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Preface

In recent years, there has been a growing emphasis on the importance of multi-sensory

perception in the planning, design and management of green spaces. Recognized as essential

ecological infrastructure, this approach aims to shape landscape experiences effectively, fostering

high-quality environments and ultimately enhancing human well-being. Grounded in the landsense

ecology theory, landsenses underscore the integration of human perception from sensory and

psychological dimensions into ecological environmental research. This approach stands as a pivotal

methodological and technical strategy for advancing the development of green spaces within the

context of building smart and resilient cities.

We are privileged to have served as Guest Editors for this Special Issue, and we extend our

gratitude to all authors and reviewers for their outstanding contributions and unwavering support.

Additionally, we would like to express our appreciation to the Forests editorial team for their

enthusiastic dedication and expert editing. We are sincerely thankful for the contributions made by

our colleagues and scholars from various institutions. Furthermore, we acknowledge the generous

funding provided by the National Natural Science Foundation of China (no. 52378049, no. 52208052),

and the Humanities and Social Science Research Program of Ministry of Education of China (no.

21YJCZH038), which supported many of the research endeavors included in this issue.

By prioritizing multi-sensory perception in the planning, design and management of green

spaces, landscape professionals aim to create environments that not only appeal to our visual senses,

but also engage us on a deeper, more holistic level. These efforts not only contribute to the creation

of high-quality landscapes, but also promote human well-being by fostering connections with nature

and providing opportunities for relaxation, rejuvenation and sensory exploration.

Jiang Liu, Xinhao Wang, and Xin-Chen Hong

Editors
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Editorial

Landsenses in Green Spaces

Jiang Liu 1, Xinhao Wang 2 and Xinchen Hong 1,*

1 School of Architecture and Urban-Rural Planning, Fuzhou University, Fuzhou 350108, China;
jiang.liu@fzu.edu.cn

2 School of Planning, University of Cincinnati, Cincinnati, OH 45221, USA; wangxo@ucmail.uc.edu
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1. Introduction

Green spaces, serving as crucial ecological infrastructure, offer numerous ecological
system services and enhance human well-being, particularly in densely built environments.
Theories and technical approaches for greening high-density agglomerations are progres-
sively adopting a multidisciplinary approach [1]. The impact of landscape experience on
human mental and/or physical well-being has garnered growing attention in the fields of
green space and public health [2,3]. The domains of research dedicated to the planning,
design, and management of green spaces emphasize the significance of multi-sensory
perception, guided by traditional visual perception, in shaping landscape experiences to
create high-quality landscapes [4–6]. The term “landsenses” is derived from “landsenses
ecology”. As a recently emerging scientific discipline grounded in ecological principles and
an analytical framework encompassing natural elements, physical senses, psychological
perceptions, socio-economic perspectives, process risk, and related aspects, landsenses
ecology integrates landscape ecology with people’s vision and social needs. It concentrates
on land-use planning, construction, and management aimed at sustainable development [7].
Landsenses emphasize the incorporation of human perception from sensory and psycho-
logical dimensions into ecological environmental research. Within this framework, we
posit that the theory advanced by landsenses ecology not only offers an effective avenue
for investigating the relationship between humans and the environment, but also serves as
a crucial methodological and technical approach for the development of green spaces in
the context of constructing smart and resilient cities.

This Special Issue in Forests explores the role of landsenses in green spaces. It is com-
prised of 13 papers involving multi-sensory studies conducted in green spaces. This collec-
tion contains works in seven research fields:

(1) Mechanisms of multi-sensory interaction and their effects;
(2) Indicators for landsenses characteristics of green spaces;
(3) Landsenses with cultural and regional significance;
(4) Theoretical and technical approaches for landsenses creation;
(5) Innovative application of the Internet of Things and multi-source data in green space studies;
(6) Social perception, machinery perception and virtual reality;
(7) Planning, design and management of green space based on landsenses ecology.

2. Summary of Articles Included in the Special Issue

Green spaces play a crucial role in promoting sustainable urban environmental man-
agement and enhancing social well-being. These spaces not only deliver numerous ecosys-
tem services, but also positively influence the mental and physical health of urban residents,
as well as encourage social interaction. Our research collections concentrate on diverse
urban green spaces, encompassing urban forests, residential green areas, scenic zones,
urban waterfront green spaces, botanical gardens, traditional villages, and more.

Forests 2024, 15, 333. https://doi.org/10.3390/f15020333 https://www.mdpi.com/journal/forests1
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The quality of soundscapes significantly influences life quality and visitor experiences.
Our research collections delve into the intricacies of soundscape quality, concentrating
on the perception of soundscapes and examining influential factors across dimensions
such as landscape patterns, environmental functional characteristics, visual perception,
and visitation experiences. Moreover, our research collections extend to the development
of predictive models for soundscape perception, which are founded upon the acquisi-
tion of sufficient data. Liu et al. explored a new perspective on the interrelationships
between soundscape perception and landscape pattern on a multi-scale [8]. The authors
confirmed that the scale effect of landscape patterns can affect soundscape perception
based on 30 residential green spaces. They found that the multi-scale patterns of vege-
tation and buildings play more critical roles in forming soundscapes in residential areas.
Guo et al. explored the relationships between the harmonious degree of sound sources
(SHD) and visiting experience indicators [9]. They suggested that natural sounds were
the most influential sound source and visual landscape perception, while human sounds
and mechanical sounds both had significant positive effects on soundscape perception.
There is an indirect relationship between the SHD of sound sources and the evaluation
of comprehensive impression. Luo et al. analyzed the soundscape preferences of elderly
residents in underdeveloped cities in China for urban forest parks and the relationships
between the soundscape preferences and landscape features [10]. They found that the most
influential factors affecting the soundscape preferences of the elderly include the length of
time spent in the waterfront environment, the time spent in the forest park, and the impor-
tance of road signs. Zhang et al. conducted comparative research to investigate subjective
soundscape evaluations between typical forest-type and urban-type Han Chinese Buddhist
temples [11]. They found that respondents in forest-type temples preferred natural sounds,
while respondents in urban-type temples preferred Buddhism-related man-made sounds.
Yin et al. predicted individual-scale soundscape perception in large-scale urban green
spaces (UGSs) based on environmental visual, aural, and functional characteristics [12].
Prediction results suggested that people’s perceived soundscape satisfaction increased as
the distance from the ring road increased, and it gradually reached its highest level in the
green spaces stretched outside the ring road.

Multisensory integration can convey comprehensive information, thereby enhancing
the stereoscopic and richness experience of environmental quality. Our research collections
focus on the mechanisms of multisensory interactions, including visual, auditory, tactile,
olfactory, gustatory, and thermal perceptions. Furthermore, the research explores the im-
pact of the objective landscape environment on the psychological dimensions of the public.
Wei et al. investigated the influence of sensory perception of forests on visitors’ restora-
tion effects from a multidimensional and multisensory perspective [13]. They utilized a
generative large language model to address the dilemma posed by traditional self-report
scale measures and revealed that different sensory quantities (sight, hearing, touch, and
taste) have varying effects on visitor restoration. Zhong et al. explored the influence of
spatial characteristics and visual and smell environments on the soundscape of waterfront
space in mountainous cities (WSMCs) [14]. They found that LAeq and the normalized
soundscape difference index (NDSI) are more affected by spatial characteristics, and the
soundscape comfort degree (SCD) is more affected by visual and smell environments in
WSMCs. Meanwhile, they summarized the recommended values of spatial characteristics
and visual and smell environment indicators. Cheng et al. analyzed the factors affecting the
thermal comfort of green spaces [15]. They found that water and greening coverage are the
primary factors affecting the thermal comfort of spaces. Increasing water area and creating
multi-level greening spaces are effective measures to improve the thermal comfort of green
spaces in the settlement. Li et al. revealed the influence of different landscape elements in
urban park waterfront green spaces on public psychology and behavior [16]. Landscape
elements have significant different contributions to the four experience dimensions, i.e.,
emotional, cognitive, psychological, and behavioral. The spatial element contributes most
significantly to public’s psychological response. Focusing on a special group, Shu et al.
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investigated how audio–visual interactions in common public spaces within Chinese urban
residential areas might have restorative effects on older adults [17]. Their results indicate
the importance of establishing residential areas that incorporate both natural elements and
diverse activities, encompassing both auditory and visual stimuli, to support the well-being
and healthy aging of older adults in Chinese residential settings.

Moreover, a thorough comprehension of public aesthetic perception and preferences
is crucial for crafting top-notch landscape planning and design. This understanding helps
meet the expectations of residents and visitors while accomplishing diverse objectives,
including environmental optimization, community interaction, and the preservation of
regional characteristics. Our research collections explore the complexity of the relationship
between landscape design, landscape features, and perceived preferences. Chen et al.
expanded the landscape characterization system for the public space of the traditional
village by integrating multiple dimensions [18], including landscape spatial form, visu-
ally attractive elements of the landscape, and landscape color. Results indicated that the
public preferred a scenario with a high proportion of trees, relatively open space, mild
and uniform color tones, suitability for movement, and the ability to produce a restora-
tive and peaceful atmosphere. Shen et al. combined objective and subjective landscape
complexity to investigate the effects of landscape design intensity on preference and eye
movement [19]. They suggested that the significant relationship between objective or
subjective landscape complexity, or preference and eye movement metrics, was depen-
dent on landscape types. Liu et al. examined the spatiotemporal distribution patterns of
spatial vitality and explored the correlation between plant landscape characteristics and
spatial vitality [20]. They suggested that to establish vibrant specialized plant landscapes,
managers and planners involved in the planning and design process should prioritize a
comprehensive consideration of and respect for the visual aesthetics and functional needs
of visitors.

3. The Researchers’ Perspectives on Landsenses in Green Spaces

To delve deeper into the contributors’ perspectives on landsenses in green spaces, an
open-ended question was introduced: “What should be the primary focuses and challenges
for landsenses research in public spaces?” Selected contributors were invited to share brief
comments, and their comprehensive responses are presented below.

3.1. Personal Perspective 1

The primary research focus of landsenses lies in the mechanisms of multi-sensory
experiences, emphasizing the need to address the significance of these issues in the research
agenda. Identifying the sensory dimension(s) that contribute most to the visiting experience
and understanding their interconnections in specific contexts pose complex challenges,
with variations in different scenarios. A key challenge in landsenses research for green
spaces is the integration of qualitative and quantitative approaches to offer more applicable
and instructive theoretical outcomes for planning and design practices. Additionally,
the evolving field of landsenses ecology holds significant potential in human settlement
science, requiring further clarification and enrichment of its theoretical framework and
methodology through additional research.

(Prof. Dr. Hui Xie, Chongqing University)

3.2. Personal Perspective 2

In landsenses research, it is best to use the power of contemporary science and tech-
nology, but also take into account the historical sense of the place and other special require-
ments and achieve a certain flexible variability. At the same time, at the macro and micro
levels, these studies should pay attention to people’s feelings and the healthy ecological
development of the whole region. Traditional research methods should also be combined
with artificial intelligence or big data, so that the true reliability of research results can

3
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be guaranteed. At present, the biggest challenge lies in the lack of due attention to the
academic community and the insufficient participation of personnel.

(Prof. Dr. Dongxu Zhang, Guangzhou University)

3.3. Personal Perspective 3

As a senior landscape and tourist cross-discipline, I think the landscape perception
of public space should be more focused on interaction with space and people, such as
the material, color, light, sound and other sensory experience. It should more attention
should be paid to deeper psychological responses and spiritual needs, such as belonging,
happiness, security, authenticity, and other sociological properties. I think the challenge of
public space landscape perception research should be the measurement of human objective
physical indicators, such as ergonom measuring, corticol measurement, etc. Today, in
the face of the rapid development of artificial intelligence, more technological intelligent
detection methods and evaluation methods should be advocated.

(Assoc. Prof. Dr. Jian Xu, South China University of Technology)

3.4. Personal Perspective 4

Landsenses research in public spaces, rooted in the principles of landscape ecology,
aims to achieve sustainable land use planning, construction, and governance. The focus
of this research includes a comprehensive examination of natural elements, physical and
psychological perceptions, socio-economic factors, processes, and risks. Investigating ele-
ments such as light, heat, water, and societal dynamics is crucial for creating public spaces
that cater to diverse needs. However, landsenses research faces challenges, including the
necessity for interdisciplinary collaboration across ecology, psychology, sociology, and
urban planning. The integration of diverse data sources, standardization, privacy concerns,
resource constraints, and community engagement are significant hurdles. Overcoming
these challenges is essential to ensure that landsenses research contributes to the develop-
ment of public spaces that are sustainable, inclusive, and attuned to the varied experiences
and preferences of the community.

(Associ. Prof. Qunyue Liu, Fujian University of Technology)

3.5. Personal Perspective 5

The focuses of landsenses research could be put on the correlation and interaction
between human perception, psychology, emotion, behavior and the urban and built envi-
ronment. Due to the development of digital technologies such as the Internet of Things (IoT)
and Artificial Intelligence (AI), the extensive and in-depth application of these technologies
has not only provided landsenses research with the use of diversified sensing sensors,
but also offered technical possibilities for the processing, analysis and application of the
massive amounts of information.

The future challenges lie in the need to evolve quantitative research and to build more
advanced perceptual systems, so as to analyze, compare and optimize different types of
urban public spaces, among which the public space of healthy communities should be
closely monitored because of its fundamental role in the process of healthy city construction
and the realization of the goal of healthy and sustainable development. Exploring the
construction of healthy communities, from the perspective of landsenses ecology, is really
conducive to the further application of landsenses ecology to the practice of sustainable
development and residential environment construction, offering support for the successful
realization of health and sustainable development goals.

Researchers can explore ways to create a healthy community public space system inte-
grated with multiple landscape perception elements including natural elements, physical
sensory elements and psychological sensory elements. In a full use of the ecosystem ser-
vices with all types of natural elements, health service facilities and ecological infrastructure
are combined to form composite health and welfare service facilities, so that natural factors

4
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detrimental to the population health are eliminated and avoided, the natural elements
beneficial to the community health are introduced and optimized, and the accessibility
and sense of belonging influencing psychological health are provided. Simultaneously, the
comfort of the physical perception of the crowd could be improved to avoid the discomfort
or even impact on human senses and mental health caused by excessive stimulation of
the human senses. Both normal performance of human senses and comfort are promoted
through the creation of good physical perception.

(Associ. Prof. Xiao Liu, South China University of Technology)

3.6. Personal Perspective 6

Landscape research in public spaces is dedicated to creating urban environment that
are both aesthetically pleasing and functional, focusing on meeting diverse user needs,
promoting environmental sustainability and social–cultural activities, ensuring safety
and convenient access, and striving to enhance the health of residents. Challenges faced
include limited budgets, the need to adapt to environmental changes, and the efficient
use of emerging technologies, all of which require interdisciplinary collaboration and
innovative strategies to ensure the long-term development and maximization of social
value in public spaces.

(Assoc. Prof. Dr. Yuhan Shao, Tongji University)

3.7. Personal Perspective 7

Landsenses research in public spaces should not only emphasize individual users’
multi-sensory perceptions and diverse cultural backgrounds, but also understand the social
interaction pattern importance of creating inclusive and diverse public spaces. Additionally,
attention should be given to constructing and maintaining green infrastructure in public
spaces for sustainable ecosystem services. However, landsenses research in the context of
rapid urbanization faces challenges. How to improve limited urban spaces? How to ensure
public spaces serve equally diverse societal groups? How to balance cultural differences
in expectations and needs from the human collective? Landsenses ecology covers a broad
range of topics, and therefore, in landsenses research, it is essential to define its conceptual
framework and specific research fields clearly. This will showcase the unique contributions
of landsenses ecology. I am looking forward to witnessing its distinctive role in the future.

(Ph.D. Candidate Zhu Chen, Leibniz University Hannover)

3.8. Personal Perspective 8

As we all know, the information conveyed by an objective environment provides
multisensory stimulation and subsequently has an impact on human physical and mental
health. As the main place for urban residents to relax, entertain, and unwind, the landsenses
of public spaces also have a significant impact on the urban residents’ physical and mental
health, including the special landscape structure, landscape composition, and landscape
pattern characteristics. The changes in landscape characteristics of public spaces, such as
sky view factors, building height, vegetation area, water ratio, etc., may also change the
public’s perception attitude to some extent. Therefore, using semantic segmentation and
virtual reality as technical support, the landscape features of urban public spaces have been
analyzed and quantified, exploring the impact of landscape elements, facility elements,
natural elements, and construction elements on the psychological, emotional, cognitive,
and behavioral dimensions of urban residents, which provides data support for exploring
the impact of landscape features on public psychology.

However, the landscape features of public spaces are diverse and complex, and it
is particularly important to select appropriate indicators to reflect the landscape features
of public spaces. Similarly, the landsenses of urban residents in public spaces are also
influenced by many factors, making it equally challenging to select appropriate landsense
indicators. Additionally, how to more accurately quantify the changes in landscape features
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of public spaces and the changes in physical and mental indicators of urban residents
remains a huge challenge in landsenses research in public spaces.

Therefore, in future research, the development and innovation of technical means
for quantifying landscape features of public spaces will need to be continuously carried
out. In addition, obtaining objective and accurate landsenses of urban residents in public
spaces is also crucial for future research, as the data obtained from the questionnaire are
subjective and cannot objectively reflect the landsenses of urban residents. Moreover, we
will continue to explore a scientifically reasonable landscape feature evaluation system for
landsenses research in public spaces.

(Ph.D. Candidate Junyi Li, Fujian Agriculture and Forestry University)

3.9. Personal Perspective 9

Landsenses research in public spaces focuses on understanding the sensory experi-
ences of individuals and the interaction of these experiences with different environmental
elements. This understanding is crucial for creating or modifying spaces to enhance human
experience. A major challenge is the inherent complexity and subjectivity of human sen-
sory perception and psychological cognition. The task is therefore to develop methods to
accurately quantify and measure these perceptions and experiences. This is essential if they
are to be effectively linked to various environmental factors, thereby facilitating informed
and practical design decisions in the development of public spaces.

(Ph.D. Candidate Xuan Guo, Leibniz University Hannover)

In summarizing the contributors’ perspectives, the primary focuses of landsenses
research in public spaces can be generalized as follows:

• Application of Technologies:

Utilizing technologies such as AI, IoT, and big data to enhance the understanding of
public spaces.

• Interdisciplinary Collaboration:

Encouraging collaboration across different disciplines to uncover the multi-sensory
mechanisms influencing the visitor experience.

• Creating Inclusive and Diverse Public Spaces:

Designing public spaces that cater to the needs of a diverse range of users.
As for the challenges identified:

• Integration of Diverse Data Sources:

Addressing the complexity of integrating data from various sources.

• Combining Theoretical Results into Practice:

Bridging the gap between theoretical research outcomes and practical implementation.

• Efficient Use of Emerging Technologies:

Ensuring the effective and ethical utilization of emerging technologies in landsenses research.

• Lack of Appropriate Indicators of Perceptual Process:

Developing suitable indicators to measure the perceptual processes involved in public
space experiences.

• Insufficient Attention from Academic Community and Public Awareness:

Addressing the need for increased attention and awareness from both the academic
community and the public.

• Adaptation to Environmental Changes:

Responding to the challenges posed by environmental changes to ensure the relevance
and effectiveness of landsenses research in evolving contexts.

6
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4. Conclusions

Since the emergence of the landsenses ecology theory, it has not only been serving as an
effective avenue to delve into the relationship between humans and the environment, but
also representing a crucial methodological and technical approach for the development of
green spaces within the framework of constructing smart and resilient cities. While initially
advocated by researchers in the field of ecology, it has shown significant potential in driv-
ing the systematic reorganization of traditional knowledge and accomplishing structural
upgrades.

There is a comprehensive interaction between ecological processes and human percep-
tion in landsenses ecology. Grounded in the fundamental principles of ecology, landsenses
ecology delves into the connection between natural elements and human physical percep-
tion and psychological cognition. This approach provides a rational means to integrate
ecological processes with human perception. By focusing on changes in human perception
at various scales during landsenses creation, it facilitates achieving a balance between
the supply and demand of the natural ecosystem and the human socio-economic system.
As evident in our research compilation, the studies span various scales, ranging from macro
levels like urban ecological zones to micro levels like residential green spaces.

Landsenses ecology promotes transitioning from scattered to integrated multi-source
data optimization. The data underpinning landsenses ecology consist of extensive informa-
tion on ecology, its associated dynamic processes, and human psychological and physical
perception. The implementation strategy involves multidisciplinary system reorganization
and multi-scale spatial optimization management to achieve the processing, analysis, and
application of landsenses data through the melioration model. It advocates employment of
diverse technical methods to acquire and integrate scattered data information from various
sources. As highlighted by many contributors to this compilation, the incorporation of
quantitative approaches is crucial in advancing landsenses research and developing more
sophisticated perceptual systems. A promising avenue for achieving this lies in the integra-
tion of diverse data sources, facilitated by digital technologies like the Internet of Things
(IoT) and Artificial Intelligence (AI).

In the era of sophisticated spatial practice and rapid advancements in science and
technology, landsenses ecology advocates a shift in spatial creation thinking from static to
dynamic. Landsenses creation serves as the primary method in landsenses ecology practice,
seeking to imbue one or more ecological visions into a medium through suitable forms
of expression. The objective is to make these visions accessible to individuals and other
entities. At its core, landsenses creation aims to facilitate resonance among people and foster
shared behaviors. It conceptualizes all environments as integral components of a holistic
landsenses system. The systematic methodology applied to physical perception and the
comprehensive approach to psychological cognition in landsenses ecology research impart
ecological characteristics to human perception information, forming the foundational
data for landsenses creation. Nevertheless, uncovering the complete panorama of the
human physical perception and psychological cognition process remains a significant
journey. Our collection highlights a predominant research focus on soundscape within
the auditory perception, indicating the need for increased attention to other sensory and
cognitive dimensions.

Despite the global acceptance of the concept of “landsenses” still being in its early
stages, its theoretical framework is evolving through the continuous efforts of researchers.
This Special Issue aims to garner attention from scholars worldwide, shedding light on the
ongoing developments and significance of landsenses in the realm of research.

Author Contributions: Conceptualization, J.L., X.W. and X.H.; writing—original draft preparation,
J.L.; writing—review and editing, X.W., X.H. and J.L. All authors have read and agreed to the
published version of the manuscript.

7



Forests 2024, 15, 333

Funding: This project was supported by the National Natural Science Foundation of China (52378049,
52208052), the Humanities and Social Science Research Program of Ministry of Education of China
(Grant No. 21YJCZH038), and Fujian Natural Science Foundation, China (2023J05108).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Du, P.; Al-Kodmany, K.; Ali, M.M. The Routledge Handbook on Greening High-Density Cities: Climate, Society and Health; Routledge:
Abingdon, UK, 2024.

2. Guo, X.; Liu, J.; Albert, C.; Hong, X.-C. Audio-visual interaction and visitor characteristics affect perceived soundscape restora-
tiveness: Case study in five parks in China. Urban For. Urban Green 2022, 77, 127738. [CrossRef]

3. Hong, X.-C.; Cheng, S.; Liu, J.; Dang, E.; Wang, J.-B.; Cheng, Y. The Physiological Restorative Role of Soundscape in Different
Forest Structures. Forests 2022, 13, 1920. [CrossRef]

4. Hong, X.-C.; Liu, J.; Wang, G.-Y. Soundscape in Urban Forests. Forests 2022, 13, 2056. [CrossRef]
5. Liu, J.; Yang, L.; Xiong, Y.-C.; Yang, Y.-Q. Effects of soundscape perception on visiting experience in a renovated historical block.

Build. Environ. 2019, 165, 106375. [CrossRef]
6. Chen, Z.; Zhu, T.-Y.; Liu, J.; Hong, X.-C. Before Becoming a World Heritage: Spatiotemporal Dynamics and Spatial Dependency of

the Soundscapes in Kulangsu Scenic Area, China. Forests 2022, 13, 1526. [CrossRef]
7. Zhao, J.-Z.; Liu, X.; Dong, R.-C.; Shao, G.-F. Landsenses Ecology and Ecological Planning Toward Sustainable Development. Int. J.

Sustain. Dev. World Ecol. 2016, 23, 293–297. [CrossRef]
8. Liu, J.; Huang, Y.-J.; Chen, Z.; Hong, X.-C. Multi-Scale Effects of Landscape Pattern on Soundscape Perception in Residential

Green Spaces. Forests 2023, 14, 2323. [CrossRef]
9. Guo, X.; Liu, J.; Chen, Z.; Hong, X.-C. Harmonious Degree of Sound Sources Influencing Visiting Experience in Kulangsu Scenic

Area, China. Forests 2023, 14, 138. [CrossRef]
10. Luo, L.; Zhang, Q.; Mao, Y.; Peng, Y.; Wang, T.; Xu, J. A Study on the Soundscape Preferences of the Elderly in the Urban Forest

Parks of Underdeveloped Cities in China. Forests 2023, 14, 1266. [CrossRef]
11. Zhang, D.; Liu, X.; Mo, W. Comparison of Soundscape Evaluation in Forest-Type and Urban-Type Han Chinese Buddhist Temples.

