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Abstract: Soundscape quality in green spaces of residential areas directly contributes to residents’
quality of life. It has close relationships with landscape characteristics, which should be considered in
landscape planning and design processes in residential areas. Accordingly, this study proposed a
new perspective on the interrelationships between soundscape perception and landscape pattern
on multi-scale, based on a case study of 30 residential green spaces in Fuzhou, China. Percentage
of Landscape (PLAND), Patch Density (PD), Landscape Shape Index (LSI), and Patch cohesion
index (COHESION) were utilized to represent the landscape pattern of vegetation, buildings, and
roads in the residential areas. Soundscape perception was interpreted using the sound dominant
degree (SDD) of sound sources and overall soundscape quality. The examined spatial scales range
from 20 m to 180 m, with concentric circles spaced 20 m apart for each sampling point. Correlation
analyses indicated that most landscape indices of vegetation and buildings were correlated with
these soundscape perception indicators, while limited landscape indices of roads were associated
with them. Based on the multi-scale landscape indices, multiple linear regression models for the
SDD of sound sources and overall soundscape quality were established, confirming that the scale
effect of landscape patterns can affect soundscape perception. Expressly, results indicated that these
models were chiefly influenced by the landscape indices at a scale less than 120 m, but the scale
effect of landscape pattern on the SDD of birdsong, pleasantness, and quietness was not so evident.
Furthermore, we found that the number of explanatory variables may somewhat affect the model
performance. The overall interpretability of these landscape indices for the SDD of sound sources
was better than that of overall soundscape quality, implying the complexity of the latter. This study
offers a fresh insight into the relationship between landscapes and soundscapes at varying scales. The
findings can provide useful information for the promotion strategies of landscapes and soundscapes,
especially in residential green spaces.

Keywords: landscape pattern; sound dominant degree; soundscape quality; residential area; green
space; scale effect

1. Introduction

With rapid urbanization and population growth, noise pollution has become a per-
tinent issue worldwide. The World Health Organization (WHO) has stated that noise
pollution is one of the primary threats to human health and well-being, and a primary
cause of deteriorating urban environmental quality [1]. Decision-makers have considered
the quality of the acoustic environment as a crucial component of environmental impact as-
sessment and policies [2]. The Environmental Noise Directive (END) [3] demands member
countries assess noise and manage key urban functional areas. Many European countries
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like Ireland have completed the noise mapping [2,4]. In China, the evaluation of the impact
of the acoustic environment started relatively late. However, the established assessment
approaches only consider controlling the noise levels, which is not equal to improving the
quality of the acoustic environment. This is because human perception of the acoustic envi-
ronment is also affected by the perceived sound sources, the psychological perception of the
user, and other non-acoustic factors [5,6]. The soundscape is “an acoustic environment as
perceived or experienced and/or understood by a person or people, in context” as defined
in ISO 12913-1 [7]. This concept emphasizes the relationship between individuals, environ-
ment, and sound, and takes a more comprehensive approach to improve the quality of the
acoustic environment [8-11]. Soundscape research aims to shift the focus from equating the
acoustic environment with noise to sound as a resource. Currently, multiple approaches
are available for exploring soundscape perception, typically through collecting human
perception data along with physical and psychoacoustic information regarding the acoustic
environment and context [12]. The definition and utilization of various data collection
methods have been outlined in ISO 12913-2 [13], including questionnaires, soundwalk, and
interview guidelines. Among these methods, the questionnaire has been commonly used
for gathering subjective responses from a large sample across various scales [12,14].

The soundscape in the green spaces of residential areas is especially essential for
human benefits, because these green spaces are the core areas for the daily life of urban
dwellers. The residential green spaces provide residents with places for leisure, recre-
ation, and socialization [15], and offer opportunities for inhabitants to access the natural
environment and experience nature-based pleasure conveniently. Furthermore, studies
have found the interrelationships between the quality of residential green spaces with
children’s health [16], residents” body mass index [17], and psychological health [18,19].
The soundscape serves as a key that unlocks the world, offering both normal-sighted
and visually impaired inhabitants meaningful experiences and memories [20]. The poor
acoustic environment in these areas can negatively affect residents’ physiological and
psychological states [21]. Moreover, excessive exposure to noise pollution can lead to health
risks such as sleep disorders, cardiovascular diseases, increased stress and anxiety, and
cognitive impairment in children [22,23]. The soundscapes in residential green spaces
are indispensable for providing good environmental quality and reducing the annoyance
caused by air pollution and noise [24]. However, they have not received attention as much
as the soundscapes in other green spaces like urban parks or forests [25-28].

Many studies have proven that soundscape perception has interrelationships with
landscape features [29,30], such as landscape aesthetics, spatiotemporal dynamics, and
biodiversity [11]. Notably, landscape patterns representing landscape structures and eco-
logical processes have been recognized as one of the most essential characteristics affecting
soundscape perception [31]. Existing soundscape studies generally explored the relation-
ship between landscape patterns and soundscape perception at only one scale. However,
the landscape spatial patterns are differentiated across various scales [32]. This difference
caused by scale effects may also affect soundscape perception directly or indirectly. The
research of acoustic ecology has started to pay attention to this aspect, and the explored
scales ranged from local to regional. At the local scale, it has been shown that the strength of
the relationship between the acoustic entropy, the centroid, and skewness with vegetation
and topographic features is influenced by the scale effect of landscape, especially at 25 m
and 50 m [33]. Acoustic metrics also respond to the percentage of natural vegetation cover
at different scales, and scale effects can eliminate redundancy in acoustic metrics. Espe-
cially at the 100 m scale, the surrounding landscapes are more likely to influence acoustic
features [34]. At the regional scale, one study found a strong association between acoustic
indices and habitat structure and quality between 1.5 km and 3 km [35]. In addition, the
scale effect of landscape patterns may also indirectly affect soundscape composition. For
example, tree cover at 20 m and 500 m scales has a direct and significant impact on bird
species richness [36], which may indirectly affect the perceived intensity and diversity of
birdsongs as well as soundscape restoration in the environment [37,38].
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Nevertheless, the scale effects of landscape spatial features on soundscape perception
are still under-explored, and relevant research was rarely set in residential green spaces.
Accordingly, this study aims to explore the relationships between soundscape perception
and landscape pattern at different scales, and then examine the scale effect of landscape
pattern on soundscape perception. To this end, this study took 30 green spaces within
20 residential areas in Fuzhou, China, as a case study. These green spaces served as the
center to create nine equally spaced concentric circles ranging from 20 to 180 m, representing
different spatial scales. This study can provide essential data references and empirical
evidence for soundscape planning and management in residential areas.

