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Verbič, 2018). Therefore, in order to improve the quality 
of visitors’ experiences, it is necessary to investigate the 
factors that can affect audio-visual comfort, which include 
the natural landscape, soundscape, and human behaviour.

Previously, the relationship between subjective com-
fort assessment and the sound environment was inves-
tigated with the emergence of the “soundscape” concept 
(Brown et al., 2011; Hao et al., 2015; Joynt & Kang, 2010; 
Kang, 2007; Yang & Kang, 2005; Yu & Kang, 2009; Zhang 
& Kang, 2007). The results revealed that a better acoustic 
comfort assessment was not always related to a low noise 
level, and physiological changes in the human body can be 
associated with characteristics of soundscapes, such as the 
type of sounds and sound pressure levels (De Ruiter, 2005; 
Kang, 2007). For example, participants who experienced 
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Highlights

	X The audio-visual comfort positively correlated with the percentage of tourists engaged in a dynamic state (walking and 
running) in mountainous areas.
	X The audio-visual comfort significantly negatively correlated with density, sound pressure level and sound psychoacous-

tic parameters including fluctuation and loudness. 
	X An increase in the critical point of SPL in mountainous areas compared with that in plain urban ones suggesting that 

respondents’ tolerance of natural sounds is high relative to that of traffic noise.

Abstract. This study is aimed to investigate factors that can affect the audio-visual comfort of tourists with a mountainous 
landscape. The results reveal that the audio-visual comfort of tourists is positively correlated with the percentage of tour-
ists engaged in a dynamic state. In contrast, the audio-visual comfort has strong negative correlations with density, sound 
pressure level and sound characters including fluctuation and loudness. Overall, respondents in the mountain area find 
the audio-visual level most comfortable when the ratio of visitors in dynamic states is greater than 33%, the fluctuation of 
sound is within 0.08 vacil, the loudness of sound is less than 46 sone, the population density is less than 0.822 person/m2, 
and the sound pressure level is less than 82 dB. Compared with urban areas, a 24 dB increase in the sound pressure level 
threshold is observed for a positive evaluation of audio-visual comfort in the mountain area.

Keywords: visual comfort, acoustic comfort, audio-visual comfort, mountain landscape, noise pollution, soundscape.

Introduction

Currently, an increasing number of urban people would 
like to get out of town after work to relieve stress. Accord-
ing to National Park Service Visitor Use Statistics (2016), 
48% more people visited Yellowstone National Park (U.S.) 
in 2016 than a decade ago, and the surging crowd of visi-
tors along with the decrease in biodiversity give rise to 
a change of soundscape in natural environments: sounds 
coming from wildlife are being replaced by anthropogenic 
noise (Francis et al., 2017). Recent studies have indicated 
that visitors’ attitudes can be correlated with the type of 
sounds (i.e., natural and human-caused sounds) and the 
characteristics, activities and behaviours of the crowd 
of visitors (Haas et al., 1998; Marin et al., 2011; Sever & 
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a 90-minute walk in a natural environment showed re-
duced risk of suffering from mental illness than those 
who took the same amount of exercise in an urban area 
(Francis et  al., 2017). Moreover, in contrast with traffic 
noise in urban areas that incurs stress and impedes the 
recovery process, natural sounds such as singing birds, 
gentle wind and ocean waves were beneficial for patients’ 
recovery from stress and the restoration of their attention 
(Bratman et al., 2012). In addition, research has demon-
strated that natural sounds can enhance the perception 
of natural environments and improve subjective comfort 
(Francis et  al., 2017; Marin et  al., 2011; Newman et  al., 
2012; Pilcher et al., 2008; Watson et al., 2014). For natural 
organisms, sound pressure levels (SPLs) were positively 
correlated with the characteristics of the substratum while 
acoustic complexity was positively correlated with fish di-
versity in protected marine areas (Bertucci et al., 2016). 
Similarly, the richness of bird species can be affected by 
acoustic entropy, acoustic evenness and the normalized 
difference in the soundscape index. Consequently, sound-
scape assessment can be used to monitor ecological condi-
tions (Fuller et al., 2015).

As for visual quality, it was revealed that both vegeta-
tion and bodies of water can fundamentally contribute to 
a positive evaluation of landscape scenes, while human 
activities reduce the scenic beauty in industrial or min-
ing areas (Arriaza et al., 2004; Barroso et al., 2012; Bulut 
& Yilmaz, 2008; López-Martínez, 2017). Moreover, visual 
quality can be influenced by factors including the water 
surface area, the widths of pedestrian walkways, the func-
tioning of recreational areas, the plant composition, the 
plant colour composition, and the plant species diversity 
(Polat & Akay, 2015). For example, Dupont et al. demon-
strated that salient infrastructural constructions can draw 
human’s visual attention while non-salient objects provid-
ed an optimal visual integration into a landscape (Dupont 
et al., 2016, 2017). Arriaza et al. developed a methodology 
for assessing the visual quality of agricultural landscapes 
through the combination of direct and indirect techniques 
of landscape valuation (Arriaza et al., 2004).