Forests 2023, 14, 79. [CrossRef]
12. Yin, Y.; Shao, Y.; Lu, H.; Hao, Y.; Jiang, L. Predicting and Visualizing Human Soundscape Perception in Large-Scale Urban Green

Spaces: A Case Study of the Chengdu Outer Ring Ecological Zone. Forests 2023, 14, 1946. [CrossRef]
13. Wei, Y.; Hou, Y.-Y. Forest Visitors’ Multisensory Perception and Restoration Effects: A Study of China’s National Forest Parks by

Introducing Generative Large Language Model. Forests 2023, 14, 2412. [CrossRef]
14. Zhong, B.; Xie, H.; Gao, T.; Qiu, L.; Li, H.; Zhang, Z. The Effects of Spatial Characteristics and Visual and Smell Environments on

the Soundscape of Waterfront Space in Mountainous Cities. Forests 2023, 14, 10. [CrossRef]
15. Cheng, Y.; Bao, Y.; Liu, S.; Liu, X.; Li, B.; Zhang, Y.; Pei, Y.; Zeng, Z.; Wang, Z. Thermal Comfort Analysis and Optimization

Strategies of Green Spaces in Chinese Traditional Settlements. Forests 2023, 14, 1501. [CrossRef]
16. Li, J.; Huang, Z.; Zheng, D.; Zhao, Y.; Huang, P.; Huang, S.; Fang, W.; Fu, W.; Zhu, Z. Effect of Landscape Elements on Public

Psychology in Urban Park Waterfront Green Space: A Quantitative Study by Semantic Segmentation. Forests 2023, 14, 244.
[CrossRef]

17. Shu, S.; Meng, L.; Piao, X.; Geng, X.; Tang, J. Effects of Audio–Visual Interaction on Physio-Psychological Recovery of Older
Adults in Residential Public Space. Forests 2024, 15, 266. [CrossRef]

18. Chen, G.; Yan, J.; Wang, C.; Chen, S. Expanding the Associations between Landscape Characteristics and Aesthetic Sensory
Perception for Traditional Village Public Space. Forests 2024, 15, 97. [CrossRef]

19. Shen, Y.; Wang, Q.; Liu, H.; Luo, J.; Liu, Q.; Lan, Y. Landscape Design Intensity and Its Associated Complexity of Forest
Landscapes in Relation to Preference and Eye Movements. Forests 2023, 14, 761. [CrossRef]

20. Liu, T.; Mi, B.; Yan, H.; Bao, Z.; Wu, R.; Wang, S. Spatiotemporal Distribution Analysis of Spatial Vitality of Specialized Garden
Plant Landscapes during Spring: A Case Study of Hangzhou Botanical Garden in China. Forests 2024, 15, 208. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

8



Citation: Liu, J.; Huang, Y.-J.; Chen,

Z.; Hong, X.-C. Multi-Scale Effects of

Landscape Pattern on Soundscape

Perception in Residential Green

Spaces. Forests 2023, 14, 2323.

https://doi.org/10.3390/f14122323

Academic Editor: Panteleimon

Xofis

Received: 24 October 2023

Revised: 15 November 2023

Accepted: 21 November 2023

Published: 27 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Multi-Scale Effects of Landscape Pattern on Soundscape
Perception in Residential Green Spaces

Jiang Liu 1,2, Yi-Jun Huang 1,2, Zhu Chen 1,3,* and Xin-Chen Hong 1,2

1 School of Architecture and Urban-Rural Planning, Fuzhou University, Fuzhou 350108, China;
jiang.liu@fzu.edu.cn (J.L.); yijunhuang_fzu@126.com (Y.-J.H.); xch.hung@outlook.com (X.-C.H.)

2 Fujian Key Laboratory of Digital Technology for Territorial Space Analysis and Simulation,
Fuzhou University, Fuzhou 350108, China

3 Institute of Environmental Planning, Leibniz University Hannover, Herrenhäuser Str. 2,
30419 Hanover, Germany

* Correspondence: chen@umwelt.uni-hannover.de; Tel.: +86-18659133048

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
like Ireland have completed the noise mapping [2,4]. In China, the evaluation of the impact
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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).

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
Bird song BS

Leaves rustling LR

Human Sound
Surrounding speech SS

Children playing CP

Traffic Sound
External traffic ET
Internal traffic IT

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

Vegetation

Percentage of landscape index
of vegetation. PLAND_VT The relative proportion of vegetation

patches in the entire landscape.

Patch density of vegetation. PD_VT
The number of vegetation patches per
unit area reflects the intensity of
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.

Building

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

Patch density of building. PD_BD The number of building patches per
unit area.

Landscape shape index of building. LSI_BD The degree of regularity of the shape of
building patches.

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

Road

Percentage of landscape index of
vehicular road. PLAND_VR The relative proportion of vehicular

road patches in the entire landscape.

Patch density of vehicular road. PD_VR The number 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.

Patch cohesion index of vehicular road. COHESION_VR The connectivity of vehicular
road patches.

Percentage of landscape index of
pedestrian road. PLAND_PR The relative proportion of pedestrian

road patches in the entire landscape.

Patch density of pedestrian road. PD_PR The number 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].

SDDJi = POSJi × PLSJi (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.

 

Figure 2. Statistical sample information (n = 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.

Common Factor Factor
Component

1 2 3

F1 (soundscape pleasantness) pleasant 0.879
harmonious 0.729

F2 (soundscape eventfulness) eventful 0.840
vibrant 0.747

F3 (soundscape quietness) quiet 0.934
comfortable 0.632

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.

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.

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.
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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).

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 R2 F

Bird song SDD 100 m-PD_VT 0.53 1 3.311 ** 0.256 10.963 **

Surrounding speech SDD

80 m-PD_VT 1.082 2.973 7.736 **

0.849 23.013 **
80 m-PD_BD 0.672 1.571 6.607 **

160 m-LSI_BD 0.418 1.156 4.797 **
120 m-PD_VT −1.046 3.862 −6.564 **

Children playing SDD
40 m-PD_VT 0.396 1.207 2.86 **

0.540 12.367 ***40 m-PLAND_BD −0.535 1.291 −3.739 **
120 m-LSI_BD 0.478 1.496 3.104 **

External traffic SDD
20 m-COHESION_VR 0.460 1.012 2.703 **

0.598 11.429 **140 m-COHESION_BD −0.619 1.012 −3.632 **

Internal traffic SDD
100 m-LSI_BD 0.363 1.003 2.242 **

0.399 8.646 **120 m-LSI_VT −0.586 1.003 −3.620 *

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 R2 F

Pleasantness 80 m-PLAND_VR −0.506 1 −2.988 ** 0.227 8.927 **

Eventfulness
60 m-PLAND_BD −1.023 1.828 −5.431 **

0.728 13.492 **100 m-COHESION_VT −0.948 2.647 −4.182 *
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

21



Forests 2023, 14, 2323

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 R2 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 R2 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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Abstract: Soundscapes are important resources and contribute to high-quality visiting experiences in
scenic areas. Based on a public investigation of 195 interviewees in the Kulangsu scenic area, this
study aimed to explore the relationships between the harmonious degree of sound sources (SHD) and
visiting experience indicators, in terms of soundscape perception, as well as the satisfaction degree of
visual landscape and comprehensive impression. The results suggested that the dominating positions
of human sounds did not totally suppress the perception of natural sounds such as birdsong and
sea waves in the scenic area. Natural sound sources also showed a higher harmonious degree than
other artificial sounds. Significant relationships existed between the SHD of most sound sources and
the visiting experience indicators. Natural sounds were closely related to pleasant and comfortable
soundscape perception, while mechanical sound sources were mainly related to eventful and varied
soundscapes. The close relationships between certain sound sources and the satisfaction degree
of the visual landscape and comprehensive impression evaluation indicated the effectiveness of
audio-visual and even multi-sensory approaches to enhance visiting experience. The structural
equation model further revealed that (1) natural sound was the most influential sound source of
soundscape and visual landscape perception; (2) human sounds and mechanical sounds all showed
significant positive effects on soundscape perception; and (3) indirect relationships could exist in
the SHD of sound sources with comprehensive impression evaluation. The results can facilitate
targeted soundscape and landscape management and landsense creation with the aim of improving
visiting experience.

Keywords: landscape; soundscape; sound perception; visiting experience; structural equation model;
scenic area

1. Introduction

As an important part of urban green infrastructure and urban ecosystems, scenic areas
play the roles of meeting people’s expectations or visions of the natural ecological and
cultural environment and providing their needs in various aspects such as health-related,
aesthetic, and cultural experiences [1–3]. In fact, the realization of these visions and needs is
a complex process [4]. In practice, designers or managers usually endow or integrate one or
more of their visions into a carrier through appropriate manifestation forms, so that others
(including themselves) can graft these visions from this carrier and associated manifestation
forms, and then satisfy the needs generated by their own visions [5]. This highlights the
importance of the carrier, that is, the landsense element [6]. Effective management of the
various landsense elements in the scenic areas will therefore help to optimize the planning
and design of these areas and to achieve a resonance between the practices and the vision
of people [7,8].
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At the same time, it is worth noting that people’s perception of these landsense
elements is mainly achieved through the five senses, i.e., the interaction of landsense ele-
ments with human senses to produce landscape experiences (landsense effects) [5]. This
is what landsenses ecology highlights—the interaction between human perception and
landscape [6]. That is, the multidimensional sensory perception of the landscape is a
central part of the overall visiting experience [9]. However, many of the previous researchs
on the visiting experience have focused on the visual dimension, neglecting the role of
the other senses [10–13], which limits our understanding of complex environments, as
visualization only describes a fragment of a given landscape [14]. There is a growing
interest in sensory perception other than vision, with new sensory perception research
focusing on auditory perception, as it is the second most important way of perceiving the
environment after the visual [15]. For example, Agapito et al. found that in the context of
rural destinations, the frequency of auditory impressions reported by visitors regarding
their sensory experiences (23%) was second only to visual elements (26%) [16]. The tourism
industry, while prosperous, has also brought many problems, including the destruction of
the acoustic environment by the noise generated during the visit, which affects people’s
perception of the unique sound sources in a scenic area, including natural and cultural
sounds. Soundscape, as the acoustic environment perceived or experienced and/or un-
derstood by a person or people, in context [17], has been drawing increasing attention
from researchers, also as an important resource in scenic areas. For example, it has been
found that soundscapes can induce specific perceptions that cannot be experienced through
visual stimuli, and can provide a unique set of emotional supports [18]. Soundscapes have
a different impact on visitors’ cognition and emotions than visual landscapes based on
the cognitive–emotional model [19]. However, the coherence between soundscape and
landscape has also been highlighted in several studies, both as a direct influence on overall
visit satisfaction [19], and as a variable that mediates the impact of soundscape perception
on the visiting experience [20].

In addition, the definition of soundscape differs from traditional acoustics in that it
emphasizes the relationship between subjective human perception and the acoustic en-
vironment [17]. This is perfectly in line with the viewpoint emphasized by landsenses
ecology [6]. In addition, what is highlighted by soundscape is precisely the interaction
between the human auditory sense and the acoustic environment. It should be partic-
ularly noted that sound sources play key roles in this process, being important carriers
or landsenses elements. Different sound sources, perceived by different individuals in
different contexts, could form completely different soundscapes [21]. In this regard, some
researchers have explored the perception characteristics of sound sources, such as perceived
occurrences, perceived loudness, dominance and preference [1,22], in order to reveal how
they contribute to soundscape perception, as well as visual perception, environmental
satisfaction, and restorative benefits [23–26], etc. Therefore, it is essential to explore to
what extent the existence of certain sound sources in a landscape corresponds to a person’s
preference, and how this correlation relates to the visiting experience. This will be an
important guide for the management and protection of soundscapes in scenic areas and
the enhancement of their quality. This is because, in concrete soundscape practice, people
also often manage or change the sound source and the acoustic environment to achieve the
ultimate soundscape creation [27]. In addition, this is a very important part of landsenses
ecology, i.e., landsense creation. By integrating a vision with an existing carrier or a newly
constructed one, people achieve the process of landsense creation [5]. This process is also
reflected in the protection and management of soundscape resources in scenic areas [8].

Kulangsu was listed as a World Heritage Site by UNESCO on 8 July 2017, in acknowl-
edgement of its outstanding value to humanity. Prior to this, it was already a famous scenic
spot in China, with rich natural and cultural landscape and soundscape resources, attract-
ing a large number of visitors. In addition, after receiving the World Heritage designation,
the number of visitors to Kulangsu increased by 12.19% in the same month of the time of its
listing on the World Heritage List, according to the “Monthly report on the completion of
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main economic indicators in Kulangsu” (Issued by: KulangSu Administrative Committee).
This will undoubtedly disturb or even threaten the status of soundscapes on the island.
Consequently, an in-depth exploration of the current situation and the role of the sound-
scapes in Kulangsu will provide theoretical guidance for the management and conservation
of soundscapes resources in World Heritage sites under the pressure of tourism.

Therefore, in the framework of the landsenses ecology theory and based on a public
questionnaire survey in the Kulangsu scenic area, this study aims to investigate the extent to
which the objective presence of sound sources corresponds to the subjective preference, and
how this status could influence visitors’ visiting experience. By proposing the harmonious
degree of sound sources (SHD) as a comprehensive indicator of the perceived occurrences,
loudness, as well as preference for certain sound sources, we analyzed the impact of the
SHD of different sound sources on the visiting experience from three aspects, including
visual landscape, soundscape and comprehensive impression, in order to promote fur-
ther understanding of this interactive process between landsense elements and human
perception, and to achieve sustainable development of scenic areas.

2. Methods

2.1. Study Area

The study was conducted in Kulangsu Scenic Area in Xiamen city, China, a small
island with an area of 1.88 km2, a subtropical monsoon climate, as well as excellent light
and heat conditions and an average temperature of 21.2 ◦C throughout the year (Figure 1).
Due to the adequate weather conditions, there is rich flora, including over 40% of vegetation
coverage, and more than 1000 species of trees, shrubs, vines, and ground cover plants.
Kulangsu has been one of the most popular tourist resorts in China, especially after it
was listed in the World Heritage List in the name of “Kulangsu: International Historic
Community” in 2017. There are many famous scenic spots in Kulangsu, such as Sunlight
Rock, Shuzhuang Garden, Haoyue Garden, Yu Garden, Kulangsu Stone, etc. In addition,
Kulangsu has a unique historical and international culture. Based on the master tourism
planning of the Kulangsu scenic area (2014), the island is divided into five functional
zones, including the tourist service zone, musical zone, cultural and artistic zone, historical
building zone, and natural landscape zone (Figure 1). This study was conducted in July
2019, two years after it was recognized as a world heritage site, as part of a series studied
here [1]. Thus, it facilitates us to reveal what the soundscape status of the sonic area is after
this change. Combining several field surveys and public investigation results, we identified
the typical soundscape elements of Kulangsu as 12 sound sources in 3 sound categories
(see Table 1).

Figure 1. Aerial photo of Kulangsu scenic area (source: elaborated by the authors with Google earth).
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Table 1. Identified sound sources in Kulangsu.

Sound Category Sound Source

Human sound surrounding speech, playing children, sales calling, tour guide
Mechanical sound broadcasting music, construction noise, traffic sound,
Natural sound birdsong, insects, sea waves, tree rustling, water sound (fountain)

2.2. Questionnaire Design

Questionnaires are an effective method supported by technical standards and previous
research [28–30]. Data of this study were collected through a three-part questionnaire
targeted to the visitors in Kulangsu.

The first part of the questionnaire was related to the basic personal information of the
interviewee [22], including gender (male, female), age (≤24, 25–30, 31–40, 41–50, 51–59,
≥60), educational background (primary, secondary, high school, university, postgradu-
ate), occupation (student, enterprise and public institution, self-employed, retiree, other),
residential status (Kulangsu resident, Xiamen resident, tourist, local merchant, foreign
merchant, student), visit frequency (first time, second–third time, once a day, once a month,
once a week, other), and length of residence (less than a week, less than a month, less than
a year, less than five years, permanent residents).

The second part of the questionnaire was to evaluate each of the 12 sound sources ac-
cording to their own perceptions [22,24], in terms of perceived occurrences (POS)
(1—never, 2—occasionally, 3—normal, 4—often, 5—frequently), perceived loudness (PLS)
(1—very weak, 2—weak, 3—normal, 4—strong, 5—very strong), and preference (PFS)
(1—very dislike, 2—rather dislike, 3—normal, 4—rather like, 5— like very much).

The third part of the questionnaire was the evaluation of visiting experience from three
aspects, including visual landscape, soundscape, and comprehensive impression [2,23].
Specifically, the satisfaction degree of the visual landscape (SVL) was evaluated in terms of
natural scenery, architectural style, landscape design, sculpture (with other sketches), and
pavement with a Likert 5-scale (1—very dissatisfied, 2—dissatisfied, 3—fair, 4—satisfied,
5—very satisfied) [2]. Six representative adjectives of soundscape perception (SSP) from
previous studies were selected, including “harmonious”, “pleasant”, “vivid”, “eventful”,
“comfortable”, and “varied”, and evaluated with a Likert 5-scale (1—strongly disagree,
2—disagree, 3—fair, 4—agree, 5—strongly agree) [23,31]. In addition, the comprehensive
impression evaluation (CIE), as a comprehensive visiting experience evaluation and an
overall impression of the scenic area to the visitors, was evaluated in terms of fascinat-
ing, interesting, harmonious, distinctive, and culturally profound with a Likert 5-scale
(1—strongly disagree, 2—disagree, 3—fair, 4—agree, 5—strongly agree) [23].

The investigation was conducted on sunny days during July 2019, and 217 question-
naires were collected, including 195 valid questionnaires with an efficiency of 89.86%, with
35 to 43 in each functional zones. According to the requirements of partial lease squares
structural equation modeling (PLS-SEM) as suggested by Hair, the sample size should
be at least ten times the largest number of structural paths directed at a particular latent
construct in the structural model [32]. In this study, the largest number of structural paths
directed at a particular latent construct was 5, that is, the sample size was required to be
more than 50. Therefore, the number of valid questionnaires collected in this study was
able to meet the needs of the subsequent analysis.

The statistical results of the participants’ personal information are shown in Table 2. In
addition, the reliability and validity of the questionnaire were analyzed. After the reliability
test, the Cronbach’s alpha was 0.796 (>0.7), indicating a high reliability of the questionnaire.
Validity analysis was carried out by KMO (Kaiser–Meyer–Olkin) and Bartlett’s sphericity
test, in which KMO = 0.813 (>0.6) and the significance value of Bartlett’s sphericity test was
0.000 (<0.05), indicating a good validity of the questionnaire.
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Table 2. Sample information of the questionnaire database, N = 195.

Variable Category Sample Size Proportion (%)

Gender Male 88 45.1
Female 107 54.9

Age ≤24 75 38.5
25–30 60 30.8
31–40 33 16.9
41–50 16 8.2
51–59 8 4.1
≥60 3 1.5

Education
background Primary 1 0.5

Secondary 7 3.6
High school 30 15.4
University 142 72.8

Postgraduate 15 7.7

Occupation Student 55 28.2
Enterprise and public

institution 64 32.8

Self-employed 27 13.8
Retiree 7 3.6
Other 42 21.5

Residential status Kulangsu resident 7 3.6
Xiamen resident 17 8.7

Tourist 157 80.5
Local merchant 4 2.1

Foreign merchant 7 3.6
Student 3 1.5

Visit frequency First time 106 54.4
Second–third time 32 16.4

Once a day 21 10.8
Once a month 1 0.5
Once a week 9 4.6

Other 26 13.3

Length of residence Less than a week 169 86.7
Less than a month 1 0.5
Less than a year 3 1.5
Less than 5 years 7 3.6

Permanent residents 15 7.7

2.3. Data Analysis
2.3.1. Calculating the Harmonious Degree of Sound Sources

Soundscape perception is the result of the probability of cognitive stimulation and the
perception of sound sources [33]. The usually used indicators from a single dimension, such
as perceived occurrences and perceived loudness, as well as preference for certain sound
sources, can provide useful soundscape information [24], but not in a comprehensive way
reflecting the cognition process. Thus, we proposed a new harmonious degree indicator
on the basis of the previous research [22], the harmonious degree of sound sources (SHD).
It combines the three aforementioned sound source perception indicators, and indicates
the degree to which the dominance of a sound source in the landscape matches the vis-
itors’ preference for the sound, which can reflect the harmonious status of the sound in
the soundscape.
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First of all, we conducted a process of formula manipulation to reduce the potential
errors of data caused by subjective factors. The sound dominant degree (SDD), referring to
the perception degree of a sound source, could then be acquired by Equation (1):

SDDji = POSji × PLSji (1)

where POS denotes perceived occurrences of individual sounds. PLS denotes the perceived
loudness of individual sounds. Similarly, j represents the jth sample, and i represents the
ith sound source.

In addition, we conducted the initial orientation of soundscape preference (S) as
an indicator to distinguish the relative value of preference or dislike. The mean value
of preference for individual sounds (PFS) was calculated from each sound source as a
boundary value. If the preference for individual sounds of tourists is greater than the
mean value of the preference for individual sounds, it means that tourists have a relative
preference for the sound source; otherwise, it means they do not. The equation between S
and PFS is as follows:

Sji =
n

∑
j=1

PFSj/n − PFSji (2)

where S denotes the initial orientation of soundscape preference. PFS denotes the preference
for individual sounds. In addition, n represents the sample size. In this study, j = 1, . . . , n,
where n = 195 valid questionnaires.

Then, considering the extreme value of subjective data influencing the PFS, the S
should be transformed. We adopted the final orientation of soundscape preference (M) as
an indicator based on exponential function. If M > 0, the M value would represent like, and
otherwise dislike. The equation between M and S is as follows:

M = (1/(eSji + 1)− 0.5) (3)

where M denotes the final orientation of soundscape preference, e represents an Euler,
irrational and transcendental number.

Finally, the SHD combining M and SDD to express the orientation of sound dominant
and preference degree, is built as follows:

SHD = M × SDD (4)

Moreover, this equation is equivalent to the equation as follows:

SHDji = (1/(e

n
∑

j=1
PFSji /n−PFSji

+ 1)− 0.5)× POSjiPLSji (5)

These equations suggest that (1) SHD is determined by SDD and PFS; (2) due to using
exponential function to relate the PFS and S, if a PFS value was higher than the mean value
of PFS, high SDD would result in high SHD; (3) otherwise, if a PFS value was lower than
the mean value of PFS, the SDD would reach a high value but the SHD would reach a low
value. Ultimately, in combination with the study settings, the SHD value could range from
−12.5 to 12.5.

2.3.2. Modeling the Relationships among the SHD and Visiting Experience Indicators

Spearman’s rho correlation analysis was carried out in SPSS 25.0 to detect the potential
relationships between the SHD of different sounds and the visiting experience indicators.
Furthermore, we conducted a structural equation model to explore (1) the effect of the
SHD of different sound types on visiting experience, and (2) the significant variation of
this effect in different functional zones. The procedure of the structural equation model
was performed based on PLS-SEM (partial least squares SEM). The PLS-SEM has many
advantages over CB-SEM (covariance-based SEM), including optimal consistency and
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target prediction [32]. The procedure of the structural equation model was carried out in
Smart PLS 3.3.

3. Results

3.1. Characteristics of Sound Source Perception

The mean values of the four sound source perception indicators, i.e., POS, PLS, PFS,
and SHD are shown in Figure 2. The trend of POS and PLS are similar among different
sound sources, reflecting relative dominating positions of human sounds represented by
surrounding speech and sales calling, and natural sounds represented by sea waves and
birdsong. In addition, the POS and PLS of traffic sound and construction noise were the
lowest among all sound sources, indicating that these two sound sources were controlled
effectively. In terms of the PFS, all natural sounds were favored by tourists, with sea waves
showing the highest PFS, followed by birdsong. By contrast, construction noise showed
the lowest PFS, followed by traffic sound. The SHD of natural sounds showed higher
values than that of other sound sources, and water sound was the highest. The lowest SHD
appeared mainly with human sounds, especially sales calling and surrounding speech,
which were less preferred.

Figure 2. Mean values of sound source perception indicators, perceived occurrences (POS), perceived
loudness (PLS), preference (PFS), harmonious degree of sound source (SHD).

Figure 3 shows the differences in the SHD of each sound source in different functional
zones. It is obvious that the SHD values of the same type of sound source were different
among different functional zones. Most of the natural sounds showed positive SHD values,
with the highest one appearing with water sound in the musical zone, and limited negative
values appearing in the natural landscape and historical building zones. More than half of
the SHD values of human sounds were negative in different zones, with sales calling being
the lowest one and playing children the highest, both appearing in the tourist service zone.
In terms of mechanical sounds, they all showed relatively low SHD values, with a higher
value of traffic sound in the cultural and artistic zone, and a lower value of broadcasting
music in the historical building zone.
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Figure 3. Mean values of harmonious degree of sound sources in different functional zones.

3.2. Relationships between the SHD and Visiting Experience Indicators

Spearman’s rho correlation analysis results between the SHD of each of the 12 sound
sources and visiting experience indicators are shown in Table 3. The harmonious status
of nearly all the sound sources showed significant and positive relationships with at least
one visiting experience indicator, except for surrounding speech. In terms of soundscape
perception (SSP), pleasant soundscapes were more related to the SHD of 4 natural sounds,
tour guide sound, and broadcasting music (6 out of 12), followed by varied soundscapes
showing close relationships with all three mechanical sounds and insects sounds (4 out
of 12). The SHD of broadcasting music showed the most significant asscociation with
soundscape perception indicators (4 out of 6).

There are notable correlations between the SHD and the satisfaction degree of the
visual landscape (SVL). The findings showed that the SHD of all natural sounds was corre-
lated with the SVL, especially water sound (fountain) (all the 5 indicators) and birdsong
(4 out of 5). Pavement conditions showed relatively more relationships with the SHD
(5 out of 12), followed by natural scenery and architectural style (both 4).

In terms of the relationships between the SHD and comprehensive impression eval-
uation (CIE), the SHD of sea waves, water sound (fountain), and broadcasting music all
showed significant relationships with 3 of the 5 indicators. The fascinating characteristic of
the place was most related to the SHD (5 out of 12), followed by harmonious and distinctive
(both 4).

In summary, it is clear that the SHD of nearly all the major sound sources in Kulangsu
showed significant relationships with the visiting experience indicators. It is necessary to
reveal how these indicators could interact with each other and contribute to the comprehen-
sive visiting experience. Thus, in the next section, their relationships were further revealed
by structural equation modeling.
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Table 3. The correlation coefficients between the SHD of each of the sound sources and the visiting
experience indicators, SSP: soundscape perception, SVL: satisfaction degree of visual landscape, CIE:
comprehensive impression.

Sound Category SHD SSP SVL CIE

Natural sound Birdsong Pleasant (0.146 *) Natural scenery (0.159 *) /
Architectural style
(0.159 *)
Landscape design
(0.196 **)
Pavement (0.155 *)

Insects Varied (0.164 *) Pavement (0.151 *) Fascinating (0.148 *)

Sea waves Pleasant (0.186 **) Natural scenery (0.195 **) Harmonious (0.197 **)

Comfortable (0.165 *) Architectural style
(0.215 **) Distinctive (0.176 *)

Pavement (0.172 *) Culturally profound
(0.155 *)

Tree rustling Pleasant (0.176 *) Architectural style
(0.176 *) Fascinating (0.164 *)

Harmonious (0.165 *)

Water sound (fountain) Pleasant (0.278 **) Natural scenery (0.228 **) Fascinating (0.226 **)

Comfortable (0.196 **) Architectural style
(0.249 **) Harmonious (0.227 **)

Landscape design
(0.227 **) Distinctive (0.198 *)

Sculpture (with other
sketches) (0.144 *)
Pavement (0.175 *)

Human sound Surrounding speech / / /

Playing children Harmonious (0.149 *) / /

Tour guide Pleasant (0.142 *) Natural scenery (0.179 *) Distinctive (0.153 *)
Eventful (0.143 *) Pavement (0.169 *)

Sales calling Vivid (0.164 *) / Interesting (0.204 **)

Mechanical sound Construction noise Varied (0.154 *) / Interesting (0.173 *)

Traffic sound Eventful (0.216 **) Landscape design
(0.143 *) Fascinating (0.162 *)

Varied (0.174 *) Distinctive (0.141 *)

Broadcasting music Pleasant (0.168 *) / Fascinating (0.153 *)
Comfortable (0.170 *) Interesting (0.187 **)
Eventful (0.234 **) Harmonious (0.169 *)
Varied (0.198 **)

Note: Significant correlations are marked with * (p < 0.05) and ** (p < 0.01).