2. Research Method
2.1. Study Area

This study selected the residential areas on the south side of Jinshan Avenue in Fuzhou,
China, as the case study sites, trying to minimize the influence of site location factors and
the biases of research results (Figure 1a). The selection of residential areas was based on
the following principles: (1) the building time of the residential area should be between
ten and fifteen years and have relatively complete facilities; (2) the internal green spaces of
the residential area should be well planned with diverse and representative characteristics;
(3) the green spaces in the residential area should be away from city roads to avoid abundant
external noise interference. Ultimately, 20 residential communities were selected and
30 representative green space samples were chosen for the acoustic data collection on site,
labeled from SP1 to SP30 (Figure 1b).

(a)

S |
FUJIAN PROVINCE
=~

- ~i

" @ Sampling locations

[—] Study area

! [0 water
| [ Bare land
[ Vehicle road
Pedestrian road
0 02 0.5 1kv [l Building

T — [ Green space

Figure 1. (a) Location and (b) land use types of the study area.

This study analyzed the landscape pattern based on three land use types: buildings
(BD), vegetation (VT), and roads, including vehicular roads (VR) and pedestrian roads
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(PR). The previous study indicated that the landscape pattern of these three land use types
significantly determines the landscape spatial characteristics within the region [39]. The
category of typical sound sources in the study area is outlined in Table 1. The classification
and identification are based on the pilot study in the study area and adapted from relevant
literature [40,41].

Table 1. Category of typical sound sources.

Primary Sound Category Sound Source Abbreviation
Natural Sound Lefvizzl :E;%ng EIS{
Hman Sound e s cr

Traffic Sound Internal trafic i

A nine-scale circular buffer zone centered with each sampling site was created to
reflect different spatial scales. The scale radius was set from 20 m to 180 m. The scales
cover 20 m, 40 m, 60 m, 80 m, 100 m, 120 m, 140 m, 160 m, and 180 m. The set size refers to
previous studies [30,32,34] and China’s Standard for urban residential area planning and
design [42]. We further assigned these scales into three relative ranks for better analysis
and understanding (Table 2).

Table 2. Relative scale ranks for the study area.

Relative Rank Scale
Small scale 20 m, 40 m, and 60 m
Medium scale 80 m, 100 m, and 120 m
Large scale 140 m, 160 m, and 180 m

2.2. Data Collection and Measurement
2.2.1. Landscape Spatial Data

The status quo of the three land use types within the study area was vectored in
ArcGIS10.2, including buildings, vegetation, and vehicular and pedestrian roads, based on
Google satellite imagery of the study area, topographic maps of residential areas provided
by the Natural Resources Bureau of Cangshan District, as well as street view maps, and on-
site investigations. Subsequently, the nine-scale concentric circular zone of each sampling
site was used to extract the corresponding landscape types.

This study selected four landscape metrics from two aspects, landscape composition
and spatial pattern, deduced from the literature exploring the relationship between land-
scape features and soundscape perception [26,30,31]. The indices included Percentage of
Landscape (PLAND), Patch Density (PD), Landscape Shape Index (LSI), and Patch cohesion
index (COHESION), as shown in Table 3. Fragstats4.2 was employed to calculate such
landscape indices (see Supplementary Materials).

2.2.2. Soundscape Perception Data

The soundscape perception data was obtained through a questionnaire survey con-
ducted in November 2021 for 15 non-rainy days. Data were collected between 8:00-11:00 am
and 3:00-6:00 pm. These two periods were the active times for most residents, which was
practical for engaging participants. In addition, these timeframes can relatively ensure
that we capture diverse and dynamic natural, human, and traffic sounds in the morning
and afternoon. The questionnaire consisted of two parts: (1) demographic, social, and
behavioral characteristics of the participants, including gender, age, education level, activity
frequency, and purpose of visit; and (2) participants” evaluation of sound sources and over-
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all soundscape quality of the green spaces. This study was approved by the Institutional
Review Board (IRB) of Fuzhou University. All subjects were informed of the purpose and
content of the questionnaire before the survey. They were able to quit this survey at any
time without any reason if they wanted to

Table 3. Land use types and selected landscape indices.

Land Use Type Landscape Index Abbreviation Explanation

Percentagg of landscape index PLAND._VT The rela’.cive propgrtion of vegetation

of vegetation. patches in the entire landscape.
The number of vegetation patches per

Vi . Patch density of vegetation. PD_VT unit area reflects the intensity of
egetation .

patch density.

Landscape shape index of vegetation LSI_VT The degree of regularity of the shape of
vegetation patches.

Patch cohesion index of vegetation. COHESION_VT The connectivity of vegetation patches.

Percentage of landscape index of building. PLAND_BD The rela.tlve proportion of building
patches in the entire landscape.