In addition to sound or visual evaluation alone, the 
audio-visual environment as a total environment has been 
investigated for subjective perceptions. For example, Hong 
and Jeon demonstrated that audio-visual interactions had 
an effect on physiology and psychology in the human 
body, giving rise to feelings of either happiness or distress. 
As such, the environmental quality depends on factors be-
yond soundscape (Hong & Jeon, 2013, 2014). Preliminary 
work in neuroscience also revealed that the complicated 
audio-visual interactions provide insight into determin-
ing perceptions (Schormans et  al., 2017; Watkins et  al., 
2007). Furthermore, Preis et al. investigated interactions 
among feeling, hearing, and vision (Preis et al., 2015). In 
fact, total environmental consciousness involves a combi-
nation of all types of senses, and a reasonable assessment 
of an environment should consider all factors that can af-
fect these perceptions. Recently, subjective comfort in the 

outdoor urban area has been linked with acoustic, lighting 
and thermal factors (Liu & Kang, 2018; Rossi et al., 2015). 

The improvement of audio-visual comfort in urban 
areas has been intensively investigated in previous stud-
ies (Liu & Kang, 2018); however, few efforts focus on 
audio-visual comfort in mountainous areas. Due to their 
special mountainous topography, large green areas, and 
variety of biotic and abiotic natural sounds, mountain 
areas are becoming a good choice for relaxation. In com-
parison with plain urban areas, both the sounds and the 
visual environment of mountainous areas are quite dif-
ferent. For example, the terrain fluctuation effect is more 
prominent, which affects the spatial distribution of soil, 
vegetation and animals, giving rise to the landscape’s 
spatial heterogeneity and its spatial-temporal dynamics 
(Hong & Jeon, 2014). In addition, the street canyon ef-
fect is enhanced in mountain areas (Hong & Jeon, 2014; 
Kang, 2000), leading to a more complex and significant 
acoustic impact (Xie et al., 2016; Yan et al., 2013). Fur-
thermore, SPL can be increased up to 30 dB in the Val-
ley-slope configuration in comparison with a flat ground 
situation (Renterghem et al., 2007). 

The aim of this study is therefore to investigate fac-
tors that can influence audio-visual comfort as part of the 
environment as a whole in mountainous areas in order 
to improve the quality of visitors’ experiences. Based on 
the field survey method, relationships between certain 
factors (elevation, population density, human behavioural 
patterns, sound parameters, and sound source) and sub-
jective attitudes towards each scenic site are analysed. In 
addition, the dynamic balance between tourists and nature 
in the mountainous area is discussed.

1. Method

1.1. Field study

This research was based on the field survey of ten major 
scenic sites in Huangshan Nature Park, a protected area 
located in Anhui province, China (30.08° N, 118.09° E), 
as shown in Figure 1.

The park has a typical mountain landscape with a sta-
ble-balanced ecosystem. The plant community is vertically 

Figure 1. Map of the scenic sites chosen for the study
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distributed with a vegetation coverage rate of 93.0% and 
a forest coverage rate of 84.7%. Moreover, the park has a 
variety of wild animals, including 176 kinds of birds, 48 
kinds of reptiles, and 24 kinds of fish, all of which can 
be natural acoustic sources (UNESCO, 2019). The local 
image and elevation (ASL) for each site are shown in Fig-
ure 2.

1.2. Measurement of audio-visual environment

The acoustic signals were collected over dual chan-
nels using an acoustic signal data collector (ZODIAC/
DIC10). The acoustic signals were recorded at a height 
of 1.5 m above the ground to obtain high-fidelity stereo 
recordings (Kang, 2007; Liu & Kang, 2018). The high-
definition (HD) video signals were recorded using a 
CANON EOS 500D camera. The altitude of each sce-
nic site was measured with a Trueyard SP2000H laser 
range finder. The temperature range for recording was 
from 20 to 25 °C, relative humidity range was from 38 to 
55%, and atmospheric pressure range was from 65 kPa to 
108 kPa. Subsequently, the acoustic signals were treated 
using Artemis Analyzer, through which SPL (dB), fre-
quency (Hz), and psychoacoustic variables including 
sharpness (acum), fluctuation (vacil), loudness (sone), 
and roughness (asper) were derived. Except for loud-
ness, the average values were calculated for each sound 
characteristic. The assessment of loudness was based on 
the N5 value rather than the average one since that was 
more suitable for evaluating time varying sounds (Fastl 
& Zwicker, 2007). The population density (person/m2), 
the statistics of human behaviour, including the dynam-
ic/static state (walking, running, sitting, standing) and 
the sound source (talking, playing, footsteps, eating or 
drinking) were obtained from the video samples. The 
percentage of sound from each type of activity was cal-
culated by dividing the number of people performing a 
certain activity by the total population number.

1.3. Audio-visual comfort survey

Participants were selected according to Motoyama (Mo-
toyama & Hanyu, 2014). In particular, tourists aging from 
18 to 37 years old, who exhibited normal hearing and reg-
ular or corrected-to-normal vision, were selected as the 
study subjects. A sample size of 20~25 has been widely 
used in subjective comfort assessments (Hermida Cadena 
et al., 2017; Ratcliffe et al., 2013; Ren & Kang, 2015). Con-
sequently, a sample size of 23 was adopted in this study, 
with a male-to-female ratio of ~1:1 (male 11, female 12) to 
ensure that the sample sex ratio was balanced. Participants 
were asked to experience the environment as pedestrians 
on ten scenic sites (Figure 2). 