3.3. Modeling the Effect of the SHD on Visiting Experience
3.3.1. Measurement Model

The reliability and validity of the measurement models were assessed using individual
item reliability, construct reliability, convergent validity, and discriminant validity, respec-
tively. The results showed that the standardized factor loads of playing children (0.188)
and sales calling (0.418) were less than 0.5 and failed to pass the significance test, which
suggested that these two indicators should be removed. Then, we conducted a re-testing
after removing these variables. As shown in Table 4, the standardized factor loads for all
observed variables were significantly greater than 0.5 and all passed the significance test,
indicating that these variables were acceptable. Meanwhile, the CR (construct reliability) of
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each latent variable ranged from 0.795 to 0.894, which was greater than 0.7, indicating that
the latent variables had good construct reliability [34].

Table 4. Modified measurement model, SHD-NS: harmonious degree of natural sound, SHD-
MS: harmonious degree of mechanical sound, SHD-HS: harmonious degree of human sound,
SSP: soundscape perception, SVL: satisfaction degree of visual landscape, CIE: comprehensive
impression evaluation.

Latent Variables Observed Variables
Standardized

Factor Loading
CR AVE

SHD-NS

Insects 0.681 *** 0.883 0.602
Water sound (fountain) 0.799 ***

Sea waves 0.813 ***
Tree rustling 0.797 ***

Birdsong 0.782 ***

SHD-MS
Traffic sound 0.894 *** 0.827 0.705

Construction noise 0.782 ***

SHD-HS
Tour guide 0.897 *** 0.795 0.662

Surrounding speech 0.721 ***

SSP

Pleasant 0.804 *** 0.894 0.585
Comfortable 0.813 ***
Harmonious 0.755 ***

Vivid 0.796 ***
Eventful 0.754 ***
Varied 0.654 ***

SVL

Natural scenery 0.724 *** 0.886 0.609
Architectural style 0.822 ***
Landscape design 0.833 ***

Sculpture (with
other sketches) 0.780 ***

Pavement 0.736 ***

CIE

Fascinating 0.809 *** 0.878 0.591
Interesting 0.840 ***

Harmonious 0.744 ***
Distinctive 0.739 ***

Culturally profound 0.702 ***
Note: significant factors are marked with *** (p < 0.001)

The validity tests for the latent variables were further examined to include mainly
convergent validity and discriminant validity. As shown in Table 4, the AVE (average
variance extracted) values for all latent variables were between 0.585 to 0.705, which was
greater than the threshold of 0.5 [35], indicating that the convergent validity of the latent
variables was acceptable. While the discriminant validity was mainly tested by the Fornell–
Larcker criterion and the Heterotrait–Monotrait ratio of correlations (HTMT) criterion [36].
The results showed that all latent variables could meet the Fornell–Larker criterion as the
square root of AVE of each latent variable was higher than its correlation with other latent
variables. Meanwhile, the HTMTs between the pairwise latent variables were all less than
0.9, indicating that there was good discriminant validity between each latent variable (See
Table 5).
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Table 5. The test of discrimination validity of the variables, SHD-NS: harmonious degree of natural
sound, SHD-MS: harmonious degree of mechanical sound, SHD-HS: harmonious degree of human
sound, SPE: soundscape perception, SVL: satisfaction degree of visual landscape, CIE: comprehensive
impression evaluation.

Fornell–Larcker Criterion
SHD-NS SHD-MS SHD-HS SSPE SVL CIE

SHD-NS 0.776
SHD-MS −0.162 0.84
SHD-HS 0.058 0.305 0.813

SPE 0.166 0.247 0.229 0.765
SVL 0.203 0.127 0.263 0.461 0.78
CIE 0.195 0.11 0.142 0.578 0.478 0.768

HTMT Criterion
SHD-NS SHD-MS SHD-HS SPE SVL CIE

SHD-NS
SHD-MS 0.226
SHD-HS 0.208 0.618

SPE 0.191 0.34 0.353
SVL 0.247 0.165 0.37 0.52
CIE 0.229 0.173 0.221 0.682 0.563

Note: values (bold) on the diagonal represent the square root of the AVE while the off-diagonals are correlations.

3.3.2. Conceptual Structural Equation Model

Based on the results of exploratory and confirmatory factor analysis and previous
research [23,28], 5 main hypotheses and 12 sub-hypotheses were proposed as follows:

Ha: SHD-NS has a significant effect on each of visiting experience indicators, with specific hypothe-
ses including: Ha1: SHD-NS has a positive effect on SSP; Ha2: SHD-NS has a positive effect on
SVL; Ha3: SHD-NS has a positive effect on CIE;

Hb: SHD-HS has a significant effect on each of the visiting experience indicators, with specific
hypotheses including: Hb1: SHD-HS has a positive effect on SSP; Hb2: SHD-HS has a positive
effect on SVL; Hb3: SHD-HS has a positive effect on CIE;

Hc: SHD-MS has a significant effect on each of visiting experience indicators, with specific hypothe-
ses including: Hc1: SHD-MS has a positive effect on SSP; Hc2: SHD-MS has a positive effect on
SVL; Hc3: SHD-MS has a positive effect on CIE;

Hd: SSP has a significant effect on SVL and CIE, with specific hypotheses including: Hd1: SSP has
a positive effect on SVL; Hd2: SSP has a positive effect on CIE;

He: SVL has a significant effect on CIE, with specific hypotheses including: He1: SVL has a positive
effect on CIE.

A concept model of the SHD influencing visiting experience was proposed based on
the hypotheses (Figure 4).

3.3.3. Evaluation of Structural Equation Model

We tested the validity of the structural equation model using bootstrap with
5000 replicate samples in SmartPLS 3.3 software [37], and the modified model is shown in
Figure 5. As shown in Tables 6 and 7, the pathways passed the significance test, includ-
ing Ha1, Ha2, Hb1, Hc1, Hd1, Hd2, and He1. All significant paths had a value of f2 (effect
size) greater than 0.02, which suggested that the measure of each path was statistically
significant [38]. The effectiveness of the model was also verified through three indices, i.e.,
coefficient of determination, predict relevance, and goodness of fit [39], as shown in Table 7.
The results indicated that the SHD of natural sounds (β = 0.195, p < 0.01), human sounds
(β = 0.147, p < 0.05), and mechanical sounds (β = 0.234, p < 0.01) all showed significant
positive effects on SSP. In addition, among the sound sources, only the SHD of natural
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sounds could directly affect the SVL (β = 0.127, p < 0.05). Among the three types of visiting
experience indicators, both the SSP and SVL could positively affect the CIE, and the SSP
could also contribute to the SVL.

Figure 4. A conceptual model of the SHD influencing visiting experience in Kulangsu, SHD-NS:
harmonious degree of natural sound, SHD-MS: harmonious degree of mechanical sound, SHD-HS:
harmonious degree of human sound, SPE: soundscape perception, SVL: satisfaction degree of visual
landscape, CIE: comprehensive impression evaluation.

Figure 5. The modified model of the SHD influencing visiting experience in Kulangsu, SHD-NS:
harmonious degree of natural sound, SHD-MS: harmonious degree of mechanical sound, SHD-HS:
harmonious degree of human sound, SPE: soundscape perception, SVL: satisfaction degree of visual
landscape, CIE: comprehensive impression evaluation, significant paths are marked with * (p < 0.05),
** (p < 0.01) or *** (p < 0.001).
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Table 6. Testing of hypothesis paths in the structural equation model.

Hypothesis Path β Mean S.E T-Value p-Value
95% CI

f2
2.50% 97.50%

Ha1: SHD-NS → SPE 0.195 0.206 0.069 2.816 0.005 ** 0.024 0.311 0.042
Ha2: SHD-NS → SVL 0.127 0.131 0.055 2.283 0.022 * 0.004 0.226 0.02
Ha3: SHD-NS → CIE 0.065 0.066 0.062 1.058 0.29 −0.06 0.18 0.006
Hb1:SHD-HS → SPE 0.147 0.156 0.071 2.055 0.04 * −0.012 0.269 0.022
Hb2:SHD-HS → SVL 0.164 0.158 0.098 1.664 0.096 −0.027 0.36 0.032
Hb3:SHD-HS → CIE −0.031 −0.029 0.069 0.448 0.655 −0.174 0.096 0.001
Hc1: SHD-MS → SSP 0.234 0.223 0.099 2.36 0.018 * 0.036 0.416 0.055
Hc2: SHD-MS → SVL −0.001 0.002 0.081 0.018 0.986 −0.151 0.167 0
Hc3: SHD-MS → CIE −0.016 −0.004 0.100 0.158 0.874 −0.222 0.157 0

Hd1: SSP → SVL 0.403 0.412 0.092 4.388 0 *** 0.213 0.568 0.191
Hd2: SSP → CIE 0.457 0.451 0.086 5.32 0 *** 0.277 0.613 0.255
He1: SVL → CIE 0.264 0.276 0.086 3.074 0.002 ** 0.094 0.418 0.086

Note: Significant paths are marked with * (p< 0.05), ** (p< 0.01) or *** (p<0.001).

Table 7. The validity of the structural equation model.

Construct SSP SVL CIE

Adjusted R2 (coefficient of determination) 0.110 0.238 0.381
Q2 (predict relevance) a 0.059 0.125 0.222
GoF (goodness of fit) b 0.38

Note: a: Q2 > 0 exhibiting predictive relevance; b: 0.1 ≤ GoF small < 0.25, 0.25 ≤ GoF medium < 0.36, GoF
large ≥ 0.36)

3.3.4. Comparison among Different Multi-Group Models

Based on the results of the previous part, we conducted a multi-group analysis across
the functional zones’ modeling (see Table 8). In terms of the SHD affecting visiting ex-
perience, the results suggested that only limited but different significant paths existed in
different functional zones. Specifically, in the tourist service zone, the SHD showed the
most significant effects on visiting experience, with natural sounds and human sounds
showing opposite effects on the CIE, but the latter also showing positive effects on the
SVL. In the cultural and artistic zone, only the SHD of natural and human sounds showed
positive effects on SSP. The SHD of mechanical sounds affecting the SSP was the only
significant path in the historical building zone, while the SHD of natural sounds affecting
the CIE was also the only one in the natural landscape zone, and there was no significant
path in the musical zone. In terms of the relationships among the three types of visiting
experience indicators, audio-visual effects were more significant in the cultural and artistic
zone and musical zone. The effects of the SSP on the CIE were significant in three different
zones, including the musical zone, historical building zone, and natural landscape zone. In
addition, the effects of the SVL on the CIE were only significant in the cultural and artistic
zone and natural landscape zone.

Furthermore, we analyzed the differences in effectiveness of the same path between
different functional zones. The results in Table 9 showed that the most differences were
reflected in the effects of the SHD-NS on the CIE, followed by the audio-visual effects.
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Table 8. Results of multiple-group analysis in different functional zones.

Hypothesis path Type I Type II Type III Type IV Type V

Ha1: SHD-NS → SSP 0.028 −0.277 0.443 ** 0.306 0.15
Ha2: SHD-NS → SVL −0.163 0.071 0.207 0.276 0.282
Ha3: SHD-NS → CIE 0.433 * 0.099 −0.132 −0.137 0.369 *
Hb1:SHD-HS → SSP 0.129 0.177 0.362 * 0.093 −0.034
Hb2:SHD-HS → SVL 0.444 *** 0.114 0.175 0.207 −0.076
Hb3:SHD-HS → CIE −0.491 * 0.125 0.104 −0.037 −0.132
Hc1: SHD-MS → SSP 0.328 0.179 −0.065 0.297 * 0.328
Hc2: SHD-MS → SVL 0.132 −0.2 −0.105 −0.051 −0.126
Hc3: SHD-MS → CIE −0.088 0.187 0.011 0.244 0.061
Hd1: SSP → SVL 0.178 0.789 *** 0.423 * 0.149 0.158
Hd2: SSP → CIE 0.549 0.566 ** 0.253 0.576 *** 0.387 *
He1: SVL → CIE 0.341 0.131 0.656 *** 0.328 0.352 *

Note: β value of each path is shown in the table, Type I: tourist service zone, Type II: musical zone, Type III:
cultural and artistic zone, Type IV: historical building zone, Type V: natural landscape zone, significant paths are
marked with * (p < 0.05), ** (p < 0.01) or *** (p < 0.001).

Table 9. The coefficient difference between the same path in different functional zones.

Hypothesis Path
Path Coefficient-

Difference
p Value

Type I vs. Type II SHD-HS → CIE −0.615 0.034

SSP → SVL −0.611 0.014

Type I vs. Type III SHD-HS → CIE −0.595 0.018

SHD-NS → CIE 0.565 0.02

Type I vs. Type IV SHD-NS → CIE 0.57 0.032

Type II vs. Type III SHD-NS → SSP −0.72 0.022

SVL → CIE −0.526 0.021

Type II vs. Type IV SSP → SVL 0.64 0.015

Type II vs. Type V SSP → SVL 0.63 0.022

Type III vs. Type V SHD-NS → CIE −0.501 0.013

SSP → SVL −0.63 0.022

Type IV vs. Type V SHD-NS → CIE −0.506 0.024
Note: Type I: tourist service zone, Type II: musical zone, Type III: cultural and artistic zone, Type IV: historical
building zone, Type V: natural landscape zone.

4. Discussion

4.1. Perception Characteristics of Typical Sound Sources

The context, including location, landscape function and environmental characteristics
of a landscape, contributes to a potential impact on the composition of sound sources in
soundscapes (see Figure 3). In this case, certain human sounds (like surrounding speech)
and natural sounds (like sea wave) occupied dominant positions than other sound sources,
which was fitting with the environmental characteristics and functions of the Kulangsu
scenic area. Mechanical sounds including construction sound and traffic sound showed a
relatively weak dominating degree, which suggested effective noise control in Kulangsu.
The preference values of all natural sounds were more than other sound sources [40,41],
which suggested that tourists had a significantly higher preference for natural sounds
that showed positive effects on visiting experience [41–43]. Furthermore, we found that
broadcasting music also had a relatively high preference, which may be related to the
personal information of the participants, such as cultural background, age, etc. [44].

In terms of the SHD, as a comprehensive sound source perception indicator, it can
reflect the status of how could the dominating degree of certain sounds matches the visitors’
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preference for it. In this case, the dominating positions of natural sounds in Kulangsu
matched the preference of the visitors, thus resulting their high SHDs. However, as a
popular tourist resort that attracts a large number of tourists and resulted many human
sound sources that are not always preferred simultaneously, the SHD of human sounds
were the lowest ones. Especially, surrounding speech reflecting the crowd density, and
sales calling reflecting extensive commercial promotion, could impair soundscape quality.
Thus, in a scenic area (and a world heritage), it is necessary to control the daily amount of
tourists and the volume of especially electronic equipment of the merchants for commercial
promotion. In addition, it is noted in this study, the SHDs of each sound source in different
functional zones were different. This is reasonable, as in different functional zones, the
“context” for sound/soundscape perception is changing, and people could also have
different expectations when they visit the different thematic zone.

4.2. The SHD Influencing Soundscape Perception

Visiting experience is influenced by various factors during the comprehensive experi-
ence in a scenic area, but from a perception perspective, visual and auditory perception
characteristics are the most influential ones [22,23]. As sound perception is an essential
process of soundscape perception, the SHD of all sound sources showed significant rela-
tionships with at least one soundscape perception indicator, except for surrounding speech.
The contribution of natural sounds to positive soundscape perception was more obvious,
especially to pleasant soundscapes. In Kulangsu, natural sounds including water sound
(fountain), tree rustling, sea waves and birdsong were with the highest SHD values, and
all significantly related to pleasant soundscape experience, which is similar to previous
studies [45–47]. A number of studies have shown that natural sounds have more positive
effects on people’s physical and mental health, including physiological indicators and
psychological feelings, than other sounds [48–52]. Thus, the preservation of the natural
and ecological environment through thoughtful landscape planning and management is
necessary for scenic areas, such as protecting the habitats of birds and insects, increasing
berry fruit trees to attract birds, and building leisure trails near the coastal line [53].

Usually, artificial sounds are dominating sound sources in urbanized areas. The
results suggest that all human sound sources except surrounding speech were related to
soundscape perception indicators. Thus, it is necessary to control the amount of tourists
to weaken the dominance of human sounds for a better soundscape experience. As the
most preferred artificial sound sources, the SHD of broadcasting music showed the most
significant relationships with soundscape perception indicator, especially pleasant and
eventful. The results suggest that a potential match between the natural and cultural
sound sources could contribute to higher soundscape quality, considering the rich musical
resources in Kulangsu as a “Piano island”. In addition, the SHD of mechanical sounds like
construction noise and traffic sound were closely related to varied soundscape perception.
This result confirms previous research that the dominance of mechanical sound such
as traffic sound in the environment had a significant negative correlation with positive
soundscape perception [28,54]. As the objective presence of such sounds in the environment
increases in line with people’s subjective preference, the people’ positive soundscape
perception can also increase. Therefore, there is a considerable need to control these sounds
in the landscape, either by restricting relatively activities or by using vegetation or installing
noise barriers to directly eliminate the presence of these sounds [55,56].

Furthermore, as indicated by the SEM in Figure 5, the SHD of all the three sound
source types could positively affect the SSP. According to their preference characteristics,
maintaining the dominance of natural sounds, rational controlling the dominance of hu-
man sounds and eliminating undesirable mechanical sounds such as construction sounds
and traffic sounds, and properly introducing music are effective approaches to improve
soundscape quality. Considering about the functional difference in different zones, only
the SHD of natural and human sounds showed significant effects on the SSP in the cultural
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and artistic zone, and only mechanical sounds showed significant effects on the SSP in the
historical building zone.

4.3. The SHD Influencing Visual Landscape Experience and Comprehensive Impression

The research results highlight the importance of natural sounds in visiting experience
as reflected by the close relationships of their SHD and indicators of SVL as well as
CIE [23,57]. This was further confirmed in the analysis of SEM, that only the SHD of natural
sounds had significant and positive effects on the SVL, which verifies the existence of the
audio–visual interaction in the scenic area [22,58,59]. In addition, the results also indicated
the most effective landscape elements interacting with the SHD, such as pavement, natural
scenery, and architecture. However, there is a relatively weak relationship between the
SHD of both human and mechanical sounds and the SVL. Specific attention should be paid
to tour guide sound and traffic sound in order to improve the SVL.

The CIE indicated by “fascinating” was most significantly related to the SHD of
several sound sources, including insect, tree rustling, water sound (fountain), broadcasting
music, and traffic sound. Although different sound sources could contribute to different
comprehensive impression, sea waves, water (fountain), and broadcasting music together
could be the most crucial sound sources in forming all the five comprehensive impressions,
including fascinating, harmonious, distinctive, interesting, and culturally profound. In
addition, as indicated by the SEM results, there was no direct effect of any sound source
types on the CIE. However, they could indirectly affect it through the SSP which showed
significant and even more effects than the SVL on the CIE [60,61].

In different functional zones, only the SHD of human sounds showed a significant
and positive effect on the SVL in the tourist service zone, and it also showed a negative
effect on the CIE in this zone. The SHD of natural sounds showed both significant and
positive effects on the CIE in the tourist service zone and natural landscape zone. The
relationships among the SSP, the SVL, and the CIE were changing in different functional
zones as well. The results indicated that soundscape design or management strategies in
different functional zones should be flexible, especially in targeting crucial sound sources
and taking advantage of the audio–visual interaction, to contribute to a high-quality and
comprehensive visiting experience [28,54,62].

4.4. Practical Implications

In this study, we found that the proposed indicators, harmonious degree of sound
sources could better reflect the extent to which the dominance of sound sources in the
environment matched the preferences of visitors and had a significant impact on the visiting
experience. In practice, the research results could help designers, planners, managers to
develop more detailed and effective management of soundscapes in the scenic area, and
a better understanding of soundscape value and its role in visiting experience. Based
on the findings of this study, we make the following proposals for the management of
soundscapes in scenic areas.

(1) Identify major negative sound sources

Until today, noise control has been the major focus of acoustic environment manage-
ment. In this study, however, we can find that noise such as traffic sound and construction
noise have been better controlled in Kulangsu. Instead, certain dominating human sounds
have deviated significantly from the preferences of visitors. For example, surrounding
speech and sales calling showed the lowest harmonious degree of sound sources. These
sound sources, while reflecting the vitality of the scenic area to a certain extent, could
actually blur or obscure the perception of other soundscapes such as natural soundscapes,
so as to impair the soundscape quality in the scenic area. Therefore, effective control of
certain human sounds is necessary in the Kulangsu scenic area, including fine-grained
control of the daily number of visitors to the scenic area and some regulation of the volume
and playing time of electronic devices by vendors, etc.
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(2) Emphasize the resource attributes of the positive soundscapes

The results of this study showed that the harmonious degree of sound sources could
significantly enhance visiting experience, particularly that of natural sounds. Therefore,
it’s necessary to take steps to highlight the role of these soundscapes, thereby enhancing
the attractiveness of the scenic area. For example, positive soundscapes could be labeled
through a soundscape map and included in marketing materials such as brochures and
tourist maps, so that visitors have sufficient information to know about these positive
soundscapes and experience them better. In conjunction with the soundscape map, special
routes such as recreational trails around the coastline can be created to guide visitors to
experience these positive soundscapes. In addition, during this process, introductions by
guides can also be used to enhance visitors’ awareness of these positive soundscapes. It
is also worth noting that the ability to make the most of these positive soundscapes to
enhance the visiting experience and quality of the scenic area is based on the availability of
adequate soundscape resources. This is reflected in the management of the soundscape
on Kulangsu by actively creating more positive soundscape resources while protecting
existing ones. For example, through thoughtful landscape planning and management to
protect bird and insect habitats, adding berry species or trees with larger leaves, etc. In
addition, the specific sound sources of Kulangsu can be increased through specific time and
place events, such as the sound of various music sources, including pianos and live music,
etc. These measures will help to increase soundscape resources to support an enhanced
visiting experience.

(3) Concern for the impact of context on soundscapes and visiting experience

This study has noted that different sound sources have different levels of harmony
in different contexts and have different levels of impact on visiting experience. Therefore,
when using soundscapes to stimulate positive emotions and promote visiting experience,
attention needs to be paid to the impact of the context. For example, in the natural
environment, it’s necessary to pay more attention to the natural soundscapes, highlighting
their dominant position and enhancing the visitor’s perception of them. Whereas, in the
human environment, more attention needs to be paid to cultural soundscapes. In certain
contexts, there is also a potential for collaboration between different types of soundscapes.
This suggests that soundscape management in scenic areas needs to be contextualised in
order to develop appropriate solutions.

4.5. Limitations and Future Research

Although this study contributes to the understanding of the impact of soundscapes
on visiting experience in scenic areas and how to conduct soundscape management ac-
cordingly, there are still some interesting questions for further research. Firstly, while the
respondents in this study were all people with normal perceptual functions, sound is in fact
the most important way for people with special needs, such as the blind, to perceive the
environment. It is therefore essential to understand the impact of soundscape on their visit-
ing experience in scenic areas. Secondly, we need more specific approaches and measures
to achieve soundscape quality improvement in scenic areas. This type of research can be
conducted through small-scale field experiments to modify the soundscapes of specific sites
in a scenic area and to compare the visiting experience before and after the modification for
validation, thus enabling evidence-based design and management.

5. Conclusions

The effective management of sound sources, as a crucial landsense element, is a reliable
way of achieving soundscape quality control and landsense creation. However, this requires
an in-depth understanding of how landsense elements interact with human senses, i.e.,
how sound source perception affects soundscape perception and other visiting experiences.
In this study, based on a public investigation of 195 interviewees in the Kulangsu scenic
area, we established a new sound source perception indicator, the harmonious degree of
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sound sources (SHD), integrating the perceived occurrences and loudness, and preference
for sound sources. A statistical method was used to explore the relationships between
the SHDs of different sound sources and visiting experience indicators, and a structural
equation model was further constructed. The results indicate the following:

(1) Natural sounds had higher SHD values in the Kulangsu scenic area, with water
sound (fountain) being the highest one, while human sounds, especially sales calling,
surrounding speech, and playing children, showed lower SHD values. The SHD
values of the same type of sound source were different among different functional
zones. While most of the natural sounds showed positive SHD values in different
zones, more than half of the SHD values of human sounds had negative values, and
mechanical sounds normally had small but positive SHD values.

(2) The SHD, as a comprehensive sound perception indicator, is effective in building
relationships with visiting experience. The harmonious status of nearly all the sound
sources showed significant and positive relationships with at least one of the visiting
experience indicators, except for surrounding speech. The SHD of natural sounds
showed the most significant relationships with pleasant soundscape perception, while
all three mechanical sounds were closely related to varied soundscapes, and human
sounds showed the least but four different significant relationships with SSP indicators.
Among all the sound sources, broadcasting music could be the most crucial sound
source related to the SSP.

(3) The SHD of natural sounds also showed close relationships with the SVL, with
water sound (fountain) and birdsong as the most prominent sounds, and pavement,
natural scenery, and architecture as the most influential visual landscape elements.
Although the SHD of both human and mechanical sounds showed relatively weak
relationships with the SVL, certain sounds like tour guide sound and traffic sound
could be influential to the SVL.

(4) Crucial sound sources related to the CIE were sea waves, water sound (fountain),
and broadcasting music in Kulangsu. The SHD showed the most influence on the
fascinating characteristic of the place, followed by harmonious and distinctive, but the
effects could be indirectly through the SSP. In addition, audio-visual effects existed in
the visiting experience in the scenic area, and the SSP showed more significant effects
than the SVL on the CIE.

(5) The mechanism of the SHD affecting visiting experience was verified to be different
according to the function of an area, reflected by different crucial sound sources, the
significance of audio–visual interaction effects, as well as the contribution of the SSP
and the SVL to the CIE. Thus, flexible soundscape design or management strategies
should be adopted to promote a high-quality visiting experience in scenic areas.
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Abstract: Against the backdrop of the global aging trend, the proportion of the elderly population is
severely increasing in the urban areas of underdeveloped regions. Despite evidence that urban forest
parks are effective at enhancing the physical and mental well-being of the elderly, little has been done
to investigate the connection between urban forest parks and the elderly in underdeveloped regions,
and landscape studies in particular are lacking. This study attempted to address this gap, using a
subjective evaluation method in which 725 elderly respondents were engaged in a questionnaire
survey on their soundscape preferences in the urban forest parks of an underdeveloped city in
China. The results revealed the elderly people’s preferences for soundscapes, and a further analysis
demonstrated the relationships between these preferences and landscape features. The effects of
personal traits and living situations on soundscape preferences were determined by analyzing the
impacts of living conditions, occupation, and education on soundscape preferences. By building
a model with regression coefficients, the most powerful factors influencing soundscape choice
were investigated. It was found that (1) the types of sound sources preferred by the elderly, in
descending order, were natural sound, livestock sound, bird song, musical sound, other sounds.
(2) The differences among education, occupation, and age all affected the participants’ soundscape
preferences, i.e., the mean values of the soundscape preferences among older adults varied with
education, occupation, and age. The mean value of soundscape preference was higher among older
adults who had received higher education, were government officials and business managers, and
belonged to higher age groups. (3) Among the various factors influencing the soundscape preference
of the elderly, the most influential factors were the length of time spent in the waterfront environment,
the time spent in the forest park, and the importance of road signs. (4) The preference for soundscapes
was strongly connected with happiness in life. (5) Wearing a mask significantly reduced soundscape
perception scores under epidemic conditions, while vaccinated individuals were more tolerant of
various noises. Recommendations for landscape design to improve the soundscape perception of
elderly people are accordingly provided.

