-likey bias loudness scaling of the previously recorded one) or a definitely more pleasant auditory stimulus like music. Moreover, when instructed to just wait in silence, participants might use their phones or engage in conversation with the experimenter, leading to an uncontrollable sound exposure.
3. Results
3.1. Playback gain adjustments
Except for the one person who was excluded due to signs of hearing loss, no participant reached the maximum gain adjustment of 16 dB above the original recording level during the adjustment procedure, meaning that they practically encountered no upper limit. The lower limit, on the other hand, was inaudibility, which is certainly below the level range participants would want to explore while searching for an appropriate reproduction level. We therefore assume that the gain adjustments can be treated as unbound continuous data in the statistical analysis.
Twenty-four of 32 participants (75%) selected a playback level that was below the original level. In detail, playback level adjustments ranged from −28.2 dB to +6.3 dB with a mean value of −8.9 dB (SD: 9.0 dB) across both experimental conditions. Since most participants selected lower reproduction levels, higher levels also represent more accurate reproductions in most cases. The most “accurate” adjustment was 0.4 dB more than the original level. Figure 5 depicts the distribution of gain level adjustments relative to the original level of 0 dB, separately for the two experimental conditions (loudness reproduction either immediately after the recording or with a 20 min break in between). All box plots show inter-quartile ranges as grey boxes with median values as solid horizontal lines as well as single observations as black dots.
	[image: thumbnail]	Figure 5. (a) Adjusted gain in dB relative to original level and experimental conditions regarding the time of adjustment. (b) Adjusted gain for both conditions, depending on participants’ experience with acoustics. The box plots represent the inter-quartile ranges and the black horizontal line marks the median value.



Results thus suggest that the experimental group which performed the loudness reproduction task immediately after the recording tended to select lower playback levels, resulting in larger deviations from the original levels (i.e., smaller reproduction accuracies).
3.2. Gain adjustment and recording level
Table 1 reports bivariate Pearson correlations between the gain and all acoustical measures. Interestingly, none of the loudness measures was statistically significantly associated with the reproduction gain selected by participants.
Table 1. 
Bivariate Pearson-correlations between the adjusted gain and the loudness measures. Statistically significant correlations are marked (*
p <  0.05, * * *
p <  0.001).

3.3. Individual differences
Regarding individual differences, the sample was first split into “laypersons” and “experienced” listeners, following the work by Sudarsono et al. [7]. To do so, 18 participants (58%) who reported to have dealt with acoustics “from time to time” as either part of an academic career or professional recordings activities were categorized as experienced with acoustics. Figure 5b depicts the similarity of gain adjustments within both groups and shows that the ratings of the experienced participants were less consistent than those of the laypersons. By contrast, the majority of the experts’ judgments were closer to the physically accurate reproduction gain compared to those of the laypersons.
The aggregate scores of the sub-scales of the NoiSeQ-R and the Gold-MSI were calculated by averaging the items belonging to each sub-scale according to the factor structures proposed in Schütte et al. [22] and Müllensiefen et al. [24], respectively. To compare the individual scores of our sample with those of the original studies of the two inventories, all scores were assigned to population quantiles according to data norms derived from larger samples of 288 participants in the case of the NoiSeQ-R [22], and 147 633 participants in the case of the Gold-MSI [24]. Note that the NoiSeQ-R quantile limits are based on the complete inventory, that includes more items and the two additional sub-scales leisure and communication. Figure 6 illustrates how many participants of our sample fell within which population quantile of the reference studies.
	[image: thumbnail]	Figure 6. Quantiles for each sub-scale of the NoiSeQ-R (a) and Gold-MSI (b) inventories based on data norms from the respective original publications.



The Gold-MSI scores are evenly distributed among the four quantiles with the largest portions in the 100%-quantile of musical training, and the 75%-quantile of perceptual abilities, respectively. This is not surprising as the sample included several audio engineering students whose curriculum includes studying a musical instrument. To test for statistically significant interrelations between individual differences and the selected reproduction gain, we conducted bivariate correlations between NoiSeQ-R and Gold-MSI sub-scales, the adjusted gain value, and participants’ age, as shown in Table 2. Because several variables, especially the NoiSeQ-R sub-scales, did not meet the assumption of normal distribution, Spearman correlations are reported.