The questionnaire survey method has been widely 
used to investigate subjective attitudes towards an urban 
environment (Kang, 2007; Liu & Kang, 2018; Preis et al., 
2015; Zhang & Kang, 2007). In this study, the parame-
ters of visual comfort, acoustic comfort, and audio-visual 
comfort were measured using a Likert scale, in accord-
ance with previous studies (Bratman et  al., 2012; Yu & 
Kang, 2009). Specifically, each parameter was graded as 
per the following linear scale: 1-very uncomfortable, 2-un-
comfortable, 3-neither comfortable nor uncomfortable, 
4-comfortable, and 5-very comfortable. The questionnaire 
was completed by participants at each scenic site in 20–30 
minutes during the field survey. At the beginning of the 
test, each participant was asked to fill in a questionnaire 
regarding their age, gender, and education. For every site, 
participants were asked to indicate their agreement by 
means of a 5-point Likert scale, which ranges from “very 
uncomfortable” to “very comfortable”. When answering 
questions related to acoustic comfort in the questionnaire, 
the participants were asked to close their eyes. When an-
swering the questions related to visual comfort, they cov-
ered their ears. When answering audio-visual questions, 
the entire environment was open to them.

Figure 2. The scenic sites chosen for the study
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1.4. Audio-visual comfort survey

After calculating the data from the questionnaires, the 
reliability coefficient was estimated as 0.875 (Cronbach’s 
alpha). The reliability coefficient was within the range of 
0.9 > α ≥ 0.8, indicating that the questionnaire satisfied 
the reliability requirement (George & Mallery, 2013). Mul-
tivariate analysis of variance (MANOVA) was used to eval-
uate the effect of statistically significant mean differences 
within the parameters of visual, acoustic, and audio-visual 
in terms of each possible influencing factor. The Spear-
man’s correlation coefficients r and p were used to find 
correlations between factors and perceptual parameters, 
while the quadratic regression was used to further analyse 
their relationships (Liu & Kang, 2018; Yu et al., 2017). It 
should be noted that regression results indicate that coef-
ficients of determination R2 from quadratic regression are 
closer to 1 than those from linear regression. As a result, 
quadratic regression was adapted in this study. Moreover, 
regression curves using mean values of subjective assess-
ment demonstrate similar trends to their corresponding 
ones based on all subjective data, and significant p values 
are less than 0.01 in all analyses.

1.5. Landscape and acoustic data for each site

Landscape characteristics and data related to auditory 
stimuli (loudness, sharpness, fluctuation, and roughness) 
for each scenic site are shown in Table 1. Figure 3 com-
pares A-weighted SPL among the ten scenic sites collected 
over time. It can be seen that A-weighted SPL is distrib-
uted from the lowest value of 52.53 dB (Site No. 7) to the 
highest one of 85.53 dB (Site No. 10).

The distribution of psychoacoustic variables is shown 
in Table 1. As seen in Table 1, the highest sharpness and 
loudness are shown on Site No.  10, which is associated 
with the strong annoying noise from the cicadas at a low 
altitude (ASL: 815  m). Conversely, the lowest sharpness 
appears on Site No. 3, a scene site located at the moun-
tain peak, where the diversity and quantity of wildlife are 
reduced due to the low temperatures at this high altitude 
(ASL: 1714 m, Figure 2).

2. Results

The improvement of audio-visual comfort in urban areas 
has been extensively investigated; however, few efforts are 
focusing on audio-visual comfort around tourist attrac-
tions involving mountainous landscapes. Mean acoustic, 

Table 1. Landscape and acoustic characteristics for the investigated samples

Site 
No.

Elevation 
(m)

Density 
(person/m2)

SPL 
(dB)

Loudness 
(sone)

Sharpness 
(acum)

Fluctuation 
(vacil)

Roughness 
(asper)

1 1860.00 0.20 71.30 23.26 3.06 0.04 2.94
2 1759.00 0.35 77.30 28.06 2.84 0.07 3.05
3 1714.00 3.00 78.61 27.17 2.12 0.19 4.59
4 1864.00 2.50 79.81 39.32 3.37 0.08 3.15
5 1669.00 1.80 80.91 41.03 3.16 0.08 3.44
6 1861.00 0.07 66.05 14.79 3.13 0.05 3.61
7 1578.00 0.05 62.33 13.48 3.45 0.02 1.87
8 1273.00 0.03 78.06 38.45 5.58 0.05 2.90
9 1206.00 0.04 77.16 35.75 5.06 0.02 3.10

10 815.00 0.05 84.13 48.41 6.59 0.03 2.80

Figure 3. The sound pressure level (SPL) recorded at the selected sites 
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Table 2. MANOVA results for influence factors and subjective comfort assessment. SS = Type III sum of squares; df = degrees of 
freedom; MS = Mean Square; F = F ratio; Sig. = significance; ηp² = partial eta squared (effect size). Significance (at 0.05) is in bold

Source SS df MS F Sig. ηp²

Elevation (M)            

Visual comfort 82.370 9 9.152 13.186 0.000 0.350

Acoustic comfort 107.917 9 11.991 16.452 0.000 0.402

Audio-visual comfort 78.370 9 8.708 14.805 0.000 0.377

Density (person/m2)            