Keywords: soundscape preference; elderly; urban forest park; underdeveloped cities in China;
subjective evaluation

1. Introduction

As an important ecological service system for residential areas, urban forest parks are
often referred to as the “heart of the city” due to their important role in maintaining the
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overall urban environment [1,2]. They harbor all urban trees, shrubs, lawns, pervious soils,
roads, and other landscape facilities [3]. A quality urban forest park may enhance health,
cleanse the air, and offer space for ecotourism, entertainment, and exercise, as well as aid
in the prevention of obesity and the alleviation of chronic illnesses [4,5]. By concentrating
on the relationships between individuals, sound perception, the acoustic environment,
and society, soundscape studies regard the acoustic environment as a resource rather than
as noise [6]. In addition, studies have shown that urban forest parks play an active role
in providing mental relaxation via acoustic landscape design and implementation [7,8]
Soundscape perception can be employed in the design and maintenance of forest parks to
make them more appealing to park visitors. This not only serves to maximize visitor–park
interactions but also helps to improve visitors’ experience of the parks [9]. Recent years
have witnessed a global concern for mental and physical well-being. Interestingly, research
has shown that the proportion of people with depression is lowest near the equator and
highest near the poles. Vulnerable groups, such as the elderly and patients with chronic
illnesses, generally have a poorer understanding of weather-related risks [10], which further
affects their mental and physical health [11]. Therefore, studying the activities of the elderly
in high-latitude regions can contribute to understanding how to improve their well-being.

Meanwhile, urban forest parks are becoming increasingly significant to middle-aged
and older people as the population continues to age and as their significance in residents’
routines increases [9,12]. Urban forest parks are distinct from both urban parks and forest
parks in that they are typically found in suburban or central metropolitan areas. The
forest biological environment serves as a support system, while the human-made natural
landscape serves as a complement [13]. Some of the benefits of urban forest parks are
their outstanding acoustic environments, which can help with the elderly population’s
health issues.

In underdeveloped cities, the connection between the elderly and urban forest parks
is even more prominent. Herein, underdeveloped cities refer to regions that have some
economic strengths and potentialities but still lag behind developed regions, with uneven
productivity development and underdeveloped technologies. Typical cases are the central,
western, and northeastern regions of China [14]. Irregularities are not uncommon in the
distribution of age groups in such residential areas. With younger age groups flooding
into large, advanced, or prosperous developed metropolitan areas, the proportions of
older age groups in less-developed urban areas are increasing to new highs. Due to a
lack of recreational choices in these areas, parks are some of the primary locations for the
aged groups to visit. It has been found that in these areas, older people spend 62.43% of
their daytime hours in parks [15]. After the COVID-19 pandemic, a further decrease was
observed in indoor activities among elder groups, and a further increase in the significance
of urban forest parks was observed.

Compared to younger individuals, elderly people have lower levels of communication
with the outside world and are less able to provide feedback in response to their surround-
ings [16]. According to demographic census data, the percentage of the population aged 60
and older nationwide had reached 18.7% by 2020, with the percentage of people aged 65
and older amounting to 13.5%. The aging problem is particularly salient in the Northeast,
Sichuan, and Chongqing regions, with each surpassing 20% by 2020. Notably, these are
also the least-developed regions in China [14]. Older adults may be more susceptible to
experiencing higher levels of HA, which can significantly lower their quality of life and
social adaptability. This is particularly true for countries such as Bulgaria, where there has
been a steady increase in the proportion of older people at risk of poverty over the past
decade [15].

In other words, it is impossible to overestimate the significance of the forest park
as an area firmly connected to the elderly. The natural conditions in forest parks might
vary, which may have an impact on the well-being of elderly individuals [17]. Soundscape
factors in the natural environment in particular can have a direct impact on the mental
health, cognitive function, and physical functioning of older adults [18]. Studies have
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revealed that elder adults are prone to many physical ailments, such as chronic obstructive
pulmonary disease and cognitive decline [19], for which soundscape factors are crucial for
an elderly person’s physical recovery [20].

The word “soundscape” is used in the interdisciplinary field known as “soundscape
studies,” which was established by activist and composer R. Murray Schafer [21]. In the
same way that visual pictures displayed in a specific location are considered landscapes
in general, soundscapes may be thought of as audio landscapes [6]. Several studies on
urban park soundscapes have been performed by academics in Asia, Oceania, Europe,
and America [22], and it has been discovered that soundscape elements have an impact
on the physical and mental health of children, the elderly, and those who are blind [23,24].
According to the study Soundscape Preference of Urban Peoples in China in the Post-
Pandemic Era, soundscape preference is the preference of one or more persons for the
sound environment of an area. Existing research shows that the elderly may suffer from a
variety of medical conditions, including chronic obstructive pulmonary disease and cogni-
tive decline [25,26], on which environmental soundscape elements can have a significant
impact [27,28]. Additionally, urban forest parks can benefit elderly individuals’ physical
health and offer soundscapes [29,30]. It has been found that as society evolves, parks have
become hideaways for older adults to escape the “urban disease” [31]. In the aftermath
of the COVID-19 pandemic, the use of masks has increased greatly among the public.
The elderly, with their organs becoming fragile, have a strong demand for soundscapes
which is even more intense as wearing a mask greatly decreases the perceived level of a
soundscape [32,33].

Nevertheless, in recent years, fewer researchers have concentrated on the findings of
studies on audiovisual aspects conducted by Japanese researchers who combined forest-
derived audiovisual stimuli to induce physiological and psychological relaxation, with
the physiological relaxation effect being more pronounced under such conditions [34].
It is worth noting that no study has been carried out in this crucial research area on
how the elderly perceive such environments in China’s underdeveloped towns. With the
advancement of society and technology, a variety of methods have emerged for surveying
large numbers of respondents. Meanwhile, traditional data collection techniques, such as
the subjective evaluation method and the questionnaire method, have been downplayed
because of their inefficiencies in gathering big data [35].

Due to the limited knowledge of the elderly, the majority of previous studies on
elderly populations have employed the more traditional subjective evaluation approach in
combination with questionnaires to ensure that older adults can be maximally engaged in
the studies. In addition, despite the heavy burden, the interaction with the elderly enables
researchers to gain a deeper level of comprehension of the issue under examination [36].

The main objective of this study, which used Maoershan Forest Park as an example,
was to investigate which acoustic elements of the park have an impact on the cognition of
elderly individuals and their preferences for acoustic environments, as well as to provide
suggestions for improving the mental and physical well-being of the elderly. A question-
naire was designed and administered to survey the preferred soundscape of the elderly in
the underdeveloped city. A statistical analysis was then performed to detect the variables
that affect soundscape preference. Finally, a regression coefficient model was developed to
investigate the elderly participants’ preferences for soundscapes. Answering the questions
above helped us understand the soundscape preferences of elderly people in urban forest
parks in China’s underdeveloped urban areas, and our research team also offers some
advice on how to create a soundscape.

2. Methodology

This research was based on the important theoretical foundations of ecology, acoustics,
and landscape architecture, as well as the concept and academic background of urban
public space soundscapes. The preferences of elderly people in urban forest parks in
underdeveloped cities in China were investigated using a subjective evaluation method.
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Specifically, a survey questionnaire was designed and administered to a group of frequent
forest park visitors in the underdeveloped city of Yanji in Northeast China.

The methodological design of this study is demonstrated as follows (Figure 1).

 
Figure 1. Research Contents and technical methods.

2.1. Research Context

Underdeveloped regions, due to limited healthcare conditions, inadequate economic
development, and the mobility of younger populations, often have relatively high propor-
tions of elderly populations. Research has shown that natural environments, particularly
forest parks, have positive impacts on the physical and mental health of the elderly. For-
est parks offer good air quality and atmospheres that are conducive to alleviating stress
and anxiety among the elderly, promoting physical activity and social engagement, and
enhancing happiness and quality of life. Therefore, studying the needs and utilization
of forest parks among the elderly in underdeveloped regions can provide a better under-
standing of this specific population’s demands and health conditions. In underdeveloped
regions where healthcare resources may be limited, natural environments can become vital
resources for the elderly to maintain their health, and studying the health benefits of forest
parks among the elderly in such regions can provide scientific evidence for improving their
quality of life.

China’s population is the largest population in the world, and its elderly population
is also the largest. Despite China’s fast overall economic growth in recent decades, about
80% of the provinces and cities in China are still underdeveloped, with disproportionately
large elderly populations and inefficient supplies of medical services. The city of Yanji in
Jilin Province is a typical case in point. It has been rated as one of the key cities in northeast
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China since China’s reform and opening up. However, it is still in an underdeveloped state
and faces many problems: there are fewer large projects, the supporting industries still rely
on traditional industries, and the industrial structure is not balanced. Additionally, the
city’s transformation and upgrading still have a long way to go; the image of the capital
city has not been fully manifested, the supporting functions of the city still need to be
improved, the degree of refinement of urban management needs to be strengthened, the
level of grass-roots social governance needs to be improved, and there is still much room
for improving the quality of the city. Finally, the pressure on ecological environmental
protection is extremely strong [37,38]. It is more worthwhile to investigate cities such as
Yanji than provincial capitals such as Harbin, which is developing slowly and yet has a
large population [7,39,40].

Since the central government’s call to revive the northeast, Yanji, as a city near China’s
border with North Korea, is now facing the pressure of finding a clear path in its future
development, partially due to its prolonged history of underdevelopment [41]. Realistic
strategies are urgently needed to build up infrastructure that can ensure proper and efficient
growth [42]. According to the data from the sixth population census, the proportion
of the elderly population in Yanji City is approximately 22% [43]. The city’s chronic
underdevelopment has resulted in a large decline in the proportion of young people and an
increase in the number of senior residents, making the problem of retirement all the more
difficult for the local government authorities [44].

In spite of its underdevelopment, Yanji hosts several national forest parks, of which
the Maoershan National Forest Park (its location is shown in Figure 2) is of significant
value to the current research study as it is the primary urban forest park in Yanji and
one of the largest urban forest parks in the neighboring provinces and cities. As noted
above, forest parks can contribute to community development and economic growth.
Underdeveloped regions often face economic challenges and social development issues.
Studying the utilization of forest parks among the elderly in underdeveloped regions
can help governments and community organizations understand the needs of the elderly,
formulate relevant policies and plans, and promote community development and elderly
participation. To put it simply, choosing the Maoershan National Forest Park in Yanji, Jilin,
China, for the study of forest parks among the elderly in underdeveloped regions is not
only helpful in gaining deeper insights into the needs and health conditions of this specific
population but also in garnering scientific evidence for improving their quality of life and
promoting community development.

In addition, the Maoershan National Forest Park has a natural environment that fits
the purpose of the current study in that it has the characteristics of mountains, water,
forests, fields, and cities and reflects the customs of Korean people. The park is home to a
variety of pine trees, elm trees, poplar trees, and shrubs, wild animals such as pheasants
and hares, and mushrooms. The climate is a temperate monsoon climate, with a dry and
windy spring, a rainy season from June to August, and a cool autumn and cold winter.
The average annual temperature is 2 ◦C–6 ◦C, with extreme minimum temperatures of
−23 ◦C–34 ◦C and maximum temperatures of 34 ◦C–38 ◦C. The annual sunshine hours
range from 2150–2480 h, and the average annual precipitation is 400 mm–650 mm. In
addition, the Maoershan National Forest Park is easily accessible, most areas are free
of charge, and the park has excellent forest ecological landscape resources and superior
conditions for developing forest tourism [45]. The average daily visitor count at the forest
park is approximately 10,000, and during holidays, it can reach a maximum of 60,000. The
considerable number of visitors per day makes it possible to ensure ecological diversity for
the current study.
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Figure 2. Location of the Maoershan National Forest Park in Yanji City.

Moreover, the Maoershan National Forest Park is geographically close to our unit, and
our team was able to obtain information about what the elderly population cares about
in the area and feedback from local residents regarding their daily lives. It can thus be
used as an ideal example to explain the preferred soundscapes for elderly people living in
undeveloped cities and to offer suggestions for the landscape planning and design of the
forest park.

2.2. Research Design

The respondents were chosen at random from residential districts close to Maoershan
National Forest Park in Yanji City to guarantee the questionnaire’s thoroughness and to
guarantee that the respondents were representative of the research. A pilot survey was
first conducted in January 2022 in which the research team employed the simple random
sampling method to select 68 elderly visitors to Maoershan National Forest Park. After
cleaning the collected data, a total of 57 valid questionnaires were obtained, with a valid
response rate of 83.8%. Among the 57 respondents, 25 were aged 60 and above, accounting
for 30.2% of the total. The questionnaire was then adapted to avoid any misunderstanding
among the elderly participants, and before conducting the formal survey, the surveyors
received additional training that was aimed to facilitate the research process for all elderly
individuals with normal hearing and to minimize the potential for misinterpretation. To
identify survey participants, we randomly sampled adults who were able to subjectively
assess public landscapes and soundscapes. Before the completion of the survey, a quick
hearing test was performed to make sure that all chosen older adults had a normal degree
of hearing. All respondents found to have a hearing problem or who were unable to
understand the surveyor’s instructions were disqualified.

The field investigation spanned from 10 February 2022 to 1 March 2022, and we visited
the site for the survey on eighteen days with sunny weather within that stretch of time. Five
volunteers were recruited to assist with the survey work. The combination of soundscapes
with the routes and activity areas are displayed in Figure 3.
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Figure 3. Research route map with surrounding sound environments.

To guarantee that the questionnaire would not take too long to complete, a pre-study
was completed two days ahead of the survey. A small present was prepared to encourage
the locals to participate in the survey. During the survey, a certain number of respondents
were selected at random at several traffic intersections close to the park between 7 am
and 10 am, between 3 pm and 6 pm, and between 7 pm and 9 pm. The total number of
valid subjects was 725, accounting for approximately 10% of the daily visitor traffic. The
respondents’ key demographic information is displayed in Table 1.

The respondents were asked to complete the questionnaire by using the tablet PCs
provided to them by the researchers. The questionnaire was delivered by “Questionnaire
Star”, a professional and authoritative questionnaire production and distribution platform
which has published 154 million questionnaires and could completely fulfill the demands
of this survey, including the quantity of questionnaires and question types. Special investi-
gators were arranged to help the respondents with the questionnaire completion process.
The researchers also prepared a moderate number of paper-based questionnaires for senior
people who were unable to utilize electronic devices properly.

The questionnaire used in this study was designed in accordance with the existing
literature and in keen consideration of the characteristics. The questionnaires used in previ-
ous related research studies were usually comprised of two general sections: a subjective
section that aimed to collect the participants’ personal responses toward the items under
investigation and an objective section that pertained to environmental information, among
other things [46]. It has been found that individual preferences are also influenced by
immediate factors [4,47] such as visual features, especially the intricate coupling of auditory
and visual elements [48]. In light of these findings, the questionnaire was designed to
comprise 46 questions in total that were divided into five sections: time information, basic
personal information, landscape environment, soundscape key, and initiatory environment.
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Table 1. Demographic account of respondents.

Classification Percentage

Gender
Female 48.70%
Male 51.30%

Age

60–64 43.30%
65–69 34.90%
70–74 12.00%
75–79 9.70%
80–84 0.10%

Education

Junior High School and Below 48.00%
High School or Vocational school 42.90%
Junior College or Undergraduate 9.00%

Master’s degree and Above 0.10%

Pension
EUR 0–100 26.10%

EUR 101–300 73.70%
EUR > 300 0.10%

Occupation

Experts, technicians and related workers 4.40%
Government officials and business managers 4.60%

Sales professionals 17.00%
Service professionals 24.80%

Agricultural, animal husbandry and forestry workers,
fishermen and hunters 20.40%

Manufacturers and production-related workers,
transportation equipment operators and workers 18.80%

Workers who cannot be classified by occupation 10.10%

Physical Condition Completely self-reliant 89.80%
In need of care 10.20%

The first section aimed to gather immediate data from the respondents as it has been
found that the respondents’ perceptions of the soundscape can be influenced to varying
degrees by some external factors, such as the weather, i.e., how the climate felt that day,
how they felt when they visited the forest that day, and how they felt on that day [49,50].

The second section focused on the respondents’ personal information, including
gender, age, education, occupation, pension, physical condition, visual condition, auditory
condition, residence, the length of time it took to reach the forest park from where they
lived, how often they visited the forest park, how they arrived at the forest park, why they
went to the forest park, when they arrived at the forest park, how long they were inclined
to stay at the forest park, what kind of signage they valued most in the forest park, whether
the forest park signs could be obviously felt, the function of the forest park buildings, what
kind of environment they liked best when staying in the forest park, and which buildings
and services should be more important in the forest park [51,52].

The third section pertained to the question of landscape issues, specifically, the kind of
water body that was preferred, the kind of tree environment that was preferred, whether
pure green or color accents were preferred, and what kind of sky was preferred, as well as
the visitors’ understanding of noise, i.e., whether noise had an impact on their experience,
whether they had complaints about noise, how to deal with noise pollution, how to reduce
noise, and how to hear the location of the noise [53].

The fourth section aimed to collect information related to forest park soundscape
issues. Respondents were expected to indicate the category and rate the volume of the
vehicle sound, the bird song, the musical sound, the natural sound, and other sound in the
forest park [24]. The last section concerned the visitors’ perceptions of the visual aspects of
the forest park, including their visual perceptions of the booths and icons established in the
park. A 5-point Likert scale (strongly dislike (−2), dislike (−1), average (0), like (1), and
like very much (2)) was adopted in the fourth and fifth sections to indicate their overall
soundscape preferences. The pre-study administration of the questionnaire with 20 people

56



Forests 2023, 14, 1266

showed that the average response time was 5 min and 19 s and that the questions were
well designed as no respondents reported any doubts or objections.

2.3. Reliability and Validity Assessment
2.3.1. Reliability Analysis

First, the Cronbach coefficient method was used to test the internal consistency of
each dimension. The Cronbach coefficient takes values in the range of 0–1, and the higher
the value of the coefficient, the better the reliability. In general, a coefficient of confidence
below 0.6 is not credible, between 0.6 and 0.7 is credible, between 0.7 and 0.8 is relatively
credible, between 0.8 and 0.9 is very credible, and between 0.9 and 1 is very credible. Based
on the analysis results shown in Table 2, the reliability coefficient of vehicle sound in this
analysis was 0.938, which fell within the range of 0.9–1, indicating that the vehicle sound
dimension had a very good internal consistency and a very good reliability. The reliability
coefficient of musical sound, which had the lowest value, is 0.870, within the range of
0.8–0.9, indicating that the reliability of the musical sound dimension was very credible.
Taken together, all variables exhibited good reliability.

Table 2. Results of the reliability analysis of each variable.

Variable Abbreviations Cronbach Alpha Number of Items

Vehicle Sound VS 0.938 12
Bird Song BS 0.928 8

Livestock Sound LS 0.938 9
Atmospheric Sound AS 0.885 5

Musical Sound MS 0.870 3
Natural Sound NS 0.874 4
Other Sound OS 0.934 9

Vision of Park Stands VPS 0.885 6
Vision of Other Things VOT 0.872 6

Vision of Signs VOS 0.834 2

2.3.2. Validity Analysis

An exploratory factor analysis was used to test the structural validity of the study. In
this study, there were 10 pre-defined dimensions in the scale section, and each dimension
contained a certain number of measurement items. The results of the final factor cate-
gorization of the component matrix or the rotated component matrix were observed via
exploratory factor analysis. If the categorization results are consistent with the predefined
dimensions, the scale has good structural validity.

KMO values range from 0 to 1. The higher the coefficient value, the more suitable the
data are for factor analysis. Generally, if the KMO value is less than 0.6, it is not suitable
for factor analysis. As shown in Table 3, the KMO value was 0.922, which means that
the dataset was suitable for factor analysis. In addition, the Bartlett test result (p < 0.001)
rejected the original hypothesis, indicating that the data collected in this study were very
suitable for factor analysis.

Table 3. KMO and Bartlett test.

KMO Values 0.922

Bartlett test
Approximate cardinality 30,920.235

Degree of freedom 2016
Significance <0.001

57



Forests 2023, 14, 1266

2.3.3. Component Matrix after Transposition

The maximum variance method was used to extract the principal components accord-
ing to the criteria of eigenvalues greater than 1. Finally, a total of 10 principal components
were extracted, and the cumulative variance contribution rate was 67.02% indicating that
the principal components extracted in this analysis could effectively replace the original
data set (Table 4). The results of the commonality analysis showed that the commonality
of each question item reached a standard of 0.4 or more, indicating that the results of
categorizing the 10 principal component items were consistent with the preset dimensions
of the questionnaire. Additionally, the factor loadings of each question were all greater
than 0.5, basically above 0.7.

Table 4. Component matrix after transposition.

1 2 3 4 5 6 7 8 9 10

Measure question items

VS1 LS1 OS1 BS1 VPS1 VOT1 AS1 NS1 MS1 VOS1
VS2 LS2 OS2 BS2 VPS2 VOT2 AS2 NS2 MS2 VOS2
VS3 LS3 OS3 BS3 VPS3 VOT3 AS3 NS3 MS3
VS4 LS4 OS4 BS4 VPS4 VOT4 AS4 NS4
VS5 LS5 OS5 BS5 VPS5 VOT5 AS5
VS6 LS6 OS6 BS6 VPS6 VOT6
VS7 LS7 OS7 BS7
VS8 LS8 OS8 BS8
VS9 LS9 OS9

VS10
VS11
VS12

Cumulative variance contribution rate 67.02%

All abbreviations are shown in Table 2.

3. Results

3.1. Descriptive Statistics of the Elders’ Preferences for Forest Park Soundscape

It can be seen in Table 5, that the elderly participants liked the sound made by nature in
the forest park the most (mean = 3.66), followed by livestock sound (mean = 3.54), musical
sound (mean = 3.45), and sound from birds of prey (mean = 3.50), and they disliked vehicle
sound (mean = 2.35), atmospheric sound (mean = 2.34), and other sound (mean = 2.48) as
well. In the category of natural sound, they liked the sound of rustling leaves the most
(mean = 3.78) and the sound of falling stones the least (mean = 3.60); in the category of
livestock sound, they liked the sound of cows the most (mean = 3.64) and the sound of
goose the least (mean = 3.46); in the category of musical sound, they liked the sound of
musical instruments the most (mean = 3.50) and the sound of electronic technology the
least (mean = 3.50). In the category of musical sound, they liked the sound of musical
instruments the most (mean = 3.50) and the sound of electronic technology products the
least (mean = 3.42).
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Table 5. Average description of the elders’ overall soundscape preferences.

Sound Category Code Sound Source Average Total Average

Vehicle Sound

1 Car 2.22

2.35

2 Bus 2.34
3 Express train 2.35
4 Aircraft 2.36
5 Fighter 2.34
6 Motorcycle 2.35
7 Tractor 2.36
8 Bicycle 2.38
9 Truck 2.34
10 Police siren 2.35
11 Ambulance siren 2.37
12 Fire engine siren 2.39

Bird Song

13 Pigeon 3.61

3.50

14 Wild goose 3.55
15 Swallow 3.48
16 Eagle 3.49
17 Hawk 3.49
18 Swan 3.50
19 Egret 3.45
20 Sparrow 3.46

Livestock Sound

21 Cattle 3.64

3.54

22 Horse 3.50
23 Sheep/Goat 3.50
24 Chicken 3.54
25 Dog 3.52
26 Pig 3.54
27 Duck 3.58
28 Cat 3.54
29 Goose 3.46

Atmospheric
Sound

30 Rain 2.24

2.34
31 Wind 2.35
32 Snow 2.33
33 Thunder 2.38
34 thunderstorm 2.38

Musical Sound
35 Instrumental 3.50

3.4536 Vocal 3.43
37 Electronic 3.42

Natural Sound

38 Leaves 3.78

3.66
39 Falling stone 3.60
40 Flying dust 3.61
41 Flowing water 3.64

Other Sound

42 Mechanical 2.36

2.48

43 Construction site 2.48
44 Handwork 2.51
45 Human activities 2.48
46 Mobile ringtones 2.50
47 Children playing 2.44
48 Street performance 2.54
49 Sneezing 2.51
50 Nonlocal dialect 2.52

As shown in Figure 4, the specific sound can have particularly negative effects on
elders’ psychological perceptions.
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Figure 4. Columnar distribution of the mean value of soundscape preference (code is shown
in Table 1).

3.2. Correlation between Landscape and Soundscape Preference

According to the correlation analysis (Table 6), the type of public landscape space
and landscape structural design both influenced the subjective evaluation of the sound-
scape. In terms of overall landscape perception, those who preferred areas with sunshine
demonstrated relatively higher tolerances for the sound of cars, buses, bicycles, fire trucks,
ambulance sirens, apparatus, construction, handicrafts, human activities, stranger calls,
children playing, street vendors, and local dialects. Those who preferred environments un-
der the shade of trees had higher degrees of preference for the sound of planes, motorcycles,
ambulance sirens, fire truck sirens, rainstorms, freezing rain, thunder, sound of instruments,
children playing, etc. Those who preferred waterside environments had higher degrees of
preference for the sound of passenger cars, ambulance sirens, heavy rain, wind, rain, and
lightning. In the selection of landscape structural design, those who used walkways had
relatively low preferences for the sound of police car sirens, while respondents who took
the bus had relatively low preferences for the sound of leaves. Seniors who used private
cars had relatively low preferences for the sound of the creek trickling. Elderly people who
rode bicycles to the forest park had relatively low preferences for the sound of goose.