. Patch density of building. PD_BD Th? number of building patches per
Building unit area.
. a1 The degree of regularity of the shape of

Landscape shape index of building. LSI_BD building patches.

Patch cohesion index of building. COHESION_BD The connectivity of building patches.

Perc_entage of landscape index of PLAND._VR The relative proportion of vehicular

vehicular road. road patches in the entire landscape.

Patch density of vehicular road. PD_VR The nqmber of vehicular road patches
per unit area.

Landscape shape index of vehicular road. LSI_VR The. degree of regularity of the shape of
vehicular road patches.

L . The connectivity of vehicular
Road Patch cohesion index of vehicular road. COHESION_VR

road patches.

Percentage of landscape index of

The relative proportion of pedestrian

pedestrian road. PLAND_PR road patches in the entire landscape.

Patch density of pedestrian road. PD_PR The nqmber of pedestrian road patches
per unit area.

Landscape shape index of pedestrian road. LSI_PR The degree of regularity of the shape of

pedestrian road patches.

Patch cohesion index of pedestrian road.

COHESION_PR

The connectivity of pedestrian
road patches.

The sound source perception was evaluated by perceived occurrences of sounds
(POS) with a 5-point scale (1—never, 2—occasionally, 3—normal, 4—often, 5—frequently),
and perceived loudness of sounds (PLS) also scored by a 5-point scale (1—very weak,
2—weak, 3—normal, 4—strong, 5—very strong). The overall soundscape quality assess-
ment consisted of the following 6 adjectives: pleasant, harmonious, vibrant, comfortable,
eventful, and quiet [25,43], which were also rated on a 5-point scale (from 1-strongly dis-
agree to 5-strongly agree). Furthermore, we also calculated the sound dominant degree
(SDD) based on POS and PLS, as shown in Equation (1), which refers to the dominance of a
specific sound source [44].

S]:)]D]1 = POS]1 X PLS]I (1)

in this equation, POS denotes perceived occurrences of individual sounds, and PLS denotes
the perceived loudness of individual sounds. Similarly, j represents the jth sample, and i
represents the ith sound source.
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2.3. Statistical Analysis

On the 30 survey sites, 350 questionnaires were distributed, with 338 returned. After
eliminating questionnaires with incomplete or false information, there were 308 valid
questionnaires, resulting in an effective rate of 91.1%. The reliability and validity of the
collected questionnaire were examined, with the results indicating a Cronbach’s alpha
coefficient of 0.751, indicating acceptable reliability. The Kaiser-Meyer-Olkin (KMO) value
is 0.796, more significant than the recommended 0.7 threshold. In addition, the significance
value of the Bartlett test was 0.000, which is less than the standard 0.05 level, suggesting
that the data had good validity. The demographic characteristics of the respondents are
presented in Figure 2.
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Figure 2. Statistical sample information (1 = 308).

The processed landscape index and soundscape perception data were statistically ana-
lyzed in SPSS 26. Spearman’s rho correlation analysis was applied to explore the significant
relationship between landscape index and soundscape perception of different landscape
types at multiple scales. Stepwise multiple linear regression analysis was employed to
identify further the key landscape indices affecting soundscape perception. The SDD was
set as the dependent variable, and landscape indices that show significant correlations with
SDD were used as independent variables. The collinearity diagnostic rule was applied to
ensure no collinearity issue among the independent variables, as indicated by the variance
inflation factor (VIF) being less than 10.

3. Results
3.1. Basic Analysis
3.1.1. Sound Source Perception

The POS and PLS in each sampling point were calculated through statistical analysis
of the questionnaire data, as shown in Figure 3. Regarding POS, birdsongs generally had a
higher value in natural sounds, while the value of leaves rustling was lower. To some extent,
the sounds of surrounding speech and children playing are highly similar. The differences
in the PLS values for natural and artificial sounds were identical to their POS. Specifically,
the PLS of bird song and surrounding speech were relatively high. Additionally, internal
traffic sounds were generally perceived as higher in PLS than external ones.
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Figure 3. Mean Frequency and Intensity Map of Sound Sources.

3.1.2. Principal Component Analysis of Overall Soundscape Quality

Principal Component Analysis (PCA) was performed on the six soundscape perceptual
attributes to synthesize the main character of overall soundscape quality in the study area.
Referring to ISO standards and the characteristics of residential areas [7,45], the following
three common factors were extracted: soundscape pleasantness, soundscape eventfulness,
and soundscape quietness (Table 4). This outcome is similar to the results of previous
studies [45]. The cumulative variance contribution rate of the three factors was 73.873%,
indicating that they can capture relatively comprehensive information on the overall
soundscape quality.

Table 4. PCA results of soundscape perception factors.

Component
Common Factor Factor 1 2 3
F1 (soundscape pleasantness) hgﬁzs::ircl)tus 8%3
F2 (soundscape eventfulness) (i]‘;te)?;ﬁl 867332
F3 (soundscape quietness) Con?fl;iret;ble 8223

Note: Extraction method: principal component analysis. Rotation method: Kaiser normalized varimax method.
Rotation converged in 4 iterations.