Visual comfort 72.783 8 9.098 12.390 0.000 0.310

Acoustic comfort 90.874 8 11.359 14.152 0.000 0.339

Audio-visual comfort 62.522 8 7.815 11.892 0.000 0.301

Dynamic state (%)            

Visual comfort 79.739 8 9.967 14.182 0.000 0.339

Acoustic comfort 107.722 8 13.465 18.536 0.000 0.402

Audio-visual comfort 76.978 8 9.622 16.260 0.000 0.371

Static state (%)            

Visual comfort 79.739 8 9.967 14.182 0.000 0.339

Acoustic comfort 107.722 8 13.465 18.536 0.000 0.402

Audio-visual comfort 76.978 8 9.622 16.260 0.000 0.371

Walking (%)            

Visual comfort 78.696 8 9.837 13.903 0.000 0.335

Acoustic comfort 107.830 8 13.479 18.567 0.000 0.402

Audio-visual comfort 76.978 8 9.622 16.260 0.000 0.371

visual, and audio-visual comfort levels are compared in 
Figure 4 along with standard deviations. The highest and 
lowest values are presented at Sites No. 7 and No. 4, re-
spectively.

2.1. Multivariate analysis of variance (MANOVA)

MANOVA results indicate that significant mean differenc-
es are observed in visual, acoustic, and audio-visual com-
fort depending on elevation, population density, dynamic 

(walking or running) or static (sitting or standing) states 
of human behaviour, and anthropogenic sounds (talk-
ing, playing, eating or drinking, and other behaviours) 
(p < 0.001 for all, Table  2). Moreover, for both acoustic 
and audio-visual comfort, significant mean differences 
are also observed in terms of SPL, and psychoacoustic pa-
rameters including sharpness, fluctuation, loudness, and 
roughness (p < 0.001 for all, Table 2). 

The various relationships among the variables in ques-
tion were analysed under the following classifications: 

Figure 4. Mean acoustic, visual, and audio-visual comfort levels along with standard deviations at the selected scenic sites.  
The comfort level is graded as per the following linear scale: 1 – very uncomfortable; 2 – uncomfortable;  

3 – neither comfortable nor uncomfortable; 4 – comfortable; and 5 – very comfortable
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Source SS df MS F Sig. ηp²

Running (%)            

Visual comfort 57.304 5 11.461 14.442 0.000 0.244

Acoustic comfort 79.613 5 15.923 18.906 0.000 0.297

Audio-visual comfort 59.696 5 11.939 18.062 0.000 0.287

Sitting (%)            

Visual comfort 81.587 8 10.198 14.685 0.000 0.347

Acoustic comfort 107.570 8 13.446 18.492 0.000 0.401

Audio-visual comfort 78.348 8 9.793 16.724 0.000 0.377

Standing (%)            

Visual comfort 66.500 7 9.500 12.511 0.000 0.283

Acoustic comfort 90.852 7 12.979 16.241 0.000 0.339

Audio-visual comfort 60.761 7 8.680 13.109 0.000 0.292

Talking (%)            

Visual comfort 82.370 9 9.152 13.186 0.000 0.350

Acoustic comfort 107.917 9 11.991 16.452 0.000 0.402

Audio-visual comfort 78.370 9 8.708 14.805 0.000 0.377

Playing without talking 
(%)            

Visual comfort 78.696 8 9.837 13.903 0.000 0.335

Acoustic comfort 107.830 8 13.479 18.567 0.000 0.402

Audio-visual comfort 76.978 8 9.622 16.260 0.000 0.371

Eating or Drinking (%)            

Visual comfort 81.500 7 11.643 16.831 0.000 0.347

Acoustic comfort 105.809 7 15.116 20.656 0.000 0.394

Audio-visual comfort 78.000 7 11.143 19.064 0.000 0.375

Other behaviour (%)            

Visual comfort 72.783 8 9.098 12.390 0.000 0.310

Acoustic comfort 90.874 8 11.359 14.152 0.000 0.339

Audio-visual comfort 62.522 8 7.815 11.892 0.000 0.301

SPL (dB)            

Acoustic comfort 107.917 9 11.991 16.452 0.000 0.402

Audio-visual comfort 78.370 9 8.708 14.805 0.000 0.377

Sharpness (acum)            

Acoustic comfort 107.917 9 11.991 16.452 0.000 0.402

Audio-visual comfort 78.370 9 8.708 14.805 0.000 0.377

Fluctuation (vacil)            

Acoustic comfort 107.917 9 11.991 16.452 0.000 0.402

Audio-visual comfort 78.370 9 8.708 14.805 0.000 0.377

Loudness (sone)            

Acoustic comfort 107.917 9 11.991 16.452 0.000 0.402

Audio-visual comfort 78.370 9 8.708 14.805 0.000 0.377

Roughness (asper)            

Acoustic comfort 107.917 9 11.991 16.452 0.000 0.402

Audio-visual comfort 78.370 9 8.708 14.805 0.000 0.377

End of Table 2
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the visual, acoustic and audio-visual comfort levels, re-
spectively. In Figure 5a, the shapes of the three curves are 
similar, and the highest audio-visual comfort is observed 
at 1.300 m ASL.