3.3. Influence of Living Conditions on Soundscape Preference

The results of the correlation analysis (Table 7) showed that the distance (Q12) to the
green space, the frequency (Q13) of visiting the forest park, and the purpose (Q15) were
related to the degree of soundscape preference. It can be inferred from the correlation
results that (1) in terms of distance, the closer the elder was to the forest park, the higher
their tolerance for sounds of birds, livestock, music, and nature; (2) in terms of the frequency
of visiting the forest park, the higher the frequency of visiting green space, the more the
elders liked the sounds of birds, livestock, music, and nature; (3) the seniors who visited
the forest park for exercise preferred livestock sound, musical sound, and natural sound;
(4) seniors who visited the Forest Park to walk their dogs and play chess preferred vehicle
sound, atmospheric sound, and other sound; and (5) seniors who visited the forest park for
square dancing preferred vehicle sound and atmospheric sound.
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Table 7. Correlation between personal conditions and soundscape preference.

Sound
Category Code Sound Source Q12 Q13

Question 15

Exercise
Dog

walking
Playing
Chess

Square
Dancing Socializing

Vehicle
Sound

1 Car 0.178 ** 0.192 ** −0.041 0.074 * 0.092 * 0.068 −0.044
2 Bus 0.154 ** 0.158 ** −0.037 0.047 0.064 0.052 −0.013
3 Express train 0.152 ** 0.121 ** 0.011 0.010 0.011 0.023 −0.062
4 Aircraft 0.132 ** 0.153 ** −0.048 0.025 0.057 0.043 −0.037
5 Fighter 0.144 ** 0.150 ** −0.009 0.001 −0.013 0.050 0.016
6 Motorcycle 0.028 0.102 ** −0.019 0.006 0.013 0.016 −0.036
7 Tractor 0.173 ** 0.147 ** −0.057 0.075 * 0.110 ** 0.075 * −0.053
8 Bicycle 0.105 ** 0.144 ** −0.007 0.007 0.022 0.072 −0.072
9 Truck 0.091 * 0.070 −0.067 0.014 0.028 0.092 * −0.050

10 Police siren 0.122 ** 0.183 ** −0.029 0.038 0.062 0.030 −0.032
11 Ambulance siren 0.144 ** 0.180 ** −0.028 0.134 ** 0.099 ** 0.022 −0.057
12 Fire engine siren 0.117 ** 0.125 ** −0.008 0.058 0.099 ** 0.023 −0.048

Bird Song

13 Pigeon −0.211 ** −0.303 ** 0.049 −0.155 ** −0.182 ** −0.102 ** 0.035
14 Wild goose −0.183 ** −0.233 ** 0.038 −0.139 ** −0.185 ** −0.073 * 0.015
15 Swallow −0.101 ** −0.255 ** 0.009 −0.159 ** −0.157 ** −0.054 0.042
16 Eagle −0.162 ** −0.235 ** −0.011 −0.123 ** −0.148 ** −0.060 0.013
17 Hawk −0.170 ** −0.224 ** 0.024 −0.175 ** −0.198 ** −0.034 −0.015
18 Swan −0.155 ** −0.262 ** 0.028 −0.100 ** −0.164 ** −0.024 0.049
19 Egret −0.183 ** −0.251 ** 0.012 −0.103 ** −0.148 ** −0.043 −0.004
20 Sparrow −0.147 ** −0.189 ** 0.041 −0.125 ** −0.161 ** −0.064 0.019

Livestock
Sound

21 Cattle −0.254 ** −0.219 ** 0.111 ** −0.224 ** −0.127 ** −0.056 0.028
22 Horse −0.202 ** −0.199 ** 0.047 −0.141 ** −0.076 * −0.047 0.031
23 Sheep/Goat −0.202 ** −0.199 ** 0.087 * −0.164 ** −0.080 * −0.073 * 0.032
24 Chicken −0.222 ** −0.170 ** 0.073 * −0.143 ** −0.088 * −0.063 0.025
25 Dog −0.228 ** −0.151 ** 0.110 ** −0.185 ** −0.100 ** −0.068 0.014
26 Pig −0.216 ** −0.184 ** 0.151 ** −0.144 ** −0.106 ** −0.086 * 0.001
27 Duck −0.213 ** −0.127 ** 0.070 −0.184 ** −0.116 ** −0.035 0.034
28 Cat −0.251 ** −0.189 ** 0.065 −0.162 ** −0.084 * −0.038 −0.042
29 Goose −0.202 ** −0.136 ** 0.071 −0.156 ** −0.094 * −0.043 0.023

Atmospheric
Sound

30 Rain 0.182 ** 0.209 ** −0.100 ** 0.220 ** 0.126 ** 0.032 0.043
31 Wind 0.110 ** 0.133 ** −0.126 ** 0.172 ** 0.095 * 0.019 0.046
32 Snow 0.151 ** 0.104 ** −0.081 * 0.074 * 0.052 0.076 * 0.055
33 Thunder 0.070 0.111 ** −0.059 0.109 ** 0.053 0.038 0.056
34 Thunderstorm 0.131 ** 0.195 ** −0.049 0.109 ** 0.066 0.015 0.020

Musical
Sound

35 Instrumental −0.195 ** −0.248 ** 0.066 −0.142 ** −0.116 ** −0.076 * −0.022
36 Vocal −0.133 ** −0.219 ** 0.073 * −0.121 ** −0.095 * −0.046 −0.026
37 Electronic −0.124 ** −0.193 ** 0.085 * −0.116 ** −0.093 * −0.057 −0.041

Natural
Sound

38 Leaves −0.287 ** −0.306 ** 0.083 * −0.150 ** −0.184 ** −0.076 * −0.039
39 Falling stone −0.254 ** −0.290 ** 0.093 * −0.141 ** −0.179 ** −0.110 ** −0.009
40 Flying dust −0.241 ** −0.248 ** 0.060 −0.092 * −0.158 ** −0.047 −0.051
41 Flowing water −0.245 ** −0.248 ** 0.085 * −0.162 ** −0.198 ** −0.070 −0.016

Other
Sound

42 Mechanical 0.139 ** 0.173 ** −0.034 0.077 * 0.098 ** 0.003 0.030
43 Machine noise 0.127 ** 0.167 ** 0.003 0.099 ** 0.076 * 0.010 0.014
44 Construction noise 0.051 0.137 ** −0.008 0.123 ** 0.118 ** −0.044 −0.019
45 Exercise sound 0.077 * 0.156 ** 0.000 0.070 0.079 * 0.014 0.021
46 Mobile ringtones 0.105 ** 0.123 ** −0.075 * 0.069 0.084 * −0.007 0.014
47 Children playing 0.144 ** 0.148 ** −0.075 * 0.079 * 0.115 ** 0.024 0.049
48 Footstep 0.105 ** 0.192 ** −0.063 0.115 ** 0.119 ** 0.028 0.019
49 Vehicle noise 0.143 ** 0.117 ** −0.048 0.035 0.077 * 0.047 0.021
50 Bus noise 0.178 ** 0.192 ** 0.001 −0.246 ** −0.260 ** −0.303 ** −0.253 **

Note: *: p ≤ 0.05, **: p ≤ 0.01. Q12: How long does it take you to get to the Forest Park from where you live? Q13:
How often do you go to the Forest Park? Q15: What’s your purpose of going to the Forest Park?

3.4. Participants
3.4.1. Gender

The results (as shown in Figure 5) showed that male and female older adults had the
same average soundscape preferences. Among the four sound categories of vehicle sound,
bird song, atmospheric sound, and other sound, men had a higher average soundscape
preference than women.
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Figure 5. Average soundscape preferences of different genders.

3.4.2. Age

The results (as shown in Figure 6) showed that older adults of different ages had
different preferences for different sound categories. Overall, the mean values of soundscape
preference in all seven sound categories were higher for the individuals aged 80–84 years
than for the other age groups. In contrast, the mean values of soundscape preference in the
above seven sound categories were smaller for individuals aged 60–64 years than for other
age groups.

Figure 6. Average soundscape preference with different age groups.

3.4.3. Occupation

The results (as shown in Figure 7) show that older adults from different occupations
had different preferences for different sound categories.

In the four sound categories of bird sound, livestock sound, musical sound, and natural
sound, older adults from service worker occupations had higher soundscape preferences.
In the three sound categories of vehicle sound, atmospheric sound, and other sound, older
adults with the occupation of government officials and business managers had higher mean
values of soundscape preference.
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Figure 7. Average soundscape preferences with varying occupations.

3.4.4. Education Background

The results (as shown in Figure 8) showed that older adults with different educational
backgrounds had different preferences for different sound categories. Figure 8 showed that
across the seven sound categories, older adults with educations of a master’s degree or
higher had higher mean values of soundscape preference.

Figure 8. Average soundscape preferences with varying education backgrounds.

3.4.5. Living Conditions

The results (Figure 9) showed that older adults with different living conditions had
different preferences for different sound categories.

Figure 9 also showed that in the four sound categories of bird song, livestock sound,
musical sound, and natural sound, older adults living with a partner had higher mean
values of soundscape preference. In the three sound categories of vehicle sound, atmo-
spheric sound and other sounds, elderly people living in homes had higher mean values of
soundscape preference.
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Figure 9. Average soundscape preferences with varying living conditions.

4. Regression Coefficient Model of Soundscape Preference

To further analyze the soundscape preferences, a regression coefficient model was
applied with SPSS23.0, and the soundscape preference evaluation was divided into the
target variables in Figure 10.

Figure 10. Structural equation model regression coefficients.

In this paper, the instant information, such as the weather condition, mood (Q1–Q4),
basic personal information (Q5–Q23), landscape problem (Q24–Q36), and visual preference
(Q44–Q46) on the day of visiting the forest park were used as independent variables, and
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soundscape preference was used as the dependent variable to construct a regression model.
Considering the possible problem of covariance among the explanatory variables, the
optimal model was constructed via stepwise regression, and the results of the stepwise
regression are shown in Table 8.

Table 8. Results of the stepwise regression.

Model R R Square Adjusted R
Square

Std. Error of
the Estimate

Durbin–Watson

1 0.272 a 0.074 0.073 0.373
2 0.322 b 0.104 0.101 0.367
3 0.345 c 0.119 0.115 0.365
4 0.363 d 0.132 0.127 0.362
5 0.377 e 0.142 0.136 0.360
6 0.389 f 0.152 0.145 0.358
7 0.399 g 0.160 0.151 0.357
8 0.406 h 0.165 0.155 0.356
9 0.412 i 0.170 0.159 0.356 1.865

(a) Predictors: (constant); (b) predictors: (constant), Q28; (c) predictors: (constant), Q28, and Q16C; (d) predictors:
(constant), Q28, Q16C, and Q13; (e) predictors: (constant), Q28, Q16C, Q13, and Q461; (f) predictors: (constant),
Q28, Q16C, Q13, Q461, and Q21E; (g) predictors: (constant), Q28, Q16C, Q13, Q461, Q21E, and Q18A; (h) predictors:
(constant), Q28, Q16C, Q13, Q461, Q21E, Q18A, and Q29; (i) predictors: (constant), Q28, Q16C, Q13, Q461, Q21E,
Q18A, Q29, and Q20C.

Subsequently, an analysis of variance (ANOVA) was performed on the data, and the
results obtained are shown in Table 9 below.

Table 9. Results of ANOVA.

Model
Sum of
Squares

df
Mean

Square
F Sig.

1
Regression 8.039 1 8.039 57.701 0.000 a
Residual 100.723 723 0.139

Total 108.761 724

2
Regression 11.257 2 5.628 41.678 0.000 b
Residual 97.504 722 0.135

Total 108.761 724

3
Regression 12.942 3 4.314 32.460 0.000 c
Residual 95.820 721 0.133

Total 108.761 724

4
Regression 14.314 4 3.579 27.280 0.000 d
Residual 94.447 720 0.131

Total 108.761 724

5
Regression 15.434 5 3.087 23.782 0.000 e
Residual 93.327 719 0.130

Total 108.761 724

6
Regression 16.499 6 2.750 21.400 0.000 f
Residual 92.262 718 0.128

Total 108.761 724

7
Regression 17.355 7 2.479 19.447 0.000 g
Residual 91.407 717 0.127

Total 108.761 724

8
Regression 17.914 8 2.239 17.649 0.000 h
Residual 90.847 716 0.127

Total 108.761 724

9
Regression 18.459 9 2.051 16.240 0.000 i
Residual 90.302 715 0.126

Total 108.761 724
(a) Predictors: (constant); (b) predictors: (constant), Q28; (c) predictors: (constant), Q28, and Q16C; (d) predictors:
(constant), Q28, Q16C, and Q13; (e) predictors: (constant), Q28, Q16C, Q13, and Q461; (f) predictors: (constant),
Q28, Q16C, Q13, Q461, and Q21E; (g) predictors: (constant), Q28, Q16C, Q13, Q461, Q21E, and Q18A; (h) predictors:
(constant), Q28, Q16C, Q13, Q461, Q21E, Q18A, and Q29; (i) predictors: (constant), Q28, Q16C, Q13, Q461, Q21E,
Q18A, Q29, and Q20C.

As it can be seen from Table 10, the stepwise regression showed that there were nine
regression models to be constructed, among which the R-squared (0.170) and adjusted
R-squared (0.159) values of model 9 had the largest values among the nine models and
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the standard error of estimation (0.35538) had the smallest value; therefore, model 9
was selected as the optimal regression model in this paper, and a subsequent analysis
was conducted.

Table 10. Results of regression coefficient model.

Model 9 B Std. Error Beta t Sig. Tolerance VIF

(Constant) 3.203 0.072 44.752 0.000
Q11 −0.045 0.017 −0.109 −2.676 0.008 0.700 1.429
Q28 −0.039 0.019 −0.083 −2.051 0.041 0.709 1.410

Q16C −0.090 0.039 −0.087 −2.303 0.022 0.809 1.237
Q13 −0.044 0.014 −0.117 −3.082 0.002 0.810 1.235

Q46_1 0.039 0.012 0.118 3.237 0.001 0.880 1.136
Q21E −0.174 0.068 −0.095 −2.578 0.010 0.851 1.174
Q18A 0.071 0.027 0.091 2.654 0.008 0.993 1.007
Q29 −0.050 0.024 −0.074 −2.116 0.035 0.948 1.055

Q20C −0.069 0.033 −0.075 −2.077 0.038 0.900 1.112

Dependent variable: soundscape preference.

Table 10 showed that the F-test statistic for model 9 was 16.240, with a significance
value, p, of less than 0.001, indicating that there was a significant linear relationship between
the independent variables.

As can be seen from Table 9, Model 9 contained a total of nine independent variables,
namely Q11 (residence status), Q28 (what kind of sky you prefer to see), Q16C (coming to
the forest park at noon), Q13 (frequency of visiting the forest park), Q46_1 (the forest street
interface gives you a familiar feeling), Q21E (preferring to stay at the waterfront environ-
ment in the forest park), Q18A (placing more importance on road signs in forest parks), Q29
(hearing), and Q20C (placing more importance on the science education exhibition function
of buildings in forest parks). The non-standardized regression coefficients of these nine
independent variables were −0.045, −0.039, −0.090, −0.044, 0.039, −0.174, 0.071, −0.050,
and −0.069, respectively. The regression coefficients of these nine independent variables
were significant at the 5% level of significance, indicating a significant effect on soundscape
preference for all of them. Among them, two independent variables, Q46_1 (forest street
interface gives you a familiar feeling) and Q18A (more emphasis on road signs in forest
parks), had positive effects on soundscape preference, while the rest of the factors had
negative effects. Table 9 also shows that the tolerance values for each independent variable
in model 9 were greater than 0.10 and the VIFs were less than 10, indicating that there was
no multiple covariance problem.

The final regression model is summarized as:

y = 3.203 − 0.045∗Q11 − 0.039∗Q28 − 0.09∗Q16C − 0.044∗Q13 + 0.039∗Q461 −
0.174∗Q21E + 0.071∗Q18A − 0.050∗Q29 − 0.069∗Q20C.

5. Discussion

In this study, an online questionnaire survey was conducted using a subjective eval-
uation method in the vicinity of Maoershan National Forest Park in Yanji, China. The
data were analyzed and organized to understand the preferences of elderly people for
forest soundscapes and the association between the soundscape preferences of elderly
people and landscape characteristics. The investigation of soundscapes provides us with
a new perspective for the development of urban forest parks [54]. The main findings are
summarized as follows.

For the elderly, the preference for various sound sources in descending order is natural
sound, animal sound, bird song, musical sound, vehicle sound, and atmospheric sound.
In other words, compared with other sound sources, natural sound have an important
influence on the elderly. Similarly, according to previous research, people prefer natural
sound and most sounds associated with human activities [55]. However, they tend to
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dislike mechanical sound. As for the soundscape of forest parks, the main preferences of
the elderly are the sound of leaves, the sound of falling stones, the sound of dust rising, the
sound of tinkling brooks and the sound of birds.

In view of the preferences of the elderly for natural sound, the government can
incorporate natural sound elements such as bird songs, wind sound, and water flowing
sound into urban forest parks. Additionally, diverse soundscapes can be provided, such as
music performance areas or musical fountains, to cater to the different preferences of the
elderly. This can be achieved through well-planned and designed vegetation, water features,
and landscapes in the park, creating a harmonious and pleasant acoustic environment.

Regarding the influences of various respondent characteristics on soundscape prefer-
ence, the difference in gender was not statistically significant, and the average soundscape
preferences of elderly men and elderly women are very similar; elderly people of different
ages have different preferences for different sound categories; elderly people of differ-
ent occupations have different preferences for different sound categories, and the those
occupied as government officials and business managers have different preferences for
different sound categories. The mean value of soundscape preference was higher for the
elderly individuals with employment as government officials and business managers; the
mean value of soundscape preference was higher for the elderly individuals with different
educational backgrounds, and the mean value of soundscape preference was higher for
the elderly individuals with master’s degrees or above; the mean value of soundscape
preference was higher for the elderly individuals with different living conditions, and
the mean value of soundscape preference was higher for the elderly individuals living
in homes.

Taking into consideration the preferences and needs of the various elderly individuals
for soundscapes, policymakers can introduce interactive landscape elements in urban forest
parks. This may include interactive musical installations, sound sculptures, or participatory
music activities that have therapeutic qualities. These interactive landscapes can provide
a sense of engagement and enjoyment for the elderly, enhancing their interaction with
the sound environment and creating a positive acoustic environment and community
atmosphere for them.

The regression equation model established in this study revealed that among the
various factors influencing the soundscape preferences of the elderly, the top five most
influential independent variables were whether they liked to stay in the waterfront environ-
ment in the forest park, whether they came to the forest park at noon, whether they valued
the road signs in the forest park, whether they valued the science education exhibition
function of the buildings in the forest park, and the auditory situation. In light of the elderly
people’s preferences for each sound source, more water-related natural environments such
as artificial rivers should be built in the park.

6. Conclusions, Reflection, Limitations and Future Work

Although previous research has attempted to explore the relationship between the
sensory perceptions and behavioral experiences of people in urban parks, few studies have
approached the issue from the perspective of older adults, especially those in underdevel-
oped areas. In this study, we used a subjective evaluation method, namely, a questionnaire
survey on Maoershan National Forest Park, to explore the relationships between older
adults’ preferences for urban forest park soundscapes in underdeveloped cities and made
recommendations for urban forest park design in accordance with the findings of the survey
and relevant theoretical foundations.

6.1. Conclusions
6.1.1. Landscape Design Recommendations to Enhance the Soundscape Experience

(1) Overall Landscape Design

It was found that the subjective evaluation of a soundscape is closely related to
landscape design. The results of the questionnaire showed that the elderly had higher
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preferences for the natural environment and the sounds of birds and animals. Older
people of different genders, educational backgrounds, and physical qualities had different
preferences for different soundscape elements. It is suggested that to cater to the preferences
of each group, the integration of the soundscape should be fully considered in the overall
landscape design to create a good layout. A harmonious environment can be created
through the architectural design of the landscape structure, water features, plant design,
etc., and a good audiovisual environment can be created by integrating soundscapes and
different landscapes.

(2) Green Environment Design

It was found that the degree of park greenery and the purpose and frequency of
public green space use influenced the soundscape preferences of older adults. For example,
as shown in Table 5, the mean values of the older adults’ preferences for soundscapes
were higher in environments with shade trees and open lawns. Previous studies have
also found that the increased exposure of older adults to greenery can reduce mental
stress and thus influence soundscape evaluations. Green landscaping on sidewalks and
trails can produce sounds such as wind blowing in the leaves, thus stimulating resonance
with natural sound. However, it is not suitable to set green landscapes outside of sports
and leisure facilities, such as promenades, sports grounds, and benches, which mainly
emphasize the soundscape of human activities.

Meanwhile, reasonable planning of plant shapes and colors, plant effects, plant dis-
tribution, plant types and terrace design can be used to divide areas for the elderly. In
addition, different plant zones can be set up for elderly people with different plant prefer-
ences and physical health conditions, and water features should also be added near the
plant zones to play with aesthetics and adjust the microclimate of the area.

6.1.2. Soundscape Design for the Elderly

It can be inferred from the questionnaire results that the elderly, as a group with a
more complex situation, also have greater differences in their physical condition, and the
elderly individuals with different physical qualities have different hobbies and different
patterns of participating in urban forest parks. In view of this observation, the following
landscape suggestions are proposed.

It was found that the elderly individuals in better physical condition preferred to visit
places with mountains, rivers and forests, and these individuals had higher preferences
for complex landscapes. On the contrary, for the elderly individuals who were in poor
physical condition or had physical disabilities, the results of the questionnaire showed that
they did not have a great preference for exercising in urban forest parks and even had a
lower preference for some landscapes with high activity requirements. However, they still
enjoyed hearing crowd activities, especially the rhythm and melody of square dancing.
This finding implies that overly complex landscapes become a burden for such elderly
people. Therefore, under the premise of protecting the safety of the elderly and controlling
cost, designers should design landscapes that the elderly like. For example, the complex
landscape can be set far away from the intersection, and an area near the entrance and exit
can be set up to ensure the sound reception of such elderly people as much as possible by
equipping speakers with appropriate volume to ensure that it is not noisy. For people with
hearing impairments, visual cues such as text, lights, and guardrails will ensure their safety
and improve their viewing experience as much as possible. Forest parks designed and built
with such considerations will meet their soundscape preferences and entice them to spend
time the space, which will be beneficial to their physical and mental health and can also
satisfy the mobility requirements of the elderly individuals who are more physically active.

To ensure consistently favorable sound environments in urban forest parks, the gov-
ernment should undertake regular maintenance and management work. This includes
monitoring and controlling sources of noise pollution, maintaining park facilities and
sound equipment in good condition, and promptly addressing any issues that may affect
the soundscape environment.
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By implementing these policy recommendations, urban forest parks can provide
an ideal soundscape environment that meets the preferences of the elderly for natural
sounds and creates positive sound experiences and interactive opportunities for them. This
will surely contribute to enhancing their quality of life and promoting their physical and
mental well-being.

6.2. Reflection

This study adopted a subjective evaluation method to investigate the soundscape
preferences of the older residents of underdeveloped cities in China for urban forest parks.
Though the method proved reliable and valid, the data were only statistically analyzed
from a correlation perspective, and other possible factors, such as social environment,
epidemic context, level of urban management, and level of urban infrastructure, were not
taken into account. It is suggested that such factors be incorporated into future research
so as to provide a profound theoretical basis for the construction of soundscapes in urban
forest park environments.

Overall, this study was successful in identifying the influence of different factors on
the soundscape preferences of older adults in urban forest parks. These findings have
rich implications for park designers and managers in developing relevant design and
management strategies to enhance the evaluation and perception of elderly people.

6.3. Limitations

This study focused on social hotspots and analyzed the soundscape preferences of
the elderly in urban forest parks in underdeveloped cities. The limitations and advantages
of the research are presented and implications for future research as follows. Although
studies on soundscape preference typically focus on people’s perceptions and evaluations
of sounds in natural environments rather than solely quantifying noise, soundscape prefer-
ence research aims to understand people’s preferences and evaluations of different sound
environments as well as the impact of these sounds on their emotions, cognition, and
behavior. This study dealt with the soundscape of a forest park, with a focus on elderly
people’s perceptions of natural sound such as bird songs, wind rustling, and water flow.
However, for a more comprehensive understanding of the soundscape, future research
should consider specific measurements of noise in urban forest parks.

As noted previously, soundscape preference was indirectly affected by the epidemic;
in fact, all aspects of thought and life have been affected by the epidemic. Thus, it should
be noted that the conclusions of this study might have been skewed due to the indirect
potential impact of the epidemic on soundscape preference.

6.4. Future Work

This study constructed a comprehensive and in-depth questionnaire to capture the
influence of many aspects on older individuals’ soundscape preferences and arrived at
convincing conclusions, lending support to the findings of earlier investigations. But there
are three works are expected to be refined in the future.

(1) To maximize the understanding of the influences on the soundscape preferences
of older adults, the relevant literature was comprehensively and profoundly re-
viewed, which generated rich implications for the design and administration of
the questionnaire.

(2) To determine the key factors that influence the soundscape preference of the elderly, a
regression coefficient model and an automatic linear model were established which
effectively guaranteed the accuracy of the data analysis and interpretation.

(3) To bring light to the construction and maintenance of forest parks aimed at improving
the well-being of elderly people, well-grounded recommendations were provided
for landscape designers on how to cater to the soundscape preferences of different
elderly groups.
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Abstract: Soundscapes are one of the main means of creating a religious atmosphere in Han Chinese
Buddhist temples, which are the most important religious sites in China. This paper selected
several representative forest-type and urban-type Han Chinese Buddhist temples and employed
a questionnaire and sound level measurement methods to conduct a comparative analysis of four
aspects of acoustic environment evaluation, i.e., quietness, comfort, harmony, and sound preference,
to identify and compare the characteristics of respondents’ soundscape evaluation in these two types
of temples. The results showed that compared with urban-type temples, respondents found the
acoustic environment in forest-type temples to be quieter, more comfortable and more harmonious
with the religious atmosphere. The sound level, measured with the questionnaire and respondents’
social characteristics, such as age, occupation, level of education, purpose and frequency of visiting
the temples, and attitude towards Buddhist thought, influenced their soundscape evaluation of
urban-type and forest-type temples to different degrees. Among the various kinds of sounds in the
temple, natural sounds, such as the sounds of flowing water, birds and insects, and rustling leaves,
were preferred in forest-type temples, while Buddhism-related human-made sounds, including
chanting and background music, were preferred in urban-type temples.