3.2. Correlations between Landscape Indices of Different Land Use Types and Soundscape
Perception Indicators

3.2.1. Vegetation

Figure 4 shows many correlations between landscape indices of vegetation and sound
source SDD and soundscape quality. The SDD of natural sounds is only related to LSI_VT
and PD_VT. Specifically, the SDD of both bird song and leaves rustling positively correlates
with LSI_VT at all examined scales except for 20 m. Furthermore, the SDD of bird song
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also has a positive relation to PD_VT at the scale from 40 m to 180 m. The SDD of human
sounds has correlations with all landscape indices of vegetation. The SDD of both human
sounds only correlates with PD_VT at 40 m—100 m, and the SDD of surrounding speech
has more correlations at 120 m—180 m. The SDD of surrounding speech presents negative
correlations with PLAND_VT and COHESION_VT ranging from 40 m to 180 m; however,
apart from the scale of 100 m with the former. The SDD of children playing showcases
two correlations with LSI_VT at 80 m and 100 m. Similarly, the SDD of external and
internal traffic also exhibits significant relationships with the four indices, all of which
are negative. Notably, only LSI_VT correlates with the SDD of these two traffic sounds.
The SDD of external traffic correlates with PD_VT at 40 m—160 m. Both PLAND_ VT and
COHESION_VT are related to the SDD of internal traffic at 40 m—120 m and 40 m-100 m,
separately. Regarding the correlations between the soundscape quality indicators and
the landscape indices, soundscape pleasantness and eventfulness are positively related
to LSI_VT at 80 m, 100 m and 140 m, and 80 m-160 m, respectively. PLAND_VT and
COHESION_VT only have relationships with soundscape eventfulness at 60 m to 180 m
and 80 m to 180 m, respectively. Nevertheless, soundscape quietness only correlates with
COHESION at the 20 m scale among all indices.

(a) Landscape shape index (LSI) (b) Percentage of landscape index (PLAND) Value
N N o7 0.7
Bird song | 02 | %38 045 (064 0061y (0.5) 1042 1036 1038 | |08 0.06 0.01 |0.04 0.04 —0.04—0.12 -0.17 —0.15
g * * wx ek *k * * *
0.43 | 0.53) 048, (0.5 042 041 039 | 036
Leaves rustling 0.15 . o plel ey " & 5 . 0.07 | 0.17 0.34 | 032 033 032 024 021 023 0.6

0554 0142 036 -037 0142 0339 0145
Surrounding speech [0-11 0.14 0.13 029 1026 —0.01 -0.03 0.1 -0.11|  |-0.19 % %2 7036 031 7037 7042 039 70 os

Children playing | 005 | 035|035 %42 /037 '019 1022 013 008 | 025001 008 014 012 005 003 005 003

0143 038 #0058 A0, 036
External traftic [ 0-18 05 70 \\*ﬁ 95 036032 -0.18 -0.11|  [0.04 | 0.16 0.12 |0.03 -0.06 0.04 012 | 0.1 |0.12

0142 24 |04 H56 052 054 056 046 046 04s 049 0146 —0
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x| | G | Gee | e x| ww | wm |

38 034031 03

04 043 0.38
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042  0.44
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Figure 4. Correlations between landscape indices of the vegetation and the sound dominant degree
(SDD) of sound sources and overall soundscape quality (* indicates p < 0.05, ** indicates p < 0.01).

3.2.2. Buildings

Figure 5 shows the correlations between the landscape indices of buildings and the
SDD of sound sources and overall soundscape quality. LSI_BD has a relatively weaker
correlation with the SDD of sound sources than other landscape indices, especially for the
relations with the SDD of natural sounds. Apart from LSI_BD, all the building landscape
indices exhibit significant positive correlations with the SDD of bird song at the scale of
140 m-180 m. However, the SDD of leaves rustling is unrelated to the four landscape
indices at all tested scales. The relationships between the SDD of surrounding speech
and the four building landscape indices are significant, mainly at medium and large
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scales. The SDD of children playing is found to have very weak correlations with the
building indices, which appear only on one scale of each index. In addition, negative
correlations are located between the SDD of external traffic and PLAND_BD and PD_BD at
120 m-140 m and COHESION_BD at 140 m-180 m. The correlations between the SDD
of internal traffic and the four indices are found generally at small and large scales. The
soundscape quality components are found to have rare correlations with the building
landscape indices. Soundscape pleasantness and soundscape quietness are not associated
with any of these indices. Correlations between soundscape eventfulness and the indices
are chiefly below 100 m but not too much.
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Figure 5. Correlations between building landscape indices and the sound dominant degree (SDD) of
sound sources and overall soundscape quality (* indicates p < 0.05, ** indicates p < 0.01).

3.2.3. Roads

Figures 6 and 7 indicate that only a few landscape indices representing vehicular and
pedestrian roads at specific scales significantly correlate with the SDD of sound sources.
Compared to vehicular landscape indices, pedestrian landscape indices showcase more
correlations with the SDD of sound sources and soundscape quality. Notably, PLAND_PR
exhibits the most correlations with the SDD of surrounding speech at each scale ranging
from 40 m to 180 m and with the SDD of internal traffic from 80 m to 180 m except for 160 m.
Likewise, COHESION_PR has continuous correlations with the SDD of leaves rustling at the
scale ranging from 20 m to 80 m. Soundscape pleasantness presents only two correlations
with vehicular road landscape indices, including PLAND_VR and COHESION_VR; both
are found at 80 m. Soundscape eventfulness is related to PLAND_PR at most scales among
the three components, from 80 m to 140 m. Interestingly, the four landscape indices of
pedestrian roads are all positively correlated with soundscape quietness at the 20 m scale.
However, no significant correlation was found between the landscape indices of vehicular
roads and soundscape quietness.