In addition to audio-visual comfort, the correla-
tions between elevation and SPL as well as sound 
characteristics were investigated. From the data shown 
in Table  4, it can be seen that the influence of eleva-
tion is not significant on SPL (r = –0.224, p > 0.05), 
fluctuation (r = 0.588, p > 0.05), loudness (r = –0.358, 
p > 0.05), or roughness (r = 0.515, p > 0.05); however, 
a significant negative correlation is observed between 
elevation and sharpness, as can be inferred from Table 4 
(r = –0.685*, p < 0.05). One possible explanation is that 
sharp sounds from birds and insects in warm zones at 
the base of a mountain are alleviated with the increase 
in elevation, which leads to a decrease in temperature 
(~12 °C) and reduced prevalence of wildlife. However, 
sounds from the wind are stronger at the summits of 
mountains, which can compensate for the alleviation 
of sharp sounds from birds and insects. Moreover, an-
thropogenic sounds, which are dependent on road con-
ditions (e.g., width, inclination, and geographical fea-
ture), contribute to the overall soundscape (Liu & Kang, 
2018; Xie et al., 2016). As such, the correlation between 
elevation and loudness is not significant.

Figure 5. The relationship between comfort evaluation and elevation and human behaviour: (a) elevation; (b) density; (c) the 
ratio of dynamic states, and (d) the ratio of static states. The comfort level is graded as per the following linear scale: 1 – very 

uncomfortable; 2 – uncomfortable; 3 – neither comfortable nor uncomfortable; 4 – comfortable and 5 – very comfortable

1) effect of elevation, 2) effect of visitor density (person/
m2), 3) effect of human behaviour patterns, 4) effect of 
sound parameters: SPL and sound characteristics (sharp-
ness, fluctuation, loudness, and roughness), and 5) effect 
of sound sources.

2.2. Effect of elevation

Table  3 contains the Spearman’s correlation coefficient 
between related variables and subjective comfort lev-
els, including the two-tailed significance levels. It can be 
seen that there is no significant correlation between el-
evation and visual comfort (r = –0.273, p > 0.05). This is 
also observed in the evaluation of both acoustic comfort 
(r = –0.310, p > 0.05) and audio-visual comfort assess-
ment (r = 0.333, p > 0.05). Since the Spearman’s correla-
tion coefficient p is greater than 0.05, elevation is not a 
major factor in determining subjective comfort. Figure 5a 
shows the relationships between elevation and the comfort 
evaluation with the corresponding quadratic regressions 
and correlation coefficients R2. In Figure 5a, each symbol 
represents the average of the subjective evaluation of the 
visual, acoustic, and audio-visual comfort for a scene site 
with a specific value of elevation. R2 values of 0.228, 0.261, 
and 0.274 are observed for visual, acoustic, and audio-vis-
ual comfort, thereby indicating that the elevation variation 
accounts for 22.8%, 26.1%, and 27.4% of the variability in 
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2.3. Effect of visitor density (person/m2)

Both visual and audio-visual comfort are negatively cor-
related with population density, and their corresponding 
Spearman’s correlation coefficients are listed in Table  3 
(r = –0.675*, p < 0.05 for visual comfort; and r = –0.729*, 
p < 0.05 for audio-visual comfort). Figure 5b depicts the 
relationships between population density and the comfort 
level evaluation with the corresponding quadratic regres-
sions and correlation coefficients R2. In this work, a com-
fort level of 3 forms the critical point between positive and 
negative participant attitudes. When population density is 
smaller than 0.82 person/m2, participants’ preferred au-
dio-visual comfort levels are reached. It should be noted 
that this critical value is slightly high relative to the one 
for urban open spaces, where a population density <0.78 
person/m2 is required to reach high comfort (Meng et al., 
2017). This result indicates that tourists have an increased 
tolerance to the crowd density, possibly due to the safety 
consideration in the unfamiliar mountainous areas.

Table 3. Spearman’s correlation coefficient between related 
variables and subjective comfort levels, including the two-tailed 

significance levels. Significant correlations are marked  
with * (p < 0.05) and ** (p < 0.01)

Factor 
Visual 

comfort 
evaluation

Acoustic 
comfort 

evaluation

Audio-visual 
comfort 

evaluation

Elevation –0.273 –0.310 0.333
Density –0.675* –0.607 –0.729*
Ratio of dynamic 
states 0.644* 0.790** 0.748*

Ratio of static states –0.644* –0.790** –0.748*
Ratio of walking 0.547 0.720* 0.632*
Ratio of running 0.497 0.234 0.515
Ratio of sitting –0.675* –0.582 –0.535
Ratio of standing –0.293 –0.535 –0.482
SPL – –0.778** –0.782**
Sharpness – 0.122 0.212
Fluctuation – –0.596 –0.709*
Loudness – –0.681* –0.624*
Roughness – –0.170 –0.503

In Figure 5b, R2 values of 0.599, 0.717, and 0.663 can 
be observed for visual, acoustic, and audio-visual com-
fort, respectively, indicating that the elevation variation 
accounts for 59.9%, 71.7%, and 66.3% of the variability 
in the visual, acoustic and audio-visual comfort levels, 
respectively. Therefore, audio-visual comfort can be im-
proved by controlling the population density at the scenic 
site.