Keywords: forest-type temple; urban-type temple; Han Chinese Buddhism; soundscape evaluation;
influencing factors

1. Introduction

The term “soundscape” is defined as “the acoustic environment as perceived or experi-
enced and/or understood by a person or people, in context” [1]. The notion of a soundscape
was first proposed by Schafer and has continued to develop [2]. The soundscape of a place
is considered to be a person’s perceptual construct of the acoustic environment of that
place [3,4]. In recent years, soundscapes have been one of the focuses of academic research.
Many international journals have addressed the topic of soundscapes, and many interdisci-
plinary soundscape research organizations have been formed. The researchers come from
the disciplines of acoustics, aesthetics, sociology, ecology, psychology, architecture, religious
culture, environmental health, and urban studies. The research scope of soundscape places
is constantly expanding, including parks [5], residential areas [6], historical buildings [7],
historic towns [8], and religious architecture [9]. The research methods used include ques-
tionnaires [10], grounded theory approaches [11], soundwalk methods [12], laboratory
experiments including binaural recordings [13], audio-visual interactions [14], predictive
soundscape models, artificial neural networks [15], and structural equation modeling [16].
Unlike traditional acoustics, which focuses on the study of objective sound field charac-
teristics, the soundscape approach enables the consideration of acoustic environments in
positive terms, with soundscapes evaluated either positively or negatively [17]; therefore,
the subjective evaluation of soundscapes is an important part of soundscape research.

Currently, many studies aim to evaluate soundscapes in forest parks or urban green
spaces. Regarding the evaluation of the acoustic environment, some surveys have indicated
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that social/demographic/behavioral factors and visit motivations all showed significant
relationships with individual sound perception in parks or green spaces [18–20]. Acoustic-
related factors and park environment factors also influence the acoustic comfort evaluations
of urban parks [21]. People’s opinions of the meaning of tranquility may also influence the
overall perceived quality of the soundscape during a park visit [22], and sounds caused by
various human activities in parks play an important role in influencing the eventfulness of
soundscape perceptions. LAeq is a useful indicator for the evaluation of environmental
quietness [23]. Regarding the evaluation of sound preference in parks, some previous
studies have shown that almost everyone likes sounds such as “songbirds” and “sparrows”
in parks [24]. The presence of birds twittering, insects chirping, flowing water, light music,
and ancient temple bells makes tourists feel more immersed [25], and running water and
birdsong are the most commonly heard and most preferred sounds in national parks [16].
Recent literature also suggests that different types of birdsong exhibit different sound
comforts in different seasons [26], and soundscapes with a rich array of perceived bird
sounds and minimal perceived traffic noise offer the greatest perceived restorative value
in parks [27]. There are many factors that affect sound preference. Age is one of the most
influential dimensions in the perception of and preference for individual sounds in urban
recreational forest parks [28]. In addition, perceptual responses to human sounds, birdsong,
and water sounds differ significantly across cultural backgrounds [29].

There are also many studies on the soundscape evaluation of various urban spaces. Re-
garding the evaluation of the acoustic environment, results have shown that the perceived
quality of the urban soundscape is very much an individually subjective experience [30].
For example, there are significant differences among different age groups in terms of acous-
tic comfort [4], and differences in the purpose of going to urban open spaces and education
levels might lead to differences in the evaluation of acoustic comfort [31]. Interviewees’ age,
occupation, duration and purpose have a significant effect on their acoustic satisfaction
in urban historical areas [32]. Visit frequency affects visitors’ expectations of the general
soundscape, and visitors’ perceptions of loudness and satisfaction are associated with
maximum sound levels [33]. Another study showed that acoustic comfort has a significant
correlation with LAeq in public squares [34]. Regarding the evaluation of sound preference
in urban space, relevant studies have revealed that “traffic” sounds and “birdsong” are
critical factors that influence participants’ initial perception of urban soundscape qual-
ity [35]. Birdsong plays an important and positive role in urban soundscape perception [36],
and bird sounds are the most preferred among the natural sounds in urban streets [37].
Water sounds have been determined to be the best sounds to use for enhancing the urban
soundscape [38], while traffic sounds are the dominant indicator that negatively affects
pleasantness in urban residential areas [14]. The results of a questionnaire on the sound-
scape of a city square showed that the most unpleasant sounds were motorcycles, cars, and
handcarts, while the most pleasant sound was water [39]. Some analyses of the influencing
factors of sound preference have shown that demographic factors affect the evaluation
of sound preference in urban open spaces; for example, with increasing age, people are
generally more positive towards sounds related to nature, culture, or human activities [40].
Age and education level are two factors that universally influence sound preference, while
gender and occupation generally do not significantly influence sound preference evalu-
ation [41]. In brief, although natural sounds are perceived more favourably than urban
sounds, an urban soundscape cannot be equated to noise, and its positive aspects should
be more broadly acknowledged [42].

In recent years, scholars have analysed the relationship between the acoustic envi-
ronments of religious spaces and human feelings from the perspective of soundscapes.
Regarding the soundscape evaluation of temples, in contrast to an ordinary urban open
space or simple natural landscape, natural sounds, cultural sounds, and historic sounds
are widely appreciated in people’s subjective feelings about Chinese Buddhist temples [43].
One author of this paper analysed the correlation between Chinese people’s evaluations of
Buddhist temple soundscapes and mental health [9] and studied sound preferences in Han
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Buddhist temples [44]. In a Chinese Taoist temple, the soundscape evaluation was affected
by the measured sound pressure level and the respondents’ belief, type of activity, social
factors, and spatial position [45]. Regarding the soundscape of churches, a previous study
showed that 67% of observed visitors spent less than a minute in a chapel, yet 49% of the
visitor comment cards mentioned the chapel or the chapel soundscape as their favourite
part of the visit [46]. One study on the degree of acoustic comfort inside several churches
in Sheffield suggested that there was no clear correlation between acoustic comfort and
measured reverberation time [47]. Another study used a survey questionnaire to compare
the soundscape around a Catholic church with the soundscape around a Buddhist tem-
ple in South Korea and proposed that sounds related to religious activities in the temple
precincts are relatively more significant than those of cathedral precincts [48]. Regarding
the soundscape of mosques, a study showed that the acoustic comfort conditions were
perceived to be satisfactory in all case studies in historical and new mosques [49], and
there was a correlation between the acoustic design of the mosque and the worshippers’
comfort [50]. Another study proposed that the majority of respondents were in favour of a
broadcast of music or prayer in both indoor and outdoor areas of a historical mosque [51].

In summary, the sites of most existing soundscape evaluations have mainly been com-
mon urban or forest areas. These studies noted the importance of studying the relationship
between the acoustic environment and people’s feelings from the perspective of the sound-
scape. Some studies have also analysed the acoustic environment of Christian churches or
mosques from the perspective of traditional acoustic methods or soundscapes. However,
there is currently relatively little research on the subjective evaluation of the soundscapes
of Han Buddhist temples, and no research has focused on the respective characteristics of
the soundscape evaluations of forest-type and urban-type temples, which are the two most
important and most numerous types of religious architecture in China (approximately 47%
of Han Chinese Buddhist temples are located in forests, 44% are urban-type temples, and
the remaining 9% are rural-type temples [52]). A good acoustic environment both inside
and outside the temples is the main means of facilitating a religious atmosphere. Especially
for forest-type temples located in famous mountains and featuring beautiful scenery, all
kinds of pleasant natural sounds dominate the acoustic environment of the temples, which
can make a deep impression on people. In contrast, urban-type temples are located near
city centres and are associated with more vehicles and pedestrians; accordingly, the sound
environment of these temples is relatively noisy. There are obvious differences between
the two types of temples. These differences undoubtedly affect people’s perception of the
acoustic environment of these two types of Buddhist temples. Therefore, we plan to analyse
the respective characteristics of the soundscape evaluation of forest-type and urban-type
temples and compare the differences among and factors influencing the soundscape eval-
uation of these two types of temples. Three specific research questions are addressed in
this study.

(1) What are the characteristics of respondents’ evaluations of the acoustic environment
of forest-type and urban-type temples? Urban-type temples have a certain function for
public activities, while forest-type temples have the functions of leisure and relaxation,
similar to parks. Are the characteristics of their soundscape evaluations different from
ordinary public spaces?

(2) To what extent do the objective measured sound level and the subjective sociological
characteristics of the respondents affect the evaluation of the acoustic environment of
the two types of temples?

(3) Are there differences in the evaluation of sound preference between the respondents
in the two types of temples? What are the influencing factors for these differences?

A large number of questionnaires were distributed in four typical Han Buddhist
temples (including two forest types and two urban types), and sound pressure levels were
synchronously measured. Subsequently, in accordance with statistics concerning the results
of the questionnaire, differences in respondents’ evaluations of the sound environment
between these two types of temples were analysed and compared, as was the influence

77



Forests 2023, 14, 79

of objective factors (sound pressure level) and subjective factors, that is, respondents’
sociological characteristics (including age, belief, occupation, purpose and frequency of
visiting the temples, and level of education) on this difference. This study attempted to
identify differences in the respondents’ sound preferences between urban-type and forest-
type temples. The research results are conducive to the better design of the soundscapes of
the two types of temples and to the creation of a healthy and favourable religious acoustic
environment for users.

2. Materials and Methods

2.1. Characteristics of Research Sites

In this study, four typical forest-type and urban-type Han Chinese Buddhist temples
were selected for comparative analysis of the soundscape evaluation. Figure 1 shows the
location and surrounding environment of each temple. With regard to the temples, the
four research objects selected were all large-scale temples with a long history and many
worshippers. Xiantong Temple and Longquan Temple were selected as representative
forest-type temples. Xiantong Temple (hereinafter referred to as “FT1”) is the largest and
most historic Han Chinese Buddhist temple on Wutai Mountain. Longquan Temple (“FT2”)
is the largest Buddhist temple on Qianshan Mountain, Liaoning Province. Xiangguo Temple
and Ci’en Temple were selected as representative urban-type temples. Xiangguo Temple
(“UT1”) is located in the centre of the city of Kaifeng. This temple is one of the ten most
famous Han Chinese Buddhist temples. Ci’en Temple (“UT2”) is one of the key temples
of Chinese Buddhism in China and the largest existing Buddhist temple in the city of
Shenyang. With respect to their geographical locations, “FT1” and “UT1” are located in
central China, while “FT2” and “UT2” are located in northern China. The locations of the
four temples represent different regions. Meanwhile, there are many similarities in culture,
language and belief between the people in central China and people in northern China,
and these would avoid the problem that the difference in social characteristics (especially
the different attitudes towards Buddhist thought of the respondents in different regions)
of the respondents in the temples could affect the results of the questionnaire. All four
temples support monks’ practice of Buddhism and are open to the public. They have an
important position and extensive influence in the Chinese Buddhist circle; therefore, the
acoustic environment of these temples is typical.

Figure 1. Location and surrounding environment of the four temples.
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2.2. Questionnaire Survey Method
2.2.1. Design and Distribution of Questionnaire

(1) Before the formal investigation, this study first distributed 70 pilot questionnaires at
Puji Temple in Putuo Mountain. Adjustments were made to the questionnaire items after the
statistical results were obtained and analysed. Items that were invalid or lacked reliability
and validity were revised, and the final version of the questionnaire was produced.

The formal questionnaire consisted of five parts. Previous studies have shown that
the evaluation of soundscapes in various spaces is affected to varying degrees by objective
acoustic environmental factors and human sociological characteristics. Therefore, the first
part collected basic demographic information from the respondents, including gender, age,
level of education, and occupation. In the questionnaire, people were divided into five
groups according to age: younger than 18 years old (high school students and below), 18 to
30 (youth), 30 to 45 (middle-aged), 45 to 60 (middle-aged and elderly), and older than
60 (retiree). The aim was to analyse the differences between the soundscape evaluations of
people of different age groups. However, the statistical results of this study showed that
the soundscape evaluation results of respondents younger than 18 years old and those 18 to
30 years old were similar, and the results of respondents aged 45 to 60 years old and those
older than 60 years old were similar. Therefore, in the current questionnaire analysis, the
respondents were divided into three categories: younger than 30 years old, 30 to 45 years
old and older than 45 years old. For the division of education level, the respondents were
divided into four categories: primary school, middle school, university, and postgraduate.

The second part included items related to Buddhist beliefs, including attitudes towards
Buddhist thought, the respondents’ annual frequency of attending religious activities or
visiting Buddhist temples and the respondents’ purpose for visiting Buddhist temples.
The questionnaire divided the respondents in accordance with their attitudes towards
Buddhist thought into the categories of firm believers, partial believers (those who believe
to a limited extent), and nonbelievers. The respondents’ purpose was divided into four
categories: visiting/tourism, worshiping the Buddha, exercising, and other purposes. In
addition, in the pilot questionnaire, the respondents were asked to fill in the number of
visits to the temple every year. The results showed that 70% of the respondents did not go
to the temple more than 4 times a year. Therefore, the average number of annual visits to
the temple was divided into less than once, 1 to 2 times, 3 to 4 times and more than 4 times
in the formal questionnaire.

The third part was used to evaluate the respondents’ attitudes towards the acoustic
environment in Buddhist temples, including comfort, quietness, and harmony. Acoustic
comfort has always been an important aspect of soundscape research [4,21], and the same is
true for quietness [17,19,40]. Previous studies have suggested that religious precincts should
be quiet and tranquil to allow people to engage in religious self-reflection [43,48,51,53].
This study chose the degree of acoustic harmony as an index in the soundscape evaluation
of Buddhist temples, with reference to previous studies [18,54]. As Buddhist temples are
the most important religious places in China, whether or not the acoustic environment
is harmonious with the religious atmosphere is of great significance for facilitating a
religious atmosphere.

The fourth part was used to evaluate the respondents’ preferences for the typical
sounds associated with Han Chinese Buddhist temples. Considering that the soundscape
includes the entire acoustic environment resulting from natural and human-made sound
sources [2,55], sound preference is an important aspect of soundscape research [56]. Pre-
vious study on the soundscape of religious places showed that the main components
of sound elements were grouped into natural, social, and religious sounds [48]. In our
pilot questionnaire survey and field observation, the natural sounds inside and outside
the temple mainly included the sounds of flowing water, birds, insects, rustling leaves,
and wind. Human-made sounds were divided into Buddhism-related sounds (including
bells, chanting, various implements, drums, prayers, and background Buddhist music)
and sounds unrelated to Buddhism (including footsteps, the voices of tour guides, tourist
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conversations, traffic sounds, and construction site noises). Buddhism-related human-made
sounds often had the characteristics of the temples, while Buddhism-unrelated human-
made sounds could occur in other places and did not have the unique place characteristics
of Buddhist temples. The fifth part collected subjective suggestions concerning the acoustic
environment of the temple.

Considering that there were few questions within the questionnaire, we did not
use reverse-coded items. All items related to soundscape evaluation in the question-
naire were rated on a Likert five-level scale because the Likert scale is easy to design,
its requirements for descriptive words are limited to no logical errors, it can be used
to measure multidimensional complex concepts or attitudes [57], and it was suitable
for the diverse population structure in this study. Level 1 in the questionnaire repre-
sented “quiet/comfortable/harmonious”, and Level 5 represented “noisy/uncomfortable/
inharmonious”. Regarding the respondents’ sound preferences, Level 1 indicated “liked
the sound” and Level 5 indicated “disliked the sound”. For specific questions and items,
please see the questionnaire in the Appendix A.

(2) A total of 720 questionnaires were distributed at 4 temples, and 685 valid question-
naires were recovered: 177 from “FT1”, 170 from “FT2”, 160 from “UT1”, and 178 from
“UT2”. The number of questionnaires distributed in a single temple was based on pre-
vious studies reporting that a range of 100 to 150 questionnaires could be considered
representative in the context of an urban environment soundscape survey [2].

The questionnaires were distributed in the spring and summer, usually between
8:30 am and 17:30 pm, when the temple was open to the public. The questionnaires were
distributed in the field at four temples by the researcher’s team members (approximately
4 to 5 members for each temple). The specific locations at which the questionnaires
were distributed were the courtyards of the four temples. The outdoor courtyard was
chosen as the place for questionnaire distribution because quiet was generally required
inside the hall in the temple and the indoor space of the hall allowed tourists to stay
only for a short time, which made it difficult to complete the questionnaire. The target
subjects of the questionnaire survey were randomly selected tourists and worshippers
encountered in the temples. Because the four temples where the questionnaires were
distributed were all tourist places with a large number of people, the genders and ages of
the respondents should be balanced as much as possible to ensure the randomness and
universality of the questionnaire survey. All questionnaires used anonymous methods (no
record of the respondents’ information, such as name and phone number). First, we asked
whether the respondent was willing to participate in the survey. During the process of
completing the questionnaire, the research team members provided consultations nearby.
If the respondents provided answers quickly without carefully reading the items, the
questionnaire was immediately marked as invalid after being returned.

In this study, the sound level measurements and the survey questionnaire were con-
ducted at the same time; as the respondents answered the questionnaire, the on-site acoustic
environment was simultaneously measured to ensure good correspondence between the
psychological feelings expressed in the subjective survey and the objective measurement.
During the measurement, the microphone of the sound level metre was positioned approxi-
mately 1 m away from any reflective surfaces and 1.5 m above the ground to reduce the
effect of acoustic reflection [58]. The sound level corresponding to each questionnaire was
measured more than 10 times. The interval between each measurement was five seconds,
and the mean value was calculated. The instantaneous sound pressure level instead of
LAeq was used in this research as the curiosity of other visitors may disturb and influence
the measurement results.

2.2.2. Statistical Results of the Questionnaire

The correlation calculation conducted for this study mainly focused on the correlation
coefficient between the acoustic environment evaluation and the sociological factors of the
respondents in the two types of temples or the synchronous measured sound level. All
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results of the questionnaire survey were imported into SPSS software (version 26). Among
these factors, the subjective acoustic quietness, acoustic comfort, acoustic harmony and
sound preference, as dependent variables, were ordinal variables, while the independent
variables, such as age, frequency of visiting, and attitude towards Buddhist thought were
ordinal variables. Similarly, purpose and occupation were nominal variables, while gender
and the types of temples were dichotomous nominal variables, and the measured sound
level was a continuous variable. Due to the different types of dependent variables in
question, the correlation calculation methods also differed between independent variables
and dependent variables (as shown in Table 1).

Table 1. The calculation method for independent and dependent variables.

Independent Dependent Variables SPSS Calculation Approach Index Variable Type

The measured sound level
value synchronous
with questionnaire

Acoustic comfort
(harmony, quietness)

evaluation
Bivariate correlation Pearson Continuous variable/

Ordinal variable

Gender, the types
of temples

Acoustic comfort
(harmony, quietness)

evaluation, sound
preference evaluation

Independent-samples t-test Mean difference Dichotomous (nominal)
variable/ordinal variable

Purpose, occupation,
different temples

Acoustic comfort
(harmony, quietness)

evaluation, sound
preference evaluation

Crosstabs Phi and Cramer’s V Nominal variable/
Ordinal variable

Age, frequency of visiting
a temple, attitude towards

Buddhist thought,
education level

Acoustic comfort
(harmony, quietness)

evaluation, sound
preference evaluation

Crosstabs Gamma Ordinal variable/
Ordinal variable

Acoustic comfort
(harmony) evaluation

Acoustic quietness
(harmony) evaluation Crosstabs Gamma Ordinal variable/

Ordinal variable

Different demographic
factors

Sound preference
evaluation Compare means One-Way ANOVA

Nominal variable (or
Ordinal variable)/
Ordinal variable

Reliability and validity analyses of questionnaires are a necessary step before data
analysis. The SPSS software’s reliability analysis was used to perform a confidence test
on the reliability. The calculation results showed that the Cronbach’s α coefficient of the
whole soundscape evaluation scale was 0.748, the coefficient of the acoustic environment
evaluation was 0.727, and the coefficient of the sound preference was 0.708. All were within
the acceptable range, indicating acceptable reliability of the data [59]. Then, factor analysis
was used to verify the construct validity of the questionnaire. KMO = 0.778 for the acoustic
environment evaluation. Accordingly, two factors were extracted with characteristic roots
greater than 1, their cumulative contribution to all variables was 52.1%, and Bartlett’s
test of sphericity indicated p < 0.001. On the other hand, KMO = 0.778 for the sound
preference evaluation. Four factors were extracted with characteristic roots greater than 1,
their cumulative contribution to all variables was 51.6%, and Bartlett’s test of sphericity
indicated p < 0.001. These data showed that the results of the soundscape evaluation
questionnaire met the requirement for construct validity [59,60].

In this paper, an independent-samples t-test was used to analyse whether the acoustic
environment evaluation of respondents with the same characteristics between the two
types of temples had significant differences. All assumptions for eligibility to perform the
t-test were checked and passed before use, i.e., the samples were quantitative data, the
two populations were normally distributed, and the two samples were random indepen-
dent samples [60]. In this study, analysis of variance (ANOVA) was used to determine
whether the mean value of two or more population samples with normal distribution was
significantly different. Before performing ANOVA, the author checked that these datasets
met the ANOVA assumptions, including that each population sample followed a normal
distribution and the homogeneity of variance of each population and that each sample was
independent and randomly selected [60].
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Table 2 presents the distribution of the characteristics of 685 respondents in two types
of temples, including gender, age, level of education, attitude towards Buddhist thought,
and frequency and purpose of visiting temples. These distributions were the classifica-
tion conditions when analysing the various evaluations of soundscapes in the temples.
Next, the influence of subjective and objective factors on the soundscape evaluation in the
two types of temples (including acoustic quietness, comfort, harmony and sound prefer-
ence) was analysed, and the differences in these effects between the two types of temples
were compared.

Table 2. Percentage of respondents’ characteristics by the temple type in the questionnaire.

Respondents’ Characteristics
Temple Type

Forest-Type Temple Urban-Type Temple

Gender
male 48.70% 46.40%

female 51.30% 53.60%

Age
under 30 50.90% 47.60%

30–45 30.50% 32.50%
above 45 18.60% 19.90%

Frequency of
visiting temple

less than one time 62.80% 47.00%
1 to 2 times 10.70% 9.80%
3 to 4 times 7.80% 7.70%

more than 4 times 18.70% 35.50%

Education level

primary school or less 7.90% 8.30%
middle school 27.40% 42.00%

college or university 56.20% 41.30%
postgraduate 8.50% 8.40%

Purpose

visiting tourism 61.70% 44.70%
worshiping the Buddha 22.70% 35.80%

exercising 7.80% 7.70%
others 7.80% 11.80%

Attitude towards
Buddhist thought

firmly believe 30.00% 41.10%
partially believe 59.00% 48.80%
do not believe 11.00% 10.10%

It should be noted that our soundscape research referred to ISO 12193 (ISO
Standard) [1,61,62], but considering the difference between the soundscape in Buddhist
temples and that in other public spaces (the soundscape in religious buildings focuses
more on the influence and inspiration of believers), the parameters and indices selected in
the course of investigation and analysis were not completely consistent with those recom-
mended in ISO 12193 (for example, the types of sound sources, performed effective quality,
the assessment of surrounding sound environment, etc.).

3. Results and Discussion

3.1. Factors Influencing the Acoustic Environment Assessment

According to the statistical results of the questionnaire, the value of respondents’
evaluation of the whole acoustic quietness in four temples was 2.13, that of acoustic comfort
was 1.96 and that of the harmony between the acoustic environment and the religious
atmosphere was 2.28. The evaluation value of the acoustic environment in the two types
of temples is shown in Figure 2. The mean values of quietness, comfort, and harmony for
forest-type temples (2.07, 1.87, and 2.17, respectively) were lower than those for urban-type
temples (2.18, 2.06, and 2.39, respectively). The lower the value, the more quiet, comfortable,
and harmonious the respondents considered the acoustic environment. The respondents’
feelings about the overall acoustic environment were better for forest-type temples than
for urban-type temples. The results of the correlation analysis showed that the values of
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the three acoustic environment evaluations were significantly correlated with each other,
regardless of whether they were whole or divided into two types of temples. The correlation
coefficient is shown in Table 3. The degree of correlation in forest temples was generally
higher than that in urban temples. The results of the independent-samples t-test showed
that there were significant differences in the evaluation of acoustic comfort or acoustic
harmony between the two types of temples, but there was no significant difference in the
evaluation of acoustic quietness. This study subsequently analysed the subjective and
objective factors that affect the evaluation of the acoustic environment in the two types
of temples.

Figure 2. The evaluation value and standard deviation of the acoustic environment in forest-type
and urban-type temples.

Table 3. Correlation between the subjective evaluation of the acoustic environment in the temple.

Category
Overall Correlation Coefficient (Forest-Type Temple/Urban-Type Temple)

Acoustic Comfort Acoustic Harmony Acoustic Quietness

Acoustic comfort 1 0.67 ** (0.78 **/0.56 **) 0.75 ** (0.78 **/0.71 **)
Acoustic harmony 1 0.59 ** (0.67 **/0.52 **)
Acoustic quietness 1

Note: ** in the table indicates significance level that is p < 0.01.

3.1.1. Objective Factor

The mean value of the measured sound level synchronous with the questionnaire in the
temple was 56.9 dBA (standard deviation of 7.3, below the same). The correlation between
the measured sound level and the acoustic environment evaluation of the temple is shown
in Table 4. The measured sound level was significantly correlated with acoustic comfort
and quietness, with correlation coefficients of R = 0.118** and R = 0.195**, respectively, and
had no correlation with acoustic harmony.

The mean value of the measured sound level synchronous with the questionnaire
in urban-type temples was 58.0 dBA (8.2), and the maximum and minimum values were
76.8 and 45.0 dBA, respectively. The mean value of the measured sound level in forest-
type temples was 55.9 dBA (6.3), and the maximum and minimum values were 72.6 and
36.4 dBA, respectively, which were all lower than those in urban-type temples, indicating
that the sound field of forest-type temples was generally quieter than that of urban-type
temples. In urban-type temples, the correlation coefficients between the measured sound
level and the acoustic environment evaluation were 0.156** for acoustic comfort, 0.269** for
quietness, and 0.006 (p = 0.921) for harmony. However, there was no significant correlation
between the measured sound level and the three kinds of acoustic environment evaluations
in the forest-type temples. The objective factor of the measured sound level synchronous
with the questionnaire only affected acoustic comfort and quietness evaluations in urban-
type temples.
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Table 4. Correlation between objective or subjective factors and temple acoustic environment evaluation.

Influence Factor
Correlation Coefficients/Significance Level

Acoustic Comfort Acoustic Harmony Acoustic Quietness

Gender 0.055/0.310 0.040/0.550 −0.030/0.442
Age −0.138/0.013 (*) −0.152/0.003 (**) −0.268/0.000 (**)

Attitude towards
Buddhist thought 0.336/0.000 (**) 0.340/0.000 (**) 0.252/0.000 (**)

Purpose −0.148/0.005 (**) −0.174/0.001 (**) −0.154/0.003 (**)
Occupation 0.190/0.002 (**) 0.182/0.009 (**) 0.223/0.000 (**)

Average number of
visits to the temple

every year
−0.178/0.004 (**) −0.134/0.026 (*) −0.133/0.042 (*)

Education level 0.156/0.007 (**) 0.172/0.002 (**) 0.156/0.004 (**)
The measured sound

level synchronous with
the questionnaire

0.118/0.002 (**) 0.195/0.000 (**) 0.130/0.440

Note: * and ** in the table indicate significance level, * indicates p < 0.05, ** indicates p < 0.01.