Table 2. 
Spearman correlations between the adjusted gain, NoiSeQ-R (N.S.) general score (g) and the sub-scales habitation (h), sleep (s), work (w), the Gold-MSI sub-scales perceptual abilities (perc. abil.), musical training (mus. train.), and participants’ age. Statistically significant correlations are marked (*
p <  0.05, **
p <  0.01, * * *
p <  0.001).

Within the NoiSeQ-R and Gold-MSI, the respective sub-scales are expectably highly correlated (note that the general NoiSeQ-R score comprises the three sub-scales). However, there seems to be no linear association between noise sensitivity and musical sophistication as captured by these inventories.
There was a notable negative correlation between musical training and participants’ age, which is most likely attributable to the above-mentioned portion of musically well-trained relatively young audio engineering students in our sample. General noise sensitivity according to the NoiSeQ-R, as well as its sub-scale habitation, show strong to moderate, statistically significant, negative correlations with adjusted gain. The other person-related factors exhibit small, statistically non-significant correlations below 0.3.
3.4. Effects of time delay and individual differences on adjustment gain
The present study’s two research question were whether the time delay between recording and reproduction on the one hand, and individual differences on the other hand, would affect the adjusted reproduction level. Therefore, linear regression models were fit to test to what extent the observed differences in adjustment gain could be explained by the time delay between reproduction and recording and the observed individual differences. Since previous research only found gain adjustments to be more concise among participants with experience in experimental procedures [7], the selection of individual differences predictors followed an exploratory approach based on best model fit. To avoid issues with multicollinearity, the models included only one sub-scale of each the NoiSeQ-R and the Gold-MSI. More precisely, the NoiSeQ-R sub-scale habitation, which showed the largest correlation with the adjusted gain, the two Gold-MSI sub-scales, and participants’ age were tested as predictors. The time delay was always included as a predictor.
Consequently, four models were compared. Model 1 had only the time delay and the habitation sub-scale of the NoiSeQ-R as predictor. The second, Model 2A, additionally included the Gold-MSI score for perceptual abilities and Model 2B the score for musical training. Model 3 comprised the predictors time delay, habitation, perceptual abilities, and participants’ age. This four-predictor model was only tested with the Gold-MSI sub-scale perceptual abilities, as combining musical training and age in the same model would be susceptible to multicollinearity. Table 3 displays standardized regression coefficients for the models’ individual predictors, as well as each models Radj2, Akaike information criterion (AIC), and Bayesian information criterion (BIC). The binary variable “time delay” was dummy-coded so that the coefficient represents the change in the dependent variable upon including the time delay. For model comparison, analyses of variance (ANOVA) were calculated to test for significant model improvement by including additional predictors. To do so, Models 2A and 2B were each compared to Model 1, whereas Model 3 was compared to Model 2A. Table 3 displays each ANOVA’s null model, the increment in explained variance (ΔSS), the increment in degrees of freedom (Δdf), and the F test statistic with its p value.
Table 3. 
Regression model overview showing standardized regression coefficients (β) and probability values (p) for each predictor, and each model’s R
adj
2, AIC and BIC. For “time delay”, the β represents the change in the dependent variable upon including the time delay. The last section displays ANOVAs testing model improvement due to inclusion of additional predictors, reporting the increment in sum of squares (ΔS
S), the increment in degrees of freedom (Δd
f), the F statistic and its p value.

As mentioned before, the longer time delay between recording and reproduction seems to result in participants selecting a higher reproduction gain at first glance (see Fig. 5a). However, if individual differences are taken into account, the effect of the delay on the reproduction gains turns statistically non-significant in all tested models.