It is noted that the parabolic shape of the three re-
gression curves is mainly caused by the scenic site with 
population density of three persons/m2. The audio-
visual comfort level is 3.2, indicating a positive attitude 
from respondents on this site. As shown in Figure 2, the 

corresponding site is located at the mountain peak, exhib-
iting dangerous terrain and a stony physiognomy. The un-
expected high level of subjective comfort suggests that an 
individual’s attention is prone to being attracted by some 
special landscape even it shows high population density.

In addition, the relationship between population den-
sity and psychoacoustic variables are investigated. Table 4 
indicates that a significant negative correlation exists be-
tween density and sharpness (acum) (r = –0.754*, p < 
0.05), while positive correlations are observed between 
density and fluctuation (r = 0.833**, p < 0.01), and be-
tween roughness and density (r = 0.657*, p < 0.05). These 
results demonstrate that visitor activity can affect the 
soundscape in a mountainous area. However, loudness is 
not significantly correlated with density, as can be inferred 
from Table 4 (p > 0.05).

Table 4. Spearman’s correlation coefficient between related 
variables and sound parameters, including the two-tailed 

significance levels. Significant correlations are marked  
with * (p < 0.05) and ** (p < 0.01)

Relevant factors Elevation Density

SPL (dB) –0.224 0.328
Sharpness (acum) –0.685* –0.754*
Fluctuation (vacil) 0.588 0.833**
Loudness (sone) –0.358 0.024
Roughness (asper) 0.515 0.657*

2.4. Effect of human behaviour patterns

One major difference in terms of the soundscape in an 
urban area versus that of a mountainous area is that there 
is little noise from cars or other motor vehicles in the 
latter. That is, the soundscape of a mountainous area is 
composed of nearly all natural and human-caused sounds. 
Therefore, it is important to investigate the effect of hu-
man behaviour on subjective comfort. On the basis of be-
haviour patterns, human activity can be categorized into 
dynamic and static states. The former includes walking 
and running while the latter includes sitting and stand-
ing. A detailed account of human behaviour patterns at 
each site is shown in Figure 6. The highest ratio of visitors 
in dynamic states is shown at Site No. 8 (85%), while the 
lowest is at Site No. 4 (15%).

Table 3 indicates that a significant positive correlation 
exists between the ratio of dynamic state and visual com-
fort (r = 0.644*, p < 0.05), between the ratio of dynamic 
states and acoustic comfort (r = 0.790**, p < 0.01), and 
between the ratio of dynamic states and audio-visual com-
fort (r = 0.748*, p < 0.05). Figure 5c depicts the relation-
ships between the ratio of dynamic states and the comfort 
level evaluation with the corresponding quadratic regres-
sions and correlation coefficients R2. In Figure 5c, all three 
indicators exhibit an increasing trend. In addition, the R2 

values between the ratio of dynamic states and the visual, 
acoustic, and audio-visual comfort levels are 0.247, 0.665, 
and 0.407, respectively. To encourage positive attitudes, in 
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terms of audio-visual comfort, from participants, the ratio 
of dynamic states should be greater than 33%. Figure 5d 
depicts the relationships between the ratio of dynamic 
states and the comfort level evaluation, displaying oppo-
site trends to those seen in Figure 5c.

The effect of each pattern of human behaviour on sub-
jective comfort was further analysed. From Table 3, posi-
tive correlations are observed between the ratio of walking 
as a human behaviour and acoustic comfort (r = 0.720*, 
p < 0.05) and between the ratio of walking and audio-
visual comfort (r = 0.632*, p = 0.05). However, there is no 
significant correlation between the ratio of walking and 
visual comfort (r = 0.547, p > 0.05). In addition, coeffi-
cients of determination R2 based on quadratic regression 
are 0.216, 0.665, and 0.371, indicating that the variation in 
the ratio of walking accounts for 21.6%, 66.5%, and 37.1% 
for visual, acoustic, and audio-visual comfort levels, re-
spectively (Figure 7a).

In terms of running, the Spearman’s correlation coef-
ficient p is greater than 0.05 for the three indicators (the 
visual, acoustic, and audio-visual comfort levels), as can 
be inferred from Table  3, suggesting that no significant 
correlation exists between the ratio of running and subjec-
tive comfort. Figure 7b shows the relationships between 
the ratio of running as a human behaviour and the com-
fort evaluation with the corresponding quadratic regres-
sions and correlation coefficients R2. From Figure 7b, R2 

values of 0.452, 0.101, and 0.345 are observed for visual, 

acoustic, and audio-visual comfort, respectively, indicat-
ing that the variation of the ratio of running accounts for 
45.2%, 10.1%, and 34.5% of the variability in the visual, 
acoustic and audio-visual comfort levels, respectively.

From Table  3, it can be seen that there is a signifi-
cant negative correlation between the ratio of sitting and 
the visual comfort (r = –0.675*, p < 0.05). However, no 
significant correlation can be observed between the ra-
tio of sitting and acoustic comfort (r = –0.582, p > 0.05), 
and between the ratio of sitting and audio-visual comfort 
(r = –0.535, p > 0.05). The coefficients of determination 
R2 based on quadratic regression are 0.588, 0.596, and 
0.591, indicating that the variation of the ratio of sitting 
accounts for 58.8%, 59.6%, and 59.1% for visual, acoustic, 
and audio-visual comfort levels, respectively (Figure 7c).