3.1.2. Subjective Factor

The level of significance of the correlations between the respondents’ sociological
factors and the evaluation of the acoustic environment in the temples is shown in Table 4.
The respondents’ age, occupation, level of education, purpose and frequency of visiting
temples and attitude towards Buddhist thought were significantly correlated with their
evaluations of the acoustic environment (note: There was no correlation between gender
and the three kinds of acoustic environment evaluations. This was consistent with previous
studies that found no significant difference between males and females in acoustic environ-
ment evaluation [4,31], so no further analysis was conducted on this issue. Therefore, this
study includes these sociological factors as independent variables to analyse the differences
in evaluations of the acoustic environment (as dependent variables) between forest-type
and urban-type temples.

(1) Age

Figure 3a presents the mean values of acoustic comfort evaluation by respondents
of different ages between the two types of temples (this item is given in Question 4 of
the questionnaire in the Appendix A). With increased age, respondents tended to indicate
more comfort in their evaluations of the acoustic environment of forest-type temples, while
no such trend was observed with regard to evaluations of the acoustic environment in
urban-type temples. The correlation coefficient between age and the acoustic comfort
evaluation was calculated as −0.279** in forest-type temples and −0.018 (p = 0.822) in
urban-type temples, indicating that age was correlated with the evaluation of acoustic
comfort only in forest-type temples. The result of the independent-samples t-test showed
that with regard to people younger than 30 years old or 30 to 45 years old, there were no
significant differences in the acoustic comfort evaluation between the two types of temples.
Among people older than 45 years old, the mean value of the acoustic comfort evaluation
in forest-type temples was lower than that in urban-type temples by 0.47, and there was
a significant difference between the two types of temples. This result suggested that for
people older than 45 years, the type of temple affects their acoustic comfort.

The mean value of people’s evaluations of acoustic harmony for the two types of
temples across different ages is shown in Figure 3b (this item is given in Question 5 of
the questionnaire in the Appendix A). These results are similar to those associated with
acoustic comfort evaluations. With increasing age, respondents tended to indicate more
harmony in their evaluation of the acoustic environment of forest-type temples, while no
such trend was found for urban-type temples. The correlation coefficient between age and
acoustic harmony evaluation was calculated as −0.227** for forest-type temples and −0.091
(p = 0.187) for urban-type temples, indicating that age was correlated with the evaluation
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of acoustic harmony only in forest-type temples. For people younger than 30 or those aged
30 to 45 years, no significant differences in acoustic harmony were found between the two
types of temples. Among people older than 45 years, the mean value of acoustic harmony
evaluation in forest-type temples was lower than that in urban-type temples by 0.45, and
there was a significant difference in the evaluation of acoustic harmony between the two
types of temples, which is similar to the findings concerning acoustic comfort evaluation.

Figure 3. The evaluation value and standard deviation of acoustic environment by different respon-
dents’ age: (a) comfort; (b) harmony; (c) quietness.

Regarding the evaluation of quietness in the two types of temples (this item is given in
Question 3 of the questionnaire in the Appendix A), Figure 3c shows that with increasing
age, the respondents’ evaluation of quietness in the two types of temples tended towards
indications of quietness. The correlation coefficient between age and the evaluation of quiet-
ness was −0.351** in forest-type temples and −0.184* in urban-type temples. The results
indicate that there were no significant differences in the evaluation of acoustic quietness
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reported by respondents of the same age group between the two types of temples. This
finding differs from the results concerning evaluations of acoustic comfort and harmony.

(2) Belief Factor

Figure 4a presents the relations between the respondents’ attitudes towards Buddhist
thought and the mean values of acoustic comfort evaluation for the two types of temples.
(This item is given in Question 4 of the questionnaire in the Appendix A.) The same
trends were found for both types of temples; that is, the more people believe in Buddhist
thought, the more comfort they report in their evaluation of the acoustic environment.
The correlation coefficient was 0.346** for forest-type temples and 0.360** for urban-type
temples. The mean evaluation value of acoustic comfort by respondents who partially
believed in Buddhist thought was 0.23 lower for forest-type temples than for urban-type
temples (a lower value indicated that the respondents felt the acoustic environment to be
more comfortable). The result of the independent-samples t-test indicated that between
the two types of temples, only respondents who partially believed in Buddhist thought
exhibited significant differences in their evaluation of acoustic comfort. For the other two
groups of people, although the mean evaluation value of acoustic comfort by respondents
in the forest-type temple was lower than that in the urban-type temple (0.21, firm believers;
0.34, nonbelievers), there were no significant differences in acoustic comfort evaluation
between the two types of temples.

The relations between respondents’ attitudes towards Buddhist thought and the mean
values of acoustic harmony evaluation between the two types of temples are shown in
Figure 4b. (This item is given in Question 5 of the questionnaire in the Appendix A). The
trend is similar to that associated with the evaluations of acoustic comfort; that is, the more
people believed in Buddhist thought, the more their evaluations tended to indicate harmony
between the acoustic environment and the temple atmosphere. The correlation coefficient
was 0.375** for forest-type temples and 0.336** for urban-type temples. Respondents who
firmly believed or partially believed in Buddhist thought had a lower mean evaluation
value of acoustic harmony for forest-type temples than for urban-type temples by 0.30 and
0.22, respectively. The result of the independent-samples t-test indicated the presence of
significant differences in the evaluation values of acoustic harmony reported by people who
firmly believed or partially believed in Buddhist thought between the two types of temples.
Respondents deemed that the acoustic environment and temple atmosphere were more
harmonious in forest-type temples. For those who did not believe in Buddhist thought,
there was no significant difference in their evaluation of acoustic harmony between the two
types of temples.

For the quietness evaluation, as shown in Figure 4c, the more the respondents believed
in Buddhist thought, the more their evaluations of the temple acoustic environment tended
towards quiet (this item is given in Question 3 of the questionnaire in the Appendix A).
The correlation coefficient was 0.236** for forest-type temples and 0.291** for urban-type
temples. These results indicated that between the two types of temples, only respondents
who partially believed in Buddhist thought exhibited significant differences in terms of
their evaluation of quietness, and those who partially believed in Buddhist thought in
forest-type temples felt quieter (their mean evaluation value of acoustic quietness was
0.21 lower than that of urban-type temples). This is similar to the findings concerning the
evaluation of acoustic comfort.
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Figure 4. The evaluation value and standard deviation of acoustic environment by different respon-
dents’ attitude towards Buddhist thought: (a) comfort; (b) harmony; (c) quietness.

(3) Purpose

Figure 5a presents the relations between the respondents’ purpose and the mean value
of acoustic comfort evaluation between the two types of temples (this item is given in
Question 4 of the questionnaire in the Appendix A). Respondents who worshipped the
Buddha in both types of temples believed that the acoustic environment of the temple
was most comfortable. The correlation coefficient between the purpose of visiting the
temple and acoustic comfort evaluation was −0.200* for forest-type temples and −0.154*
for urban-type temples.
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Figure 5. The evaluation value and standard deviation of acoustic environment by different respon-
dents’ purpose: (a) comfort; (b) harmony; (c) quietness.

The mean evaluation values of acoustic comfort by respondents who visited forest-
type temples for tourism purposes or to worship the Buddha were lower than those for
the same purpose in urban-type temples by 0.18 and 0.49, respectively. The result of the
independent-samples t-test indicated that there were significant differences in the acoustic
comfort evaluations between the two types of temples for tourists or worshipers; that is,
respondents in forest-type temples for these two purposes felt that the acoustic environment
was more comfortable. With respect to people exercising or other purposes, there were
no significant differences in the evaluation of acoustic comfort between the two types
of temples.

The relations between the respondents’ purpose for visiting the temples and the mean
value of acoustic harmony evaluation between the two types of temples are shown in
Figure 5b. The correlation coefficient between the purpose of visiting the temples and
the acoustic harmony evaluation was −0.170* for forest-type temples and −0.219** for
urban-type temples. The mean values of acoustic harmony evaluation by respondents
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who visited forest-type temples for tourism purposes or to worship the Buddha were both
lower than those for the same purpose in urban-type temples by 0.35 and 0.35, and the
result of the t-test indicated that there were significant differences in the acoustic harmony
evaluation values reported by people for tourism purposes or to worship the Buddha
between the two types of temples. There were no significant differences in the evaluation of
acoustic harmony between the two types of temples by people exercising or other purposes,
similar to the findings concerning the evaluation of acoustic comfort.

Figure 5c shows that in the two types of temples, respondents who visited the temples
to exercise reported that the acoustic environment of the temple was the quietest, followed
by respondents who visited so to worship the Buddha. The correlation coefficient between
their purpose in visiting the temple and the quietness evaluation value was −0.184* for
forest-type temples and −0.154* for urban-type temples. The result of the t-test indicated
that there were no significant differences between the two types of temples in the quietness
evaluation of respondents who visited the temples for the same purpose. This finding is
different from the results of the evaluation of acoustic comfort and harmony.

(4) Frequency

We analysed the effect of frequency-related factors on the acoustic environment eval-
uation, as shown in Figure 6a. With an increase in the average number of annual visits
to the temple, respondents tended to express more comfort in their evaluations of the
acoustic environment. In general, this trend was especially evident in forest-type temples.
The correlation coefficient between the average number of annual visits to the temple
and the evaluation of acoustic comfort was −0.267** for forest-type temples and −0.150*
for urban-type temples. The result of the t-test indicated that there were no significant
differences in the evaluation of acoustic comfort between the two types of temples among
people who visited the temples with the same frequency each year.

Figure 6b shows that respondents who visited the two types of temples 3 to 4 times
per year evaluated the acoustic environment and religious atmosphere of the temples as
the most inharmonious, while those who visited the temples more than 4 times a year
thought that the temples’ acoustic environment was the most harmonious. The correlation
coefficient between frequency and acoustic harmony evaluation was −0.160* for forest-type
temples and −0.168* for urban-type temples. The result of the t-test indicated that there
were no significant differences in the evaluation of acoustic harmony between the two
types of temples among people who visited the temples with the same frequency each year,
which is similar to the findings concerning the evaluation of acoustic comfort.

Figure 6c presents the relationship between respondents’ average number of visits
to the temple per year and the mean value of the acoustic quietness evaluation between
the two types of temples. The correlation coefficient was −0.231** for forest-type temples
and −0.025 (p = 0.769) for urban-type temples, indicating that the average number of
visits to the temple per year was correlated with the acoustic quietness evaluation only
for forest-type temples. With an increase in the average number of visits to temples per
year, respondents tended to report quiet in their evaluations of the acoustic environment
of forest-type temples, while no such trend was observed in the context of urban-type
temples. The results showed that among people who visited forest-type temples more
than 4 times per year, the mean evaluation value of acoustic quietness was lower than
that reported by those who visited urban-type temples by 0.31. The result of the t-test
indicated that respondents who visited temples more than 4 times per year (and who are
therefore more likely to be followers of Buddhism) exhibited significant differences in terms
of their evaluation of acoustic quietness between the two types of temples. Respondents in
forest-type temples felt that the environment was quieter. People who visited the temple
with other frequencies exhibited no significant differences in quietness evaluations between
the two types of temples. These findings are different from the findings concerning the
evaluation of acoustic comfort and acoustic harmony.
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Figure 6. The evaluation value and standard deviation of acoustic environment by different respon-
dents’ average number of annual visits to the temple: (a) comfort; (b) harmony; (c) quietness.

(5) Education and Occupation

Figure 7a presents the relations between the respondents’ levels of education and
the mean values of acoustic comfort evaluation regarding the two types of temples. The
correlation coefficient between the level of education and the acoustic comfort evaluation
was 0.341** for forest-type temples and 0.053 (p = 0.506) for urban-type temples, indicating
that the level of education was correlated with acoustic comfort evaluation only in the
context of forest-type temples. The mean evaluation values of acoustic comfort reported
by people with primary school or middle school education were 1.00 and 0.42 lower for
forest-type temples than for urban-type temples, respectively, and the results indicated that
there were significant differences in the evaluation values of acoustic comfort reported by
people with primary school education or middle school education between the two types
of temples. For people with the same educational background, there was no significant
difference between the two types of temples.
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Figure 7. The evaluation value and standard deviation of the acoustic environment by different
respondents’ educational level: (a) comfort; (b) harmony; (c) quietness.

Figure 7b presents the relations between the respondents’ levels of education and
the mean value of acoustic harmony evaluation regarding the two types of temples. The
correlation coefficient between these factors was 0.313** for forest-type temples and 0.105
(p = 0.174) for urban-type temples, indicating that the level of education was correlated
with the acoustic harmony evaluation only in the context of forest-type temples. The mean
evaluation values of acoustic harmony reported by people with primary school, middle
school, and postgraduate education were lower for forest-type temples than for urban-type
temples by 1.33, 0.34, and 0.90, respectively. The results of the t-test indicated that these
three kinds of people with the same level of education exhibited significant differences in
their evaluation of acoustic harmony between the two types of temples.

Figure 7c presents the relations between the respondents’ level of education and the
mean value of acoustic quietness evaluation regarding the two types of temples. The
correlation coefficient was 0.267** for forest-type temples and 0.072 (p = 0.356) for urban-
type temples, indicating that level of education was correlated with the quietness evaluation
only in the context of forest-type temples, which is similar to the evaluation of acoustic
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comfort and acoustic harmony. The mean evaluation value of acoustic quietness reported
by people with a primary school education was lower for forest-type temples than for
urban-type temples by 0.97, and the result of the t-test indicated that only people with a
primary school education exhibited significant differences in their evaluation of acoustic
quietness between the two types of temples.

In addition, we analysed the influence of the respondents’ occupations on their eval-
uation of the acoustic environment with regard to the two types of temples. To ensure
the accuracy of the results, occupation types that referred to fewer than 15 people were
removed from the survey numbers (the total number of remaining questionnaires was 660),
and the results are shown in Figure 8a. The correlation coefficient between occupation
and the acoustic comfort evaluation was 0.149** for forest-type temples and 0.132** for
urban-type temples. A comparison of various occupations shows that the mean evaluation
values of acoustic comfort reported by housewives and teachers were lower for forest-type
temples than for urban-type temples by 1.02 and 0.55, respectively. The result of the t-test
indicated that between the two types of temples, significant differences emerged in the
evaluation values of acoustic comfort only in the case of housewives or teachers, while
there were no significant differences for people who worked in other occupations.

Figure 8. The evaluation value of the acoustic environment by different respondents’ occupations:
(a) comfort; (b) harmony; (c) quietness.
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Figure 8b presents the relations between the respondents’ occupations and the mean
value of the acoustic harmony evaluation in the two types of temples. The correlation
coefficient was 0.192** for forest-type temples and 0.143** for urban-type temples. A
comparison of various occupations showed that the mean evaluation values of acoustic
harmony reported by housewives and technicians were lower for forest-type temples than
for urban-type temples by 1.47 and 0.89, respectively. The result of the t-test indicated sig-
nificant differences in the evaluation of acoustic harmony between the two types of temples
only in the case of housewives and technicians. There were no significant differences for
people of other occupations.

Figure 8c presents the correlation between respondents’ occupations and the mean
value of the acoustic quietness evaluation between the two types of temples (this item is
given in Question 3 of the questionnaire in the Appendix A). The correlation coefficient was
0.257** for forest-type temples and 0.218** for urban-type temples. The results of the t-test
showed that there were no significant differences in the evaluation of acoustic quietness by
people of the same occupation between the two types of temples.

3.2. Factors Influencing Sound Preference Evaluation

Various kinds of sounds occur in Han Chinese Buddhist temples, and respondents’
preference evaluations of these different sounds might be affected by temple factors. The
evaluation results concerning various sound preferences between the two types of tem-
ples are shown in Figure 9. With respect to the preference evaluation of natural sounds,
Buddhism-related human-made sounds and Buddhism-unrelated human-made sounds,
the p values of the independent-samples t-test between forest-type temples and urban-type
temples were 0.000, 0.028 and 0.254, respectively. This indicated that there were significant
differences in the evaluation of sound preference for natural sounds or Buddhism-related
human-made sounds between the two types of temples, while there was no significant
difference in the evaluation of Buddhism-unrelated human-made sounds. In general, the
respondents in forest-type temples preferred natural sounds (1.40 for forest-type temples,
1.63 for urban-type temples), and respondents in urban-type temples preferred Buddhism-
related human-made sounds (2.15 for forest-type temples, 2.00 for urban-type temples).
For Buddhism-unrelated human-made sounds, the mean values of sound preference eval-
uation between the two temple types were similar (3.50 for forest-type temples, 3.55 for
urban-type temples), indicating that people did not like Buddhism-unrelated human-made
sounds in any environment and that this sound preference was unaffected by the factor of
temple type.

Figure 9. The evaluation value and standard deviation of preference for different sounds in
the temple.
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The preference for various sounds in the two types of temples was analysed. As
shown in Figure 10, the mean values of the preference for the sounds of flowing water,
birds and insects, and rustling leaves reported by respondents were lower for forest-type
temples than for urban-type temples by 0.25, 0.21 and 0.27, respectively, while the mean
values of the preferences for the sound of chanting and background music reported by
respondents were lower for urban-type temples than for forest-type temples by 0.15 and
0.22, respectively. The results of the t-test indicated that there were significant differences
in the evaluation values of respondents’ preferences for these five kinds of sounds between
the two types of temples. These results again showed that the environment of Buddhist
temples had an impact on the evaluation of people’s sound preferences. In forest-type
temples, people preferred flowing water, birds and insects, and rustling leaves (all natural
sounds), while in urban-type temples, people preferred chanting and background music,
such as Buddhist odes (Buddhism-related human-made sounds).

Figure 10. The evaluation value and standard deviation of sound preference for the five sounds with
significant differences between the two types of temples.

Whether the preferences for the five sounds in the two types of temples were influenced
by human sociological factors was analysed. In forest-type temples, the results showed
that sound preferences for birds and insects and rustling leaves were affected by different
educational levels (the correlation coefficients were −0.235* and −0.255**, respectively).
The higher a person’s education, the more he or she liked the sounds of birds and insects
and rustling leaves. The preference for chanting in forest-type temples was affected by
different ages, belief factors and purposes (−0.284**, 0.563**, 0.309**); the older people were,
or the more they believed in Buddhist thought, the more they liked chanting. The preference
for background music in forest-type temples was affected by belief factors (0.169*); the
more people believed in Buddhist thought, the more they liked background music.

In urban-type temples, the preference for flowing water was affected by different
purposes (the correlation coefficient was 0.327**). The preference for rustling leaves was
affected by different ages (correlation coefficient was 0.159*); the older people were, the
less they liked the sound of leaves. The preference for chanting was affected by different
purposes, belief factors, and the frequency of visiting the temple (correlation coefficients
were 0.321**, 0.489** and −0.311**, respectively); the more people believed in Buddhist
thought or visited temples, the more they liked chanting. The preference for background
music was affected by belief factors (correlation coefficient was 0.195**); the more people
believed in Buddhist thought, the more they liked background music.

The above results show that in both urban-type and forest-type temples, the preference
evaluation of Buddhism-related human-made sounds is obviously affected by belief factors,
while the factors that affect the preference for natural sounds do not reflect a consistent
rule (the preference for natural sounds in forest-type temples may be affected by different
educational backgrounds, while in urban-type temples, it may be affected by different
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purposes and ages). In addition, the ANOVA results showed that among people with
different belief factors, there were significant differences in their preference for background
music or chanting, while there were no significant differences in their preference for other
sounds. These results were consistent in urban and forest temples.

3.3. Discussion
3.3.1. Comparison among Various Influencing Factors on Acoustic Environment Evaluation

(1) As shown in Figure 11, in forest-type temples, the three factors that had the most
significant effect on the evaluation of acoustic comfort and harmony were attitudes towards
Buddhist thought > education > age. The factors that had the most significant effect on the
evaluation of acoustic quietness were education level > age > occupation. In urban-type
temples, the three factors that had the most significant effect on the evaluation of acoustic
comfort were attitudes towards Buddhist thought > frequency of visits to the temple per
year > measured sound levels synchronous with the questionnaire; the factors for acoustic
harmony were attitudes towards Buddhist thought > purpose > frequency of visits to the
temple per year, and the factors for acoustic quietness were attitudes towards Buddhist
thought > sound levels by synchronous measurement with the questionnaire > occupation.
The above analysis shows that the most significant influencing factor of the evaluation of
the acoustic environment was attitudes towards Buddhist thought in both forest-type and
urban-type temples. In forest-type temples, the factors of education level and age were also
important, while in urban-type temples, the frequency of visits to the temple per year and
measured sound levels were also important.

Figure 11. Schematic diagram of the influencing factors of three kinds of acoustic environment
evaluations. Note: The double solid line indicates that certain people with the same characteristics
have significant differences between the two types of temples, while the double dotted line indicates
that people with the same characteristics have no significant differences between the two types of
temples. In the figure, * and ** indicate significance level, * indicates p < 0.05, ** indicates p < 0.01.

Our research showed that in both types of temples, the influences of these factors
usually differed between the three acoustic environment evaluations. This indicates that
in research on special soundscapes such as religious buildings, it is not necessary to com-
pletely follow the standard assessment process of the surrounding sound environment
recommended by ISO 12913, and different evaluation indices according to different architec-
tural soundscape characteristics should be selected. These targeted soundscape evaluation
indicators can enrich future editions of ISO 12913 (which should be under constant revision)
by offering valuable approaches.
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(2) In this study, the differences in the influencing factors on the evaluation of the
acoustic environment between the two types of temples were analysed. The most significant
factors were education level and attitudes towards Buddhist thought. For these two factors,
there were significant differences in the three acoustic environment evaluations between the
two types of temples. The measured sound levels were synchronous with the questionnaire,
and there were significant differences in the evaluation of acoustic comfort and quietness
between the two types of temples. Regarding the factors of purpose, occupation and
age, there were significant differences in the evaluation of acoustic comfort and harmony
between the two types of temples. The factor with the least difference was the frequency
of visits to the temple per year; there was a significant difference only in the evaluation of
acoustic quietness between the two types of temples.

3.3.2. Comparison with Previous Studies

Previous studies have not examined the difference in soundscapes between urban-type
and forest-type religious sites. Considering that urban-type temples have the function
of public activities while forest-type temples have the functions of leisure and relaxation,
similar to parks, we compare the findings of this study with those of soundscapes in similar
and single-place types. For example, the soundscape of forest-type temples was compared
with the soundscape of parks, and the soundscape of urban-type temples was compared
with the soundscape of urban public spaces.

(1) In terms of the relationship between the objective sound level and the acoustic
environment evaluation, previous studies showed that when a pleasant sound such as
music or water dominated the soundscape, the relationship between the acoustic comfort
evaluation and the sound level was considerably weaker than that of other sound sources
such as traffic and demolition sounds [4], and the overall noise annoyance had a significant
relation with sound levels in an old town [6]. Our findings are consistent with these
studies that showed that in urban-type temples (where the surrounding environment may
be dominated by traffic sounds), there are significant correlations between sound levels
and acoustic environment evaluations such as comfort and quietness, while in forest-type
temples (where natural sounds usually dominate the soundscape), there is no correlation
between sound levels and various kinds of acoustic environment evaluations.

(2) Among the subjective influencing factors of soundscape evaluation, in terms of
age, Tarlao et al. found that older people rated the urban soundscape as less pleasant and
less monotonous than younger people because they were more sensitive to noise [10], and
the value of the acoustic satisfaction evaluation of retired or aged people was lower than
that of other interviewees in urban historical areas [32]. Another study found the opposite:
teenagers tended to be the most unsatisfied group, and older people were the most satisfied
group in terms of acoustic comfort in urban open public spaces [4]. However, the research
on urban temples in this paper showed that there was no relationship between age and
the evaluation of acoustic comfort or harmony. This could indicate that the relationship
between age and acoustic environment evaluation is complex in urban spaces and that
there are no uniform results. In the condition of green spaces, a study conducted by
Hedblom et al. showed that elderly individuals reported greater calmness when hearing
bird songs and rustling leaves than younger and middle-aged individuals did [63]. This
was similar to the results of the acoustic environment evaluation of forest-type temples in
our paper; that is, with increasing age, the respondents in forest-type temples tended to
evaluate the acoustic environment as more comfortable, quiet, and harmonious, indicating
that older people have a higher tolerance to the acoustic environment than younger people
in green space.

In terms of the relationship between soundscape evaluation and factors related to
religious belief, Xie et al. showed that compared with laypeople, Taoist priests’ acoustic
comfort in a forest-type temple was more influenced by Taoist religious principles, empha-
sizing harmony between human beings and nature [45]. Similarly, our study indicated
that people who completely believed in Buddhist thought felt that the acoustic environ-
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ment in forest-type temples was quieter, more comfortable, and more harmonious with
the religious atmosphere in the temples. As a result of studying urban-type Buddhist
temples in Chengdu, Yi proposed that respondents who lacked religious response felt
quiet or relatively quiet and comfortable or relatively comfortable and that the religious
atmosphere was harmonious or relatively harmonious [64]. In contrast, we found that in
urban-type temples, people who did not believe in Buddhist thought responded that the
acoustic environment of temples was noisier or more uncomfortable and that the religious
atmosphere was more disharmonious than people who firmly believed or partially believed
in Buddhist thought. This difference may be because the two urban-type temples in our
study were located in northern and central China, while the four temples investigated by Yi
were located in southwestern China. Factors such as the personality of people in different
regions (for example, different expectations for the acoustic environment of temples) might
affect the soundscape evaluation of temples. Therefore, the influence of religious belief on
the soundscape evaluation of Buddhist temples requires further analysis.

Regarding the relationship between the purpose of visiting temples and soundscape
evaluation, Tse et al. found that with regard to the perception of park soundscapes, the
motivation for visiting a park did not affect individuals’ acoustic comfort evaluation [21].
However, some studies on the soundscapes of parks have suggested that different visit mo-
tivations could result in different soundscape experiences [18], and visit motivations have
the most significant relationships with the perceived occurrences of individual sounds [20].
The last two studies were consistent with the findings of our research that people’s pur-
poses could affect their perceptions and evaluations of soundscapes in forest-type temples
because the correlation coefficient between the evaluation of acoustic comfort and the pur-
pose was −0.200* for forest-type temples. Respondents who came to worship the Buddha
believed that the acoustic environment of the temple was more comfortable.