Forests 2023, 14, 2323

10 of 19

Bird song

Leaves rustling
Surrounding speech
Children playing
External traffic
Internal traffic

Pleasantness

Sound dominant degree (SDD)

Eventfulness

Quietness

Bird song

Leaves rustling
Surrounding speech
Children playing
External traffic
Internal traffic

Pleasantness

Sound dominant degree (SDD)

Eventfulness

Quietness

(a) Landscape shape index (LSI)

(b) Percentage of landscape index (PLAND)

024/ 012 018 018 034 028 028 018 016
034027 014 (009 033 032 %37 032 031
032 04 037 023 022 021 007 —0.01-0.01
029 017 |0.16 027 024 017 022 014 0.16
023 —0.02 -0.08 —0.06 -0.21 —0.18 0.2 —0.06 —0.11
008 %42 028 026 002 -0.04 -0.08 -0.08 -0.13
02 00 026033 008 005 011 006 007
@m.m ~0.15-0.14 0.03 008 0.8 008  0.08

0.17 1 0.09 0.0 —0.07 0.07 0.03 —0.01 —0.08 —0.04

0.07 | 0.05 —0.04 ~0.04 0.05 —0.07 —0.03 —0.04 —0.04
-0.04 —0.26 —0.25 —0.2 —0.19 —0.01 0.06 0.02 0.03
004 %43 1029 002 -0.04 023 02 -02 -02
014 027 003 004 00 —0.11 -0.04 0.04 0.09
0.07 —0.11 —0.01 ~0.07 —0.11 —0.05 ~0.19 —0.19 0.2
031 0% 953 034 014 008 006 006 003
014 0.1 028 04 014 001 011 013 014
036 —0.29 —0.22 —0.17 —0.02 —0.02 0.14  0.16 0.12

—0.14 —0.04 —0.04 0.08 —0.08 —0.1 —0.03 —0.06 —0.1

20m 40m 60m 80m 100m 120m 140m 160m 180m

(c) Patch density (PD)

20m  40m 60m 80m 100m 120m 140m 160m 180m

(d) Patch cohesion index (COHESION)

-0.08 —0.19 -0.08 —0.19 —0.1 —0.09 0.11 | 0.14  0.22
0.07 022 005 —02 0.1 —0.18-0.26 -0.11 0.0
023 —0.18 -0.25 —0.1 —0.17 —0.24 008 0.12 0.13
037 -0.26 ~0.15 ~0.1 ~0.11 ~0.11 —0.06 —0.06 0.04
-0.14/ 022 | 02 034 034 021 002 001 022
033 017 -0.18 022 002 —-0.1 015 02 031
031 025 -0.22 -0.11 018 —0.06 —0.25 0.2 —0.12
0.14 016 -0.05 -0.12 02 -0.13 034 037 044

0.27 —0.04 —0.25 0.3 —0.06 —0.29 —0.29 —0.29 | 0.08

038/ 0.08 009  0.02 015 014 00 002 —0.13
00 022 0% 023 013 013 025 019 012
046 %47 1034 007 015 012 -0.06-0.19 028
036 017 0.1 -0.06 0.05 0.04 013 0.13 00
035 0.02 001 001 -021 -0.27 -0.28 -0.25 -0.01
004 03 %4 007 014 004 ~0.09 -0.05 -0.09
-0.23 0.02 —0.27 ‘0:‘6 03 003 022 03 011

049 0.2 —0.33 —0.12 —0.06 | 0.09 | 0.27 023 024

0.24 | 0.04 —0.08 —0.08 0.02 0.16 026 024 0.03

20m 40m 60m 80m 100m 120m 140m 160m 180m

20m 40m 60m 80m 100m 120m 140m 160m 180m

Value

i

0.6
0.5
0.4
0.3
0.2

0.1

—0.7

Figure 6. Correlations between vehicular road landscape indices and the sound dominant degree
(SDD) of sound sources and overall soundscape quality (* indicates p < 0.05, ** indicates p < 0.01).
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Figure 7. Correlations between pedestrian road landscape indices and the sound dominant degree
(SDD) of sound sources and overall soundscape quality (* indicates p < 0.05, ** indicates p < 0.01).
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3.3. Regression Models for Soundscape Perception Utilizing Multi-Scale Landscape Indices
3.3.1. Models for the Sound Dominant Degree of Sound Sources

The results of stepwise multiple linear regression analysis are shown in Table 5. Most
independent variables are at medium scales (80 m, 100 m, and 120 m), followed by the
indices at small scales (20 m, 40 m, and 60 m). The number of significant landscape indices
at large scales (140 m, 160 m, and 180 m) is the least. Only 100 m-PD_VT has a considerable
impact on the SDD of bird songs. The SDD of surrounding speech is affected by landscape
indices of vegetation and buildings at medium and large scales. PD_VT and PD_BD at
80 m, and LSI_BD at 160 m have positive effects on it, while PD_VT negatively affects it at
120 m. The 40 m-COHESION_BD has a negative impact on the SDD of children playing,
but its intensity (Beta) is higher than the other two significant variables, 40 m-PD_VT
and 120 m-LSI_BD. The SDD of external and internal traffic is influenced by building
landscape indices that are 140 m-COHESION_BD and 100 m-LSI_BD, respectively. There
are no landscape indices found to have a significant influence on the SDD of leaves rustling.
However, according to the results of the correlation analysis below, there were correlations
between the SDD of leaves rustling and landscape indices of vegetation and roads.

Table 5. Multivariate stepwise regression models for the sound dominant degree (SDD) of sound
sources using multi-scale landscape indices.