Similar to running, the ratio of standing was not sig-
nificantly correlated with the three indicators (the visual, 
acoustic, and audio-visual comfort levels), as can be in-
ferred from Table 3 (p > 0.05). The three regression curves 
show parabolic shapes, with R2 values of 0.543, 0.499, and 
0.491, indicating that the variation of the ratio of sitting 
accounts for 54.3%, 49.9%, and 49.1% for visual, acoustic, 
and audio-visual comfort levels, respectively (Figure 7d).

2.5. Effect of acoustic and psychoacoustic 
parameters

Since the subjects had their ears covered when answer-
ing questions related to visual comfort in the survey, the 

Figure 6. The distribution of human behaviour at each site
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soundscape should have no effect on visual comfort in 
this study. As such, only acoustic and audio-visual com-
fort were discussed in this section. From Table 3, signifi-
cant negative correlations were observed between SPL and 
acoustic comfort (r = –0.778**, p < 0.01), and between 
SPL and audio-visual comfort (r= –0.782**, p < 0.01). 
These results were consistent with previous studies, indi-
cating that pleasantness can increase with a reduction in 
the environmental noise level (Echevarria Sanchez et al., 
2017; Liu & Kang, 2018). 

Figure  8 shows the relationships between the meas-
ured SPL values and the comfort level evaluation, with 
corresponding quadratic regressions and correlation coef-
ficients R2. In Figure 8, each symbol represents the average 
of the comfort level evaluation for a specific value of SPL. 
With an increase in SPL, both acoustic and audio-visual 
comfort levels decrease, with R2 value of 0.398 and 0.457 
for acoustic and audio-visual comfort, respectively. These 
results suggest that SPL variation accounts for 39.8% and 
45.7% of variability in the subjective acoustic and audio-
visual comfort levels, respectively. To inspire positive at-
titudes in participants in terms of audio-visual comfort, 
SPL should be limited to approximately 82 dB, according 
to Figure 8. Low audio-visual comfort levels appear on the 
sites that either include annoying noise from cicadas at the 
base of a mountain (Site 10) or loudspeakers broadcast-
ing music and notification about people lost and found 
on scene spots (Site 3, 4 and 5), as seen in Figure 8 and 
Table 1.

The critical point increased 24  dB in the mountain-
ous landscape as opposed to the urban street areas, where 

SPL should be limited to approximately 58 dB to inspire 
positive attitudes in terms of audio-visual comfort (Liu & 
Kang, 2018). One possible explanation is that respondents’ 
tolerance of natural sounds (singing birds, gentle wind 
and streams) could be high relative to the traffic noise on 
urban streets (Hong & Jeon, 2013, 2014; Santangelo et al., 
2010; Talsma et al., 2010). Indeed, previous studies have 
shown that natural sounds, especially birdsongs, can pro-
mote a feeling of safety and security, which are beneficial 
to human in recovering from stressful emotions (Bratman 
et al., 2012; Ratcliffe et al., 2013).

Table 3 indicates that there were no significant corre-
lations between sharpness and acoustic comfort, between 

Figure 7. The relationship between each behaviour pattern and comfort evaluation: (a) walking; (b) running; (c) sitting,  
and (d) standing. The comfort level is graded as per the following linear scale: 1 – very uncomfortable; 2 – uncomfortable;  

3 – neither comfortable nor uncomfortable; 4 – comfortable, and 5 – very comfortable

Figure 8. The relationship between SPL and comfort evaluation. 
The comfort level is graded as per the following linear scale: 

1 – very uncomfortable; 2 – uncomfortable; 3 – neither 
comfortable nor uncomfortable; 4 – comfortable, and 5 – very 

comfortable
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Figure 9. The relationship between each psychoacoustic variable and comfort evaluation: (a) sharpness; (b) fluctuation strength; 
(c) loudness, and (d) roughness. The comfort level is graded as per the following linear scale: 1 – very uncomfortable; 2 – 

uncomfortable; 3 – neither comfortable nor uncomfortable; 4 – comfortable, and 5 – very comfortable

sharpness and audio-visual comfort, between roughness 
and acoustic comfort, and between roughness and audio-
visual comfort (p > 0.05). Moreover, the values of determi-
nation R2 from quadratic regression are small (Figure 9a 
and d, R2 < 0.20). These results demonstrate that the varia-
tion of sharpness or roughness accounts for a limited por-
tion of the variability in both the acoustic and audio-visual 
comfort levels. 

As seen in Table  3, there was a significant negative 
correlation between fluctuation and audio-visual com-
fort (r = –0.709*, p < 0.05), but no significant correlation 
was observed between fluctuation and acoustic comfort 
(r = –0.596, p > 0.05). In addition, values of determina-
tion R2 from quadratic regression are 0.416 and 0.406 for 
acoustic comfort and audio-visual comfort, respectively 
(Figure 9b). These results suggest that fluctuation varia-
tion accounts for 41.6% and 40.6% of variability in the 
subjective acoustic and audio-visual comfort levels, re-
spectively. High audio-visual comfort levels are observed 
when fluctuation is within 0.08 vacil.