In terms of explained variance described by the models’ R
adj
2 values, Model 2A and Model 2B achieve nearly identical values, and outperform Model 1. The addition of age as a predictor in Model 3 slightly increased R
adj
2 by about 0.01, but neither benefitted model fit according to the AIC and BIC, nor statistically significantly improved the model according to the ANOVA (p = 0.244). Therefore, both Model 2A and Model 2B seem to be equally good compromises between parsimonious models and a high variance explanation. Our data thus implies that the adjusted reproduction gain is negatively associated with noise sensitivity specific to personal habitation and positively associated with self-reported perceptual abilities in critical music listening as well as musical training. It should be kept in mind that, in the present study, higher reproduction gain tended to also mean a closer approximation to the physically accurate level. In both models, these individual differences account for 34.8% and 34.5%, respectively, of the variance in selected reproduction gain. The corresponding effect size measurements of Cohen’s f
2 = 0.534 and Cohen’s f
2 = 0.527, respectively, are commonly considered indicative of a strong effect [27].
4. Discussion
The present study investigated whether a bias in soundscape reproduction levels that participants deem appropriate found in previous literature also exists in an experiment where participants listened to the soundscape in-situ a few minutes before. The mean reproduction gain was 8.9 dB below the original level, and did not seem to depend on whether the reproduction was presented after 2 min, or after 20 min of completing another listening task. Instead, the reproduction gain was statistically significantly associated with individual noise sensitivity specific to habitation as well as with musical expertise in terms of critical listening or musical training.
The observed average level reduction of 8.9 dB is in line with results from previous research that did not include immediate previous in-situ exposure where the participants stated that gain reductions of 8 dB [10] and 9.5 dB [7] were the most appropriate. Previous research has suggested that this loudness bias roots in the quieter background levels in the lab, compared to the recording sites [6, 10]. Indeed, in both aforementioned studies where similar gain biases were observed, the experiment took place in listening rooms or quiet offices, arguably comparable to our sound-proven, quiet laboratory [7, 10].
In the semi-anechoic chamber utilized in the study by Davies et al. [6], participants selected an even larger gain reduction of 12.3 dB. Also, Fraisse et al. [5] employed a continuous noise exposure between stimulus presentations by presenting an uneventful baseline soundscape. Based on the subjective judgment of the experimenters, they found a comparatively small level reduction of 4 dB to be sufficient. These findings support the hypothesis that biased loudness judgments root in the adaptation of perceptual scaling to the momentary acoustic environment. As a consequence, the loudness of a soundscape reproduction (especially when participants quickly rose the level from silence during the adjustment) would not just be evaluated based on the memory of the site, but also as a difference to a baseline established by the momentary environment. Our results suggest that the adaptation happens within seconds after entering the room.
Besides this hypothesized influence of lower background noise, the presented audio material itself, (i.e., the presentation of outdoor soundscapes in a laboratory) might have affected the loudness judgments. Here, previous research has observed that also pleasantness ratings were different and less pronounced in laboratory evaluations as compared to in-situ results [2, 8]. Hermida Cadena et al. [8] attributed this to multi-sensory integration, where visual information on noise coming from a distance would positively affect ratings of auditory pleasantness. Tarlao et al. [2] additionally suggested that contextual information in a broader sense, such as appreciating the historical significance of an urban space, might also mitigate perception of auditory pleasantness on site. In the present study, recordings were made at an ordinary busy street with a lot of traffic and a few shops and restaurants. However, participants could still have been more accepting of noise as a necessary consequence of traffic (including the streetcars and buses that they might use themselves every day) during the in-situ listening phase, and thus may not have remembered the traffic being as loud in the laboratory.
Moreover, while the 8–10 dB gain offset applies to the reproduction of outdoor soundscapes, Meyer-Kahlen et al. [28], by contrast, found that participants chose a fairly lower deviation mean of 3.6 dB below the original for perceptually accurate reproduction levels of speech. One explanation for this discrepancy could be that a single speaker has presumably less variability in sound level than a soundscape, making both encoding loudness and actively determining an accurate reproduction level over the entire duration of a stimulus easier. In the present study, differences in the original sound level of the recordings did not systematically affect the selected reproduction gain – neither the average of the entire recordings, nor the first or last seconds. However, the L
Aeq standard deviation of about 6 dB indicates that there was overall little level variability in the soundscape recordings.