Dependent Variable Independent Variable Beta VIF t R? F
Bird song SDD 100 m-PD_VT 0.53 1 3.311 ** 0.256 10.963 **
80 m-PD_VT 1.082 2973 7.736 **
. 80 m-PD_BD 0.672 1.571 6.607 **
Surrounding speech SDD 160 m-LSI_BD 0418 1156 4797 ** 0849 23.013™
120 m-PD_VT —1.046 3.862 —6.564 **
40 m-PD_VT 0.396 1.207 2.86 **
Children playing SDD 40 m-PLAND_BD —0.535 1.291 —3.739 ** 0.540 12.367 ***
120 m-LSI_BD 0.478 1.496 3.104 **
. 20 m-COHESION_VR 0.460 1.012 2.703 **
External traffic SDD 140 m-COHESION_BD ~ —0.619 1.012 3632 0.598 11429
. 100 m-LSI_BD 0.363 1.003 2242 ** x
Internal traffic SDD 120 m-LSL VT —0.586 1.003 _3.620* 0.399 8.646
Note: * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.
3.3.2. Models for the Overall Soundscape Quality
The regression models for the overall soundscape quality indicators show that not
many landscape indices have a significant relationship with them (Table 6). The scale
effect of the landscape pattern on overall soundscape quality does not seem to be obvious,
especially for pleasantness and quietness. Both pleasantness and quietness are only affected
by one metric, 80 m-PLAND_VR and 20 m-PD_PR, separately. Eventfulness is negatively
affected by 60 m-PLAND_BD and 100 m-COHESION_VT, while positively affected by
140 m-PLAND_VT.
Table 6. Multivariate stepwise regression models for overall soundscape quality using multi-scale
landscape indices.
Dependent Variable Independent Variable Beta VIF t R? F
Pleasantness 80 m-PLAND_VR —0.506 1 —2.988 ** 0.227 8.927 **
60 m-PLAND_BD -1.023 1.828 —5.431 **
Eventfulness 100 m-COHESION_VT —0.948 2.647 —4.182* 0.728 13.492 **
140 m-PLAND_VT 0.467 2.242 —2.238*
Quietness 20 m-PD_PR 0.406 1 2.354 % 0.135 5.543 *

Note: * indicates p < 0.05, ** indicates p < 0.01.
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4. Discussion
4.1. Typical Landscape Characteristics Associated with Soundscape Perception

The correlation results in vegetation indicated that LSI_VT and PD_VT significantly
impacted soundscape perception at 80 m and 100 m scales. In contrast, other landscape
indices had a relatively weaker effect on sound source perception. A possible reason is
that landscape types and spatial configurations at scales lower than 80 m are relatively
simple. People’s perception of landscape elements weakens after over the scale of 100 m.
On the impact of the SDD of different sound sources, LSI_VT, PLAND_VT, and PD_VT,
they strongly promoted the SDD of bird song. This result indicates that the common
birds in residential areas prefer vegetation with relatively complex and irregular shapes,
similar to previous research [46,47]. However, some scholars have found that birds survive
in regularly shaped urban green spaces [48], highlighting the uniqueness and value of
studying the soundscapes of residential green spaces. In contrast, the above three landscape
indices negatively impacted the SDD of surrounding speech and internal transportation
noise, which may be attributed to the relatively complex vegetation structures that help
to reduce anthropogenic noise [49]. Regarding overall soundscape quality, both LSI_VT
and PD_VT had substantial impacts on soundscape pleasantness at the 80 m scale, while
LSI_VT, PLAND_VT, and COHESION_VT had significant implications on soundscape
eventfulness at the 100 m scale. This result may be due to the promoting effect of bird
songs on soundscape pleasantness [50,51], and people were more likely to perceive various
sound sources in vegetation at this scale. Based on such, it is suggested that the scale
from 80 m to 100 m is more suitable for landscape creation by establishing a diverse and
well-structured vegetation, which can not only enhance the perception of positive sound
sources and weaken the impact of negative sound sources, but also improve the overall
soundscape quality.

For the relationship between the landscape indices and the SDD in building land use,
the SDD of surrounding speech and internal traffic had the strongest positive correlation
with PD_BD and PLAND_BD. This finding indicates that in densely built areas, sound
propagates perhaps through multiple reflections from walls [52,53], because the build-
ings in high-density urban areas can obstruct the free propagation of road traffic noise,
leading to lower noise levels within residential areas and the formation of sound shadow
zones [54,55]. This suggests that the layout of buildings can be utilized in residential
planning to create sound shadow zones for improving acoustic environment quality. For
example, high-density or high-rise buildings can be arranged on the side of external roads
or residential areas combined with commercial building layouts to form strong sound
shadow zones. In comparison, PD_BD and PLAND_BD had positive effects on the SDD
of internal traffic sound at the scale of 100 m-120 m, which may be due to the increase
in building area and density leading to the proximity of roadways to vegetation, thereby
enhancing the perception of traffic sound. For overall soundscape quality, there was no
significant correlation between the various landscape indices of buildings and soundscape
pleasantness, while LSI_VT, PLAND_VT, and COHESION_VT were all positively corre-
lated with soundscape eventfulness. However, we found that at the scale of 60 m—80 m,
the size of building patches increases, and patch clusters become more aggregated, leading
to soundscape eventfulness decreases. This result may be due to the relatively low area
percentage of vegetation at that scale, thereby reducing the attractiveness of the place to
birds and negatively impacting bird abundance [56], further affecting soundscape event-
fulness. Additionally, LSI_BD negatively affected soundscape eventfulness at 40-60 m,
possibly due to the complex architectural forms that affect sound propagation, decreasing
soundscape eventfulness. These findings indicate that the pattern of buildings in residential
areas significantly impacts sound perception. Therefore, increasing the height and density
of buildings near urban roads is advisable while reducing the distance between buildings
along the streets. These strategies are beneficial in creating good sound shadow areas,
thereby reducing the permeability of noise. Moreover, designing relatively diverse forms
of individual buildings can also effectively minimize external traffic sound, and adopting a
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simple arrangement method in the overall layout can promote the perception of positive
soundscapes inside the residential area.