From the data shown in Table  3, it is observed that 
loudness is negatively correlated with both acoustic com-
fort (r  =  –0.681*, p < 0.05) and audio-visual comfort 
(r = –0.624*, p < 0.05). This trend is consistent with that 
of urban areas, where a decrease of 6% in the degree of 
satisfaction is associated with an increase of every 1 sone 
(Brambilla et al., 2013). In addition, the values of determi-
nation R2 from quadratic regression are 0.310 and 0.302 
for acoustic comfort and audio-visual comfort, respec-
tively, suggesting that fluctuation variation accounts for 

Figure 10. The acoustic spectrum for each  
selected scenic site
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31.0% and 30.2% of variability in the subjective acoustic 
and audio-visual comfort levels, respectively (Figure 9c). 
High values of audio-visual levels can be obtained when 
the loudness is less than 46 sone.

2.6. Effect of sound sources

Natural sounds can have an important effect on subjective 
comfort levels. Figure 4 shows that Nos. 7, 8 and 9 are the 
three scenic sites showing the highest audio-visual evalua-
tion. On one hand, the high comfort can be related to their 
natural landscape. As seen in Figure 2 and Table 1, the three 
sites have large green areas, and they show low population 
density (≤0.05 person/m2). Some findings have shown that 
subjective visual quality is positively correlated with factors 
including the degree of wilderness and the percentage of 
plant cover (Arriaza et al., 2004). On the other hand, ac-
tivities and behaviours of the crowd can have an influence 
on wildlife: the sharp sounds from birds and insects are re-
duced with increasing population density. This hypothesis is 
supported by sound spectrograms derived from recordings 
randomly selected on each site (Figure 10). Although the 
noise is not constant in these spectrograms, typical charac-
teristics of sounds are revealed from 30-second recordings 
on each site (Yang & Kang, 2016). The singing frequency 
of birds is mainly distributed at a high frequency between 
20  Hz and 9  kHz (Rheindt, 2003). Figure  10 shows that 
the band corresponding to singing birds is enhanced, and 
the distribution of the frequency bands is relatively uniform 
from 20 Hz to 9 kHz on Site Nos. 7, 8 and 9. Moreover, 
sounds of the stream gurgling down can be heard in the 
background on these sites. This type of sound is similar 
to the ensemble music of various instruments, so it can 
be beneficial, causing people to feel pleasant. Therefore, 
these three sites show high acoustic comfort at all scenic 
sites (Figure 4). In contrast, the acoustic comfort level is 
relatively low at Site No. 10. This could be caused by the 
strong, annoying noise from the cicadas, whose population 
is very large in the park under the shade of the green trees 
(2–5 kHz). Although taxonomic groups including bats and 
invertebrates are commonly seen in the park, their ultra-
sonic spectrum (>20 kHz) is not taken into consideration 
since these sounds cannot be heard by humans (Fairbrass 
et al., 2017).

All these results suggest that, in addition to SPL, the 
composition of sound sources can have strong influence 
on subjective comfort levels, which is consistent with pre-
vious studies (Preis et al., 2015; Ren & Kang, 2015). When 
SPL is <82  dB, our study shows that sounds from sing-
ing birds, gentle wind and streams are associated with a 
positive attitude from respondents, which can be due to 
the stress recovery and attention restoration effect of the 
natural sounds (Abbott et al., 2016). However, loud noise 
from insects and loudspeakers can counteract the positive 
effect of natural sounds, giving rise to low audio-visual 
comfort levels when SPL is >82 dB.

Conclusions

This article explores subjective comfort evaluations in 
mountainous landscapes:

(1) Both visual and audio-visual comfort levels are sig-
nificantly negatively correlated with the population den-
sity, and positive audio-visual evaluation is obtained when 
population density is smaller than 0.82 person/m2. In ad-
dition, the activity of visitors can affect the soundscape: 
a significant negative correlation is observed between 
sharpness and density, while positive correlations exist 
between fluctuation and density and between roughness 
and density.

(2) In terms of human behaviour patterns, the ratio 
of dynamic states is positively correlated with all three 
indicators (the visual, acoustic, and audio-visual comfort 
levels).

(3) With regard to psychoacoustic parameters, signifi-
cant negative correlations were observed between SPL and 
acoustic comfort and between SPL and audio-visual com-
fort, which is consistent with evaluations in urban areas. 
An increase in the critical point of SPL in mountainous ar-
eas suggests that respondents’ tolerance of natural sounds 
(singing birds, gentle wind and streams) could be high 
relative to that of traffic noise on urban streets.

(4) Sound sources can have an effect on subjective 
comfort evaluation. Sites showing both high acoustic and 
audio-visual comfort levels are associated with their en-
hanced levels of birdsong and sounds of streams gurgling 
heard in the background, and these sites exhibit relatively 
low population density and large green areas.

Overall, respondents would be more comfortable in 
terms of the audio-visual level in a mountainous area 
with a relatively high percentage of dynamic state and 
low fluctuation, loudness, SPL, and population density. It 
is believed that these findings can be beneficial for gain-
ing high levels of audio-visual comfort by reasonably pre-
dicting and controlling tourist density and behaviours in 
mountainous environments.
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