Furthermore, Meyer-Kahlen et al. [28] observed the error in adjusted reproduction level to be larger for louder speech (i.e., yelling) and smaller for recordings of familiar speakers. According to Susini et al. [29], loudness is a crucial factor of the recognition of sound sources, pointing towards some sort of reference encoding using a source prototype. This could explain that speech and in particular speech by known speakers is encoded with a more precise loudness reference than diffuse soundscapes. This internal reference might also remain more stable when the relative scaling range shifts due to the adaptation of perceptual anchors, following the concept of intensity perception being a compromise of relative and absolute scaling processes [13].
A dependency of the stability of loudness encoding on the sound(scape)’s familiarity and complexity also explains the effects of musicality and noise sensitivity on the individual ability to correctly reproduce a soundscape. Both Gold-MSI sub-scales were found to be positively associated with reproduction level. The two scales comprise questions specific to critical listening abilities, such as spotting mistakes in the rhythmical synchrony or tonal accuracy of a musical performance on the one hand, and formal musical training on the other. Training in critical listening and in playing an instrument could, on the one hand, improve the stability of loudness encoding in general, or, on the other hand, help participants to disentangle the soundscape’s acoustical complexity. This in turn could help identifying single sources within the scene that can be closely monitored and internally validated for plausible loudness–which would be an advantage specific to the reproduction paradigm employed in the present study.
The second personality trait that seemed to affect the individual reproduction gain was noise sensitivity, measured using a scale targeting the aspect of noise sensitive behavior in the context of habitation. For example, participants were asked whether they would be willing to live at a loud street. The recorded soundscapes were dominated by street noise, so it seems plausible that the habitation sub-scale shows the strongest correlations with adjusted reproduction gain. The correlation of this sub-scale as compared to general noise sensitivity demonstrated the advantage of measuring noise sensitivity as a multidimensional construct.
There are several explanations, why more noise-sensitive participants tended to select lower, less accurate reproduction levels. First, the adjustment procedure that started by gradually increasing the level from inaudibility towards the remembered loudness might have triggered some sort of “protective” behavior. Tarlao et al. assumed that immersive reproductions of urban soundscapes in quiet labs are an “uncormfortable reminder of how pervasive traffic is in the city” [2]. Noise-sensitive participants might be particularly susceptible to this and thus not have increased the levels above a certain point to avoid discomfort caused by loud traffic noise.
Second, if perceptual scaling is affected by momentary background noise levels, more noise-sensitive participants might be more susceptible to this adaptation, contrary to the effect of musicality. There is also evidence that noise sensitivity might be linked to less efficient auditory processing [30], possibly making loudness encoding less stable and promoting adaptation effects.
Sudarsono et al. [7] found a sample of acoustics experts to be more consistent in the reproduction gain adjustment, albeit not more accurate, than non-experts. In the present study, a group with higher expertise (i.e., experience with acoustics) in fact tended to be less consistent in their responses. A study by Kreiman et al. [31] on the recognition of symptoms of dysphonia in voice recordings showed that experts used a greater variety of strategies to evaluate the recordings. The same might apply to recalling and reproducing soundscape loudness, where experienced listeners might choose different strategies such as either focusing on the overall loudness or specific sources, creating a greater variance in judgments.
4.1. Limitations
The design of the present study poses a few limitations that, at times, only allow rather speculative interpretation of the results. First, the experimental group that performed the reproduction level adjustment 20 min after the in-situ recording were administered another listening test in between. We explained our motivation to do so in Section 2.6, but different effects of this time-span might have been observed if participants would have been presented with another, non-auditory task performed in silence.
Second, the responses (i.e., gain adjustments) we obtained from participants are a result of both their ability to recall the loudness and maintain this recalled loudness during the adjustment procedure itself, where participants were fed new, changing loudness information that could, additionally to the laboratory background noise, continuously shift the references or anchors for loudness scaling. In addition, the recordings always started in silence, so that this continuous recalibration might have altered the recalled loudness in favor of lower levels during the adjustment procedure itself. We chose not to start at a randomly lower of higher gain level instead, as this fixed level might bias participants even more in direction of this reference. Also, the selected reproduction gains observed here did not seem to be critically affected by the adjustment procedure as other studies with fixed level adjustments showed similar results [9, 10].