Regarding the analysis of road land use, results showed that the PLAND was more
closely related to the SDD of surrounding speech and internal traffic compared to other
landscape indices. The relationship between the SDD of bird song and landscape indices
of roads was not as significant. This finding differs from other studies that indicated
a negative correlation between bird abundance and road exposure [57,58]. Regarding
overall soundscape quality, PLAND_VR and PLAND_PR had significant negative effects
on soundscape pleasantness and eventfulness, respectively. These findings indicated
that visual exposure to residential roads, including vehicle and pedestrian roads, may
decrease the perception of overall soundscapes. From the perspective of acoustics, the
sound reflection effect of road surfaces could also be a reason that increases the difficulty of
perceiving natural sounds, thus reducing the overall soundscape quality. This study found
a significant correlation between the quietness of soundscapes and the landscape indices
of pedestrian roads, particularly at a scale of 20 m. The PD_PR and LSI_PR were found
to positively impact the quietness, consistent with previous research [59]. These findings
suggest that the landscape pattern of pedestrian roads is a crucial factor affecting the
quietness of residential areas at the 20 m scale. Therefore, increasing the complexity of road
forms, such as meandering and scattered footpaths, can be a helpful design strategy to help
create a quiet environment in residential areas. In addition, previous studies have shown
that paving materials can also impact the quality of soundscapes, with grass having more
silent proposed background noise, making it more popular than gravel [60]. Therefore, in
addition to adjusting the layout of pedestrian roads, sound-absorbing materials such as
grass and wooden boards can also be considered paving materials to optimize the sound
environment further [61].

4.2. Scale Effects of Landscape Pattern on Soundscape Perception

The SDD models reveal that most landscape indices with significant impacts are
at small to medium scales, namely less than or equal to 120 m. However, the SDD of
bird song appears unaffected by scale differences in landscape pattern, as it has only one
explanatory variable at 100 m. The SDD is primarily influenced by landscape indices related
to vegetation and buildings at various scales, with the only significant road landscape index
being PD_VT. Vegetation landscape indices considerably impact the SDD of bird song,
surrounding speech, and internal traffic at medium scales. This suggests that structurally
rich vegetation is more effective at attracting birds and people and reducing internal
traffic noise at medium scales [51]. However, the 120 m-PD_VT has a negative impact on
surrounding speech, which we speculate might be due to residents within the surveyed
neighborhoods preferring to visit nearby vegetation compared to those further away. The
building landscape indices significantly affect all the SDD of sound sources at various
scales except for birdsongs. Building landscape indices positively affect surrounding
speech (primarily from adults) at medium and large scales, indicating that human activities
are influenced by building density and complexity. This phenomenon was also observed in
previous research [62]. Interestingly, the SDD of children playing is negatively impacted by
PLAND_BD at a small scale (20 m), in contrast to the surrounding speech. We speculate
that children’s activities within the surveyed residential areas may often occur without
adult supervision, as guardian behavior is associated with child behavior [63]. Furthermore,
the explanatory variables are at medium and small scales, indicating that the activity range
of children may be smaller than that of adults. The SDD of traffic noise model results show
that building landscape indices at medium and large scales also influence the propagation
of internal and external traffic noise to some extent. Specifically, buildings that are both
distant from vegetation (greater than or equal to 100 m) and densely built help mitigate
the transmission of external traffic noise inward. Conversely, internally uniform building
forms within the residential areas assist in controlling internal traffic noise [64]. The road
landscape index COHESION_VR only significantly impacts the SDD of external traffic
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at a small scale (20 m), indicating that adjacent urban roads outside the residential areas
contribute significantly to noise pollution in internal green spaces. Therefore, in residential
planning, it is crucial to address areas near urban roads on the periphery of residential
areas to mitigate the negative impact of external roads on the residential soundscapes.
Additionally, at a medium scale (120 m), LSI_VT has a negative impact on internal traffic
noise. This suggests that designing structurally diverse vegetation within residential areas
at a 120 m distance can effectively reduce internal traffic noise intensity. Such design can be
implemented through plant arrangements within green spaces by enriching plant species
or structural combinations such as tree-shrub-grass plant configuration [65].

Similarly, soundscape quality is primarily influenced by landscape indices at small
to medium scales. This suggests that landscape design within a radius of 100 m or more
minor can more effectively enhance the overall soundscape quality of residential green
spaces. Among the three components, only eventfulness is influenced by landscape indices
at different scales (Table 6), including 60 m-PLAND_BD, 100 m-COHESION_VT, and
140 m-PLAND_VT. This indicates that, at small scale, soundscape eventfulness is mainly
affected by building density, while at medium and large scales, it tends to be influenced
by vegetation structures and areas. This is because, on the one hand, vegetation can
create favorable habitat conditions, attracting various sound-producing organisms, such as
birds and insects, to inhabit them [66]. On the other hand, low-density building layouts
provide more space for sound propagation, reducing the frequency of sound reflections
on building surfaces [67]. Only 80 m-PLAND_VR has a significant negative impact on
pleasantness (Beta = —0.506). Combining this result with the findings of the external traffic
SDD model, we found that adjacent external roads to the surveyed residential areas may
generate significant traffic noise, thereby diminishing the inside soundscape quality. This
is consistent with previous research findings [64,68]. However, for urban residential area
planning, the proportion of external roads is often challenging to alter. Therefore, to ensure
or enhance the pleasantness of the residential internal soundscape, special attention should
be paid to controlling the areas near the edges of residential neighborhoods adjacent to
urban roads. For example, this can be achieved by increasing vegetation density in these
areas or constructing water features to create masking effects through water sounds [69,70],
reducing the perceived intensity of external noise. Quietness is only positively influenced
by 20 m-PD_PR, indicating that moderately increasing the density of pedestrian roads at
a small scale can promote soundscape quietness. This finding suggests that, for instance,
a modest increase in the density of pedestrian roads or paths with varied forms within
the interior or adjacent residential green spaces can allow residents to experience a quieter
sound environment.