Finally, technical properties of the reproduction might have also contributed to loudness bias. The recordings contained a lot of traffic noise, including buses and streetcars that produce a substantial amount of low frequency rumble, that might be underrepresented when recordings are reproduced via headphones. This lack of low frequency content could have resulted as the remaining sound energy at higher frequencies appearing disproportionately loud to participants. Previous studies employing Ambisonics loudspeaker reproduction reported similar loudness biases [6, 7], but it might be worthwhile investigating whether different reproduction formats of the same recordings affect the reproduction level that participants deem appropriate.
4.2. Outlook for future research
The results of the present study as well as its limitations suggest several improvements in the experimental design. As the loudness or pleasantness of the soundscape were not assessed, a follow-up study where participants would be asked to rate unpleasantness and loudness during the in-situ recording could further investigate the importance of the soundscape’s affective quality. Blindfolding participants appears also promising. Even though the findings by Lu and Lau [10] indicate that the lack of a visual stimulus in laboratory experiments is not the cause for biased loudness reproduction, it could help participants focus on the soundscape during the recording and closer align the conditions for sound exposure in-situ and in the laboratory.
Since, in the present study, each participant had to reproduce the loudness of one only recording, it would be interesting to either extend the paradigm to several recording sites, and to test if, for example, the observed association of reproduction level and noise sensitivity generalize to different types of soundscapes. Also, one could present recordings from the same site at different times during the day to the same person (e.g., with more or less traffic). As the street crossing where we made the recordings is an access path to the university campus well-known by many participants, the formation perceptual anchors for loudness scaling could also be influenced by long-term experience with this particular site.
Furthermore, it might be rewarding to let participants adjust a gain value starting from silence and then validate this adjustment, for example, by pausing the playback for some time – possibly with some background noise in between, as in previous studies [2, 5] – and to test after restarting the playback if participants would still agree with this level. Finally, one might argue that, in our results (and those of previous studies), the reproduction level and its accuracy are confounded, as louder levels usually correspond to a physically more accurate reproduction. To investigate whether the adjustments in the lab are indeed due to the adaptation to the environmental noise, it would be interesting to test if this bias also works the other way around, that is, if recordings from a quiet site would be reproduced at higher gain level if the reproduction environment was louder.
5. Conclusion
The present study reproduced a previously observed bias in the sound level of laboratory-based reproduction of soundscapes, that participants deem plausible, in an experiment where participants experienced exactly the same soundscape in-situ minutes before. The persistence of this bias supports the hypothesis from previous research that perceptual loudness scaling adapts to the background noise in the lab. Moreover, the observed effects of individual musicality and noise sensitivity implies that the robustness of loudness encoding might be crucial to what extent the internal reference that participants use to judge loudness would ‘shift’ towards the background noise of the laboratory. These considerations on the cause of this bias are rather of theoretical interest for perceptual loudness encoding and scaling. From a practitioner’s perspective, our results further corroborate findings that soundscape playbacks in a quiet laboratory are perceived as more plausible when they are presented at a level of 8–10 dB below the original recording level. This threatens the ecological validity of experiments that rely on calibrated original playback levels, as these levels may seem too loud and implausible to participants, despite being physically accurate.
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Regression model overview showing standardized regression coefficients (β) and probability values (p) for each predictor, and each model’s R
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2, AIC and BIC. For “time delay”, the β represents the change in the dependent variable upon including the time delay. The last section displays ANOVAs testing model improvement due to inclusion of additional predictors, reporting the increment in sum of squares (ΔS
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	[image: thumbnail]	Figure 5. (a) Adjusted gain in dB relative to original level and experimental conditions regarding the time of adjustment. (b) Adjusted gain for both conditions, depending on participants’ experience with acoustics. The box plots represent the inter-quartile ranges and the black horizontal line marks the median value.
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