In addition, we found a correlation between the number of explanatory variables and
the R? of the regression models for the SDD and overall soundscape quality indicators.
Regression models with multiple significant independent variables exhibited better fit than
models with only one independent variable. Furthermore, landscape pattern indices at dif-
ferent scales demonstrated more substantial explanatory power for the SDD than for overall
soundscape quality. The analysis results confirm our research hypothesis that landscape
spatial characteristics at different scales significantly influence soundscape perception.
However, our analysis results also indicate room for improvement in the performance
of regression models. Among the SDD models, except for the SDD model of bird song
(which had only 25.6% of explained variance), the other models exhibited relatively good
fits. Based on previous research, we speculate that this could be due to additional factors
affecting the SDD, such as landscape diversity [51]. High landscape diversity in green
spaces can provide better habitat quality, attracting more birds and enhancing the richness
and perceptual intensity of birdsongs. However, landscape diversity, such as Shannon’s
Diversity Index (SHDI) or Simpson’s Diversity Index (SIDI), is typically measured at the
landscape scale [71]. Thus, this landscape feature may influence the SDD of birdsong at
larger scales. The SDD model of surrounding speech achieved the best fit with an R? of
84.9%. This suggests that combining landscape structural characteristics of medium- or
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large-scale vegetation and buildings can effectively predict the SDD values of surrounding
speech. Among the three regression models for overall soundscape quality indicators, only
the eventfulness model exhibits good explanatory power at 72.8%. In contrast, the models
for pleasantness and quietness have less satisfactory fits at 22.7% and 13.5%, respectively.
This indicates that influencing factors and processes may be more complex than individual
sound perception for the overall sound quality. Moreover, other factors besides landscape
spatial characteristics may play a more decisive role. Previous research found that sound
characteristics and cultural background influence soundscape quality. The factors, such
as natural sound occurrence, sound preferences, noise intensity, and people’s cultural
and cognitive backgrounds, can significantly impact people’s perception of soundscape
pleasantness and quietness [11]. Therefore, the results of this study confirm that only
incorporating landscape spatial characteristics at different scales may be insufficient to fully
explain the variability in soundscape quality [30].

4.3. Limitations and Future Study

The present study has several limitations. Firstly, it only focused on the residential
areas of a typical southern coastal city, Fuzhou. However, the soundscape perception
and its effects on human well-being may vary across locations [72,73]. Thus, the results
may not fully reflect the acoustic characteristics of residential areas in other regions. In
addition, this study only considered the landscape elements within the residential areas.
Still, it did not include the impact of the urban land cover types outside residential areas,
such as urban roads. The perception of sound sources near the boundaries of residential
areas can be affected by external noise sources outside the residential area. To overcome
such shortcomings, follow-up studies could supplement typical case studies in different
regions. In addition, researchers could consider the impact of urban land cover types
on the soundscape of residential areas, select sampling points as far away as possible
from external noise sources, or conduct time-segmented studies. Additionally, this study
only reflected the soundscape characteristics in one season, and future research could also
investigate and compare the acoustic environments of residential areas during different
seasons. Furthermore, the participants in this study were not trained before the survey.
They were randomly selected and asked in the field. This might affect the integrity of
their responses to some extent because some of them may not recognize the sound types
and features in their daily life. This offers the opportunity for further improvement in
future research. Also, we encourage a combination of acoustic measurement with the
questionnaire method in the subsequent investigation. Some interesting results could
be found if the acoustic features (e.g., spectral contents [74]) and human responses are
explored and compared simultaneously. Finally, the dimensions of indicators in this study
were considered only in terms of spatial scale, shape, and aggregation degree. In the future,
other indicators, such as the proximity index, should be included to enrich the dimensions
of the indicators.

5. Conclusions

This study analyzed the relationship between soundscape perception and landscape
indices at multiple scales within 30 residential green spaces in Fuzhou, China, which
offers an innovative insight into soundscape planning and management in urban green
spaces. Soundscape perception was captured from the SDD of the sound source and overall
soundscape quality indicators. Landscape indices relating to vegetation, buildings, and
roads ranged from 20 m to 180 m. Results showed that most landscape indices at different
scales were correlated with the SDD and overall soundscape quality in vegetation and
building land use. In contrast, fewer landscape indices in road land use were related to
the soundscape perception. This indicates that the multi-scale patterns of vegetation and
buildings play more critical roles in forming soundscapes in residential areas. Regression
models illustrated that the SDD and overall soundscape quality were affected primarily
below the 120 m scale. This suggests that landscape planning and design strategies for
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promoting soundscape quality can be more useful within this scale. However, the scale
effects of landscape patterns on the SDD of birdsong, pleasantness, and quietness seemed
insignificant. Furthermore, we found that the multi-scale landscape indices can better
explain SDD variance than overall soundscape quality. This means that the components
determining soundscape quality are more complex. They can hardly be explained only
by landscape spatial features, and therefore variables such as sound features and context
factors should also be included for interpreting the soundscape quality. We further argue
that such variables may account for more important positions than landscape spatial pat-
terns according to the model’s explanatory ability. We are confident that our findings can
help planners better understand the useful scales for landscape planning and manage-
ment to improve soundscape perception in residential areas. Moreover, such results can
also advance the state of knowledge regarding the relationships between landscapes and
soundscapes. This study serves as helpful data support and empirical evidence for urban
soundscape planning and design and related studies in the future.
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