Regarding the frequency factor, previous studies have shown that people who came
to the park more frequently showed more preference for natural sounds, especially wind
blowing, tree rustling, raining, and water sounds [18], and visit frequency and length of stay
were most frequently associated with the perception of individual sounds [20]. However,
the research results of this paper did not show that the frequency of visits to the temple
had an effect on sound preference. This may be because people who go to parks often may
go for exercise, while people who go to temples often are more likely to be Buddhists. In
terms of education level, a previous study revealed that educational background showed
no significant relationship with the degree of harmony of any sound in the park [18].
However, another study on parks’ soundscapes showed that higher education indicated
lower tolerance towards sounds [28]. The results of our study supported the latter view; in
forest-type temples, the higher the education level, the worse the evaluation of acoustic
comfort, harmony and quietness (correlation coefficients of 0.341**, 0.313**, and 0.267**).
Interestingly, there was no significant relationship between education level and the three
kinds of acoustic environment evaluations in urban-type temples. We speculate that the
possible reason is that people with higher education perceive the acoustic environment
in urban-type temples to be affected by noisy surroundings and therefore have lower
expectations of the acoustic environment.

In terms of occupation factors, several previous studies have shown that whether in
green space or urban open space, occupation has no significant relationship with sound pref-
erence [20,40,41]. The findings of our research were similar to these studies; in both urban-
type and forest-type temples, occupation had only a slight influence on sound preference.

(3) With regard to the sound preference for urban open space, a previous study showed
that the sound of bells and the songs of birds were identified by passers-by as two of the
most annoying sound sources in an old town [6]. However, the results of other studies
differed: church bells were one of most preferred sounds in urban open public spaces [40],
and one social survey of urban religious spaces that examined a cathedral and a Buddhist
temple in Seoul suggested that bell sounds and sounds from religious ceremonies in the
cathedral and temple were considered more important than other sounds, and human
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sounds from religious activities, such as Buddhist chants, were perceived as pleasant by
visitors [48]. Similar to the latter two studies, our research also found that Buddhism-related
human-made sounds were preferred in urban-type temples.

For forest parks or green spaces, many studies on soundscapes have found similar
results. In Jingci Temple (one Chinese forest-type temple in a famous West Lake scenic
area), natural sounds were most widely praised [43]. In parks, the majority of visitors
had a high preference for natural sounds [33], and birds, insects, and water sounds were
the most preferred [16,20,28]. Natural sounds were used positively to reduce unpleasant
feelings [19], and respondents’ tolerance of natural sounds was high relative to that of
traffic noise in nature parks [65]. Furthermore, natural sounds were associated with a much
higher degree of favourability in natural and ecological areas than in modern commercial
areas [66]. These results are consistent with our study; natural sounds were preferred in
forest-type temples more than in urban-type temples.

4. Conclusions

The current study conducted comparative research to investigate subjective sound-
scape evaluations between typical forest-type and urban-type Han Chinese Buddhist
temples. Based on an analysis of 685 valid soundscape questionnaires, it was concluded
that there were differences in people’s evaluation of the acoustic environment (including
quietness, comfort and harmony) and sound preference between forest-type and urban-
type temples. Objective factors, such as the measured sound levels synchronous with the
questionnaire, and subjective factors, such as the respondents’ sociological factors (includ-
ing age, belief, the purpose of visiting the temple, the frequency of visits to the temple per
year, education level, and occupation), had significant relationships with the evaluation
of the acoustic environment of the temples, but these factors played different roles in the
evaluation of the two types of temples, and some factors may not have contributed to the
evaluation of the acoustic environment in certain types of temples. The respondents in the
two types of temples had different sound preferences: respondents in forest-type temples
preferred natural sounds, while respondents in urban-type temples preferred Buddhism-
related human-made sounds. Overall, given the results of our quantitative questionnaire
analysis, this study identifies the specific differences in the soundscape evaluation of the
two types of temples so that the soundscapes of different types of temples can be designed
to meet the needs of different people. These findings could be instructive in soundscape
planning and designing processes in forest-type or urban-type temples. In the research
process, the definition and data collection methods in ISO 12913 on soundscapes were
referenced, and this paper also took into account the actual situation of soundscapes in
religious buildings and referred to the research of other scholars [45,48]. These attempts
might play a certain role in the development and subsequent revision of ISO 12913. In
future work, more diversified and thorough research with the help of VR, eye-tracking
technology, and physiological response monitoring should be adopted with the aim of
identifying measures to effectively improve the acoustic environment of different types of
temples and create a soundscape that is beneficial to people’s mental health.

5. Research Limitations

To some extent, the aforementioned results elucidate the subjective soundscape evalu-
ations of respondents with regard to forest-type and urban-type temples. The limitation of
this study is that the survey was distributed in only four temples located in northern and
central China, and more questionnaires and measurements focusing on more representative
temples with a larger geographical area may be necessary. In addition, this study used
univariate analysis in the correlation analysis without considering the interaction between
the independent variables, that is, whether there was an influence of mediating variables
or moderating variables. Only questionnaires and measured sound levels were used in the
research without audio-visual interaction or observation of human physiological indicators.
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Despite these limitations, the results of this study might provide effective and concrete
guidelines for better acoustic environments in two types of Buddhist temple.
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Appendix A

Questionnaire on the acoustic environment of Buddhist temples
Hello. This is a survey of the sound environment in Buddhist temples. This question-

naire is anonymous, and the results are only for this study, which will help to improve the
quality of the sound environment in temples. Please fill out the questionnaire based on
your feelings about the sound you heard inside and outside the temple. All questions are
single-choice except where noted. Thank you for your support!

Time ________ Location (temple) ________ Weather _____ Temperature _______
Measured A sound level______

Gender ________ (please mark
√

under the selected items)
A. Male B. Female

Age _______
A. Younger than 18 years old B. 18 to 30 years old C. 30 to 45 years old
D. 45 to 60 years old E. Older than 60 years old

Educational level ________
A. Primary school B. Middle school C. College or university D. Postgraduate

Occupation: Farmer, worker, soldier, service personnel, technician, teacher, cadre, student,
self-employed individual, managers, retired, unemployed, housewives, others ( . . . )

The average times that you would visit temple visits per year are____
A. Less than one time B. 1–2 times C. 3–4 times D. more than 4 times

1 You are here for__________ (mark
√

under the selected items)
A. Visiting tourism B. Worshiping the Buddha C. Exercising D. others __________
2 What is your attitude towards Buddhist thought?
A. Firmly believe B. Partially believe C. Do not believe
3 What is your evaluation of the sound environment in your current location?
Quiet Somewhat quiet Neither quiet nor noisy Somewhat noisy Noisy
� � � � �
1 point 2 points 3 points 4 points 5 points
4 How do you feel about the sound environment among your current environment?
Comfortable Somewhat comfortable No feeling Somewhat uncomfortable Uncomfortable
� � � � �
1 points 2 points 3 points 4 points 5 points
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5 Do you think the voices heard inside and outside the temple are in harmony with
the overall religious atmosphere of the temple?

Harmonious Somewhat harmonious No feeling Somewhat inharmonious Inharmonious
� � � � �
1 points 2 points 3 points 4 points 5 points
6 In the temple, if you hear the following sounds, which ones do you like and which

ones do you dislike? (please draw
√

)

Sound heard
like

1 points

somewhat
like
2 points

no feeling

3 points

somewhat
dislike
4 points

dislike

5 points

a. Bell

b. Tourist conversation

c. Construction site
noise

d. Flowing water

e. Tour-guide voice

f. Wind

g. Background music

h. Traffic sound

j. Drum

k. Fountain

l. Birds and insects

m. Footsteps

n. Rustling leaves

o. Instrument

p. Tourists’ prayers

q. Monks chanting

7 What advice do you have for sound environmrent improvement in Buddhist
temples? ______________________________________________________________________
______________________________________________________________________________
________________________________________________________________________________
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Abstract: Human soundscape perceptions exist through the perceived environment rather than the
physical environment itself and are determined not only by the acoustic environment but also by the
visual environment and their interaction. However, these relationships have mainly been established
at the individual level, which may impede the efficient delivery of human-oriented considerations in
improving the quality of large-scale urban spaces. Using the Chengdu Outer Ring Ecological Zone as
an example, this study aims to develop an approach to predict human perceptions in large-scale urban
green spaces. The site’s visual attributes, i.e., landscape composition, were calculated using space
syntax and the quantum geographic information system (QGIS); its aural attributes, i.e., the sound
level, were measured on site using a multi-channel signal analyzer; and its functional attributes,
i.e., vitality, were documented through on-site observations and mapping. This was performed
whilst obtaining people’s perceived soundscape through sound walks and a questionnaire-based
on-site survey. The above environmental information was collected at micro-scale measurement
spots selected within the site and then used together to formulate a model for predicting people’s
soundscape perceptions in the whole site. The prediction results suggested that people’s perceived
soundscape satisfaction increased as the distance from the ring road increased, and it gradually
reached its highest level in the green spaces stretched outside the ring road. The prediction results of
soundscape perception were then visualized using QGIS to develop planning and design implications,
along with maps describing the site’s visual, aural, and functional features. Planning and design
implications were suggested, including setting green buffers between noise sources and vulnerable
areas; identifying and preserving areas with special visual and acoustic characteristics; employing
sound shields around traffic facilities; and using natural landscapes to distract people’s attention from
noise and to block their view of the source of noise. This study innovatively predicts individual-scale
soundscape perception in large-scale UGSs based on environmental visual, aural, and functional
characteristics through cross-level measurements, analyses, and model construction. By introducing
a systematic perspective, the outcome of this study makes people’s soundscape perceptions more
applicable in the planning and design practices of large-scale urban settings.

Keywords: soundscape; human perception; prediction model; visual–aural attributes; urban green
spaces

1. Introduction

Soundscape is regarded as an important indicator of environmental quality and is
essential in constituting the landscape of urban green spaces (UGSs). Differentiated from
‘sound’ and the ‘acoustic/aural environment’, soundscape emphasizes the perceptual
construct of sounds and is defined as “the acoustic environment as perceived or experienced
and/or understood by a person or people, in context” [1]. This definition clarifies that the
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soundscapes of UGSs exist through human perception rather than the physical environment
itself and, thus, are determined not only by the acoustic environment but also by the visual
environment and their interaction. However, its essence as an individual perception
limits its practical application in providing efficient planning and design instructions for
large-scale urban spaces. This study intends to develop an approach to predict people’s
soundscape perceptions in large-scale UGSs through cross-level measurements, analyses,
and model construction, thus providing planning and design implications for improving
the perceptual quality of large-scale urban spaces.

The perception of soundscape is formulated through a systematic process [2] and
presented in multiple facets, among which perceived affective quality and physical acoustic
information are the two major aspects. Perceived affective quality of soundscape was firstly
proposed by Axelsson, Nilsson, and Berglund [3] as a two-dimensional model describing
human perceived soundscape including four bipolar factors: pleasantness, eventfulness,
calmness, and excitement. Many attempts have been made since to broaden the two-
dimensional model. Excitement was replaced with vibrancy in a similar model with
calmness as two underlying fundamental factors [4], while Aletta et al. [5] proposed that
perceived affective quality could be measured by a three-dimensional model comprising
pleasantness, eventfulness, and familiarity. A soundscape description tool including two
axes, cacophony-hubbub and constant-temporal, which were developed to respectively
present the numbers of sound sources and the levels of discordancy and variation within
the soundscape perceived by people [6]. In addition to replacement, these basic factors
have also been extended to incorporate more soundscape attributes. Axelsson, Nilsson, and
Berglund enriched their two-dimensional model with eight unidirectional indicators: calm,
pleasant, exciting, eventful, chaotic, annoying, monotonous, and uneventful [3]. The set of
indicators was later included in the ISO 12913 [7] to unify soundscape perception descrip-
tors and instruct soundscape evaluation. These perceived aural attributes of soundscapes
are commonly evaluated using qualitative methods such as soundwalks, questionnaires,
semantic analysis, and interviews [8]. Cao and Kang [9] used interviews and semantic
analysis to explore how people perceived sound classification, sound appraisal (including
sound features and psychological reactions), and soundscape preference in urban public
spaces. Questionnaire-based surveys were employed in a study to evaluate the urban forest
soundscape according to the eight perceptual attribute quality indicators outlined in ISO
12913 [7]. For similar studies, strict controls on experimental design and subject selection
are required to ensure the accuracy of the obtained results, as these measurements are
strongly influenced by individual perceptive differences [10] and the scope of settings [11].

In addition to perceptive attributes, physical parameters in relation to the acoustic
environment, such as noise annoyance [12], sound level [13], and the composition and sig-
nificance of sound sources [14], were also confirmed with effects on soundscape perceived
by the individual. Noise annoyance was increased when the sound was regarded to have
a negative impact on society [15] and was measured by loudness, sharpness, fluctuation
strength, and impulsiveness in early research. After quantifiable acoustic instruments were
invented, parameters (i.e., LAeq, LCeq, and LA10) that could be recorded and analyzed to
indicate sound pressure levels, fluctuation difference, and dB change at low frequencies
were widely applied in relevant acoustic studies. Soundscape composition is normally
used to objectively reflect the existence of different sound sources. It is another important
parameter used in predicting people’s soundscape perceptions, and it is often measured
together with the loudness or significance of sound sources [16]. For studies evaluating
soundscape perceptions through physical parameters, acoustic instruments such as digital
acoustic recorders, spectrogram analyzers [17] and multi-channel signal analyzers [18]
are commonly used to obtain and analyze the sound composition of the surrounding
environment [14], the significance of sound sources [17], and the sound pressure level [13].
For example, recordings and EMuJoy software were used in a recent study to analyze
the effect of sound sequence on soundscape emotions, focusing on three aspects of sound
sources: the number of sound sources, changing trends in the number of sound sources
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(increment/decrement), and the category of the sound source [14]. The relationships be-
tween certain physical and psychoacoustic parameters (LAeq, LCeq, LA10, and LA90) and
perceived soundscape composition parameters (perceived loudness of individual sound,
perceived occurrences of individual sound, and soundscape diversity index) were investi-
gated to develop a more effective way to design soundscapes in city parks [16]. Physical
parameters were recorded with a Sony PCM-D50 sound recorder, while perceived sound-
scape composition parameters were obtained through sound walks. However, constrained
by the accuracy and application scope of instruments, these relationships were primarily es-
tablished at the individual level and are difficult to apply in predicting human perceptions
in large-scale spaces. Some of them can even only be validated in laboratory settings.

In addition to aural aspects, environmental visual attributes can also influence sound-
scape perception [19]. The influences of visually perceived naturalness [20], waterscape [21],
aesthetics [22], openness [23], layering and order [24], the visibility of noise sources [25],
crowding [26], and maintenance level [27] have been proven in various contexts, such as
urban forests [28], urban parks [29], urban public spaces, university campuses [30], and
neighborhoods [31]. These indicators can generally be classified into perception type and
physical type [32]. The perception type is normally measured and analyzed as qualitative
indicators, while the physical type can be described both qualitatively and quantitatively.
In a study of Chinese urban parks, the composition of landscape elements was calculated as
percentages and considered an important factor in modeling soundscape perceptions [25].
Subjective soundscape attitudes were found to be directly influenced by visual indicators
that physically described urban streets, including the street width, building height, and
street width to building height in a study conducted with the help of 3D virtual reality [33].
The effects of visual attributes on soundscape perception have also been explored in studies
investigating the interactions between visual and aural characteristics [34]. Scholars have
found that a quiet environment with low sound pressure levels does not necessarily lead
to high satisfaction with soundscape perception since visual information can supplement
and enhance the meaning of the sound that people perceive [35,36], and vice versa [37].
High levels of environmental decibel values can significantly interfere with the process
of perceiving visual environments, thus negatively affecting people’s overall perceived
soundscapes [38]. In addition, the consistency between visual and aural attributes plays
an important role in constituting people’s soundscape perceptions. When the two as-
pects are consistent, people are more likely to have better evaluations of environmental
soundscapes [39]. Thus, it is essential to consider both the visual and aural attributes
of an environment as well as their interaction in evaluating, modeling, and predicting
individuals’ soundscape perceptions.

Though efforts have been made, most relationships were constructed within perceptual
qualities. People’s perceived acoustic comfort was correlated with acceptability of the
environment and preference to stay in an urban park context [6]. A study conducted in five
different types of UGSs also found that perceived affective qualities of soundscape (PAQs)
and perceived sensory dimensions of landscape (PSDs) could be used to measure overall
soundscape satisfaction [6]. Very few studies have attempted to measure the soundscape
perceptions of individuals based on the physical attributes of the environment, while
relationships between subjective human experience and objective environmental indicators
are actually key in delivering applicable design implications. Aletta, Kang, and Axelsson
(2016) developed a conceptual framework for predictive soundscape models based on a
literature review. Although it contained both physical and perceptive aural attributes, no
visual indicator was considered. Also, these indicators were proposed to be measured with
soundwalks, laboratory experiments, narrative interviews, and behavioral observations in
the framework. Therefore, the application scope and practicality of the modeling results
may be significantly constrained, and the results of applying the framework on a specific
setting can rarely be used to provide insight for design improvements. This limitation was
also observed in another model implementing perceptual aural attributes (e.g., ‘calm’ and
‘pleasant’) for a UK garden based on audio recordings of it [40]. Using physical, behavioral,
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social, demographical, and psychological factors as independent variables, an artificial
neural network was employed to generate soundscape models accordingly. The outcome of
this study still did not overcome the constraints on a research scale since the performance
of the constructed models became worse as the number of sites increased.

Therefore, this study aims to establish a model to mathematically predict people’s
perceived soundscapes in large-scale UGSs based on environmental visual, aural, and
functional characteristics. Taking the Chengdu Outer Ring Ecological Park as the research
site, its visual attributes, specifically the landscape composition, were calculated using
space syntax and the quantum geographic information system (QGIS); its aural attributes,
specifically the sound level, were measured using a professional acoustic apparatus; and
its functional attributes, namely vitality, were documented through on-site observations
and mapping. To obtain people’s perceived soundscapes, a questionnaire-based on-site
survey was conducted during sound walks. Environmental data were collected at micro-
scale measurement spots selected within the site and then used together to formulate a
stochastic model. This was performed to investigate whether and how the model changed
within different sound level ranges [41]. This model could not only disclose the correlation
between environmental characteristics and human-perceived soundscapes but could also
be used to predict people’s perceived soundscapes in large-scale UGSs. Environmental
data were then collected at the site level and input into the constructed model to predict
people’s perceived soundscapes in the site. The results were also visualized as a soundscape
perception map to indicate where planning and design improvements should be introduced
to enhance people’s soundscape experiences.

2. Materials and Methods

2.1. Research Site

This study selected the Chengdu Outer Ring Ecological Zone (hereinafter referred as
‘the Zone’) as the research site, which is defined within 500 m on both sides of the Chengdu
Outer Ring Road. The Zone covers an area of about 187.2 square km containing various
land uses, such as green spaces, transportation, residences, commerce, and farmland.
The planning objective of this project was to transform the Zone into a giant eco-park
surrounding the inner city of Chengdu. To date, the southern part of the Zone has largely
been built and widely praised by the public. However, it also suffers from noise issues.
Traffic sounds from surrounding highways, railways, and Tianfu Airport, and mechanical
sounds from nearby construction have seriously affected people’s landscape experiences.
High-level development requirements and current noise problems make the Chengdu
Outer Ring Ecological Zone an appropriate research site for this study (see Figure 1).

Measurement spots were selected to obtain people’s soundscape satisfaction eval-
uation results. At the spot scale, the influential indicators and mechanisms of people’s
soundscape satisfaction were determined so that a model to predict people’s soundscape
satisfaction for the whole site could be established. A total of 25 measurement spots were
selected within the southern part of the site, which is built and open to the public. The
selection was based on the following criteria: (1) the spots should present typical visual and
acoustic features of the site and be distinct from one another; (2) an open view is required
for each spot, along with enough space to allow participants to take free experiential walks
without interfering with the acoustic recordings; and (3) the distance between measure-
ment spots should be over 300 m to allow enough time for subjects to clear their heads
before starting a new evaluation. Each measurement spot was delimited to a moderate size
between 50 m × 50 m and 100 m × 100 m to ensure enough space for people to experience
the environment without losing the sense of space [42] (see Figure 1).
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Figure 1. Research site: Chengdu Outer Ring Ecological Park.

2.2. Measurements

Visual landscape composition, sound pressure level, and functional vitality were
determined as environmental indicators to explore whether and how they can affect hu-
man soundscape perceptions. Given that the study aimed to predict human soundscape
perceptions in large-scale UGSs, the visual, aural, and functional characteristics were first
measured for the 25 measurement spots. These were then used to construct a prediction
model for the Chengdu Outer Ring Ecological Park.

2.2.1. Visual Landscape Composition

Visual landscape attributes were calculated from people’s perspectives rather than
from the actual distribution of landscape elements. QGIS and space syntax were used to
calculate the landscape composition people visually perceived at the site. According to the
pilot study, five major landscape elements—woodland, buildings, grassland, waterscape,
and pavement—existed within the site. Among which buildings and woodland were also
taken as visual obstacles. Their boundaries were delimited using QGIS Maptiler and Google
satellite images so that to identify areas that could be visually perceived by people. These
visible areas were then analyzed in Depthmap over a 50 m × 50 m grid and imported into
QGIS again to respectively calculate the areas of buildings (B), grassland (G), waterscape
(Wa), woodland (Wo), and pavement (P) within each grid. Following this procedure, the
visual landscape composition was first calculated for the whole site, and the composition
of each measurement spot was then obtained from the overall calculation results based on
its actual location and range (see Figure 2).
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Figure 2. Measuring visual landscape calculations of the site using space syntax and QGIS.

2.2.2. Sound Pressure Level

The equivalent continuous A-weighted sound pressure level (LAeq) was selected to
objectively describe environmental sound levels. It is a widely used parameter in existing
studies to indicate the environmental decibel value and variations in sound intensity [42]
and has been confirmed to have evident effects on people’s soundscape perceptions [43].
Thus, sound pressure level was regarded as appropriate in objectively representing the
aural attributes.

The sound level was first measured on a spot scale using a multi-channel signal an-
alyzer (AWA6290L+). This acoustic instrument has proven to be effective in measuring
and recording sound levels in outdoor environments owing to its multi-channel receptors
and high sensitivity [44]. In the field measurements, it was used with a set of apparatus in-
cluding two test microphones (AWA14423, frequency range 20–16,000 Hz, sensitivity about
40 mV/Pa), two preamplifiers (AWA14604, Integrated Circuits Piezoelectric, impedance
conversion, frequency range 10–200 kHz, Gain 1), two 80 mm diameter wind balls, and
two tripods (about 1.6 m high).

Considering the difficulty of instrumentally measuring the sound pressure level of
the whole site, it was estimated based on the dominant sound source: traffic. The sound
pressure level of traffic noise was calculated using the noise prediction model (NPL) [see
http://resource.npl.co.uk/acoustics/techguides/crtn/ (accessed on 18 March 2022)]. It
is an open-sourced model for calculating road traffic noise levels in non-complex situa-
tions [45]. Traffic volume data for the 30 urban roads that crossed the site and the penetra-
tion state of road pavement materials were retrieved from the Chengdu Communication
Investment Company with their consent. Additionally, the proportion of heavy vehicles
(Mean = 22%, SD = 2.87) in the traffic flow and active time period (18 h/day) was estimated
through on-site investigation. This information was then entered into the NPL to calculate
the decibel values for each road within a range of 10 m on both sides of its center line.
The decibel values of the 30 roads generated by the NPL were then correlated with road
hierarchy information and entered into QGIS to calculate the sound pressure level for the
site’s entire traffic network. Referring to the principle of sound attenuation, the OpenNoise
plugin in QGIS was used to predict and visualize the noise distribution within the entire
site (see Figure 3).

108



Forests 2023, 14, 1946

Time Period

Speed
Total Vehicle Flow

Heavy Vehicles
Gradient
Road Surface

Basic

Road

Traffic Data

Physical
Conditions

Stage 1 - Divide the road scheme
into segments

Stage 2 - Basic Noise Level NPL

Stage 3 - Propagation

Qgis+OpeNoise plugin

Level one
Secondary
Level three
High way
Freeway
Branch road
Railway

58.7-60
60-65
65-70
70-75
75-80
80-85
85-90

Road
Network

QGIS

Decibel
+

Value(dBA)
De
Va

Ro
Ne

Figure 3. Sound pressure level calculated using NPL, QGIS, and the OpeNoise plugin.

2.2.3. Functional Vitality

Functional vitality (V) was adapted from the notion of urban vitality. It refers to people
and their activities observable in a specific space throughout varied time schedules and
is the product of the number and duration of various activities [46]. This study revised
the term to “functional vitality” and defined it as the diversity and intensity of activities
occurring within different areas of the site. The measurement of this indicator could be
used to illustrate human behavior attributes in response to environmental characteristics.

Functional vitality was initially measured at the spot scale through on-site observations
and mapping conducted by four groups of trained surveyors. During the site’s open hours,
surveyors ranked the diversity (total number of activity types) and intensity (total number
of people) of each spot at two-hour intervals from 8:00 to 17:00 (10:00, 12:00, 14:00, and
16:00) using a five-level Likert scale (1–5, with 1 representing “not diverse/intensified at all”
and 5 representing “strongly diverse/intensified”). The mean value of the four surveyors’
ratings was then calculated to determine the functional vitality for each measurement spot.

Given that spatial vitality can be influenced by environmental functions [47] and
landscape characteristics [48], the functional vitality obtained for each measurement spot
was first correlated with its land use and visual landscape composition. The same value of
functional vitality was then assigned to grids with similar land uses and visual landscape
compositions using QGIS to ascertain the functional vitality of the entire site (see Figure 4).

2.2.4. Satisfaction with Perceived Soundscape

People’s satisfaction with their perceived soundscape (S) was used to describe the
overall soundscape perception in the site and was measured through a sound walk and
questionnaire-based on-site survey conducted at each measurement spot. The questionnaire
was designed as an online version in advance of the sound walk. It started with collecting
subjects’ background information, including gender and age, to assess whether individual
perceptual differences existed, followed by a question to investigate whether people were
satisfied with their perceived soundscape in each experienced measurement spot, also using
a five-level Likert scale (1–5, with 1 representing “strongly unsatisfied” and 5 representing
“strongly satisfied”).
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Figure 4. Functional vitality of the site calculated based on spot vitality ratings, land uses, and visual
landscape characteristics.

2.3. Data Collection

Data collection mainly occurred at the spot level to gather information related to sound
pressure level, functional vitality, and human-perceived soundscape satisfaction. Based
on previous soundscape studies, the total number of valid responses needed for relevant
studies should exceed 100. Considering the number of spots, 20 local university students
aged between 20 and 30 years with normal hearing and vision abilities were recruited
to participate in the sound walk and questionnaire-based survey. Before performing the
sound walk and survey, all participants went through a training process and provided
informed consent.

The field survey was conducted on three sunny days in July 2021, with an air quality
index below 60 and wind speeds under 5 m/s. The 20 subjects were evenly split into four
groups and each group was led by one researcher. The routes taken by the four groups
to traverse the 25 measurement spots were different and determined before starting the
survey. The subjects were instructed to take a sound walk and individually wander within
each measurement spot for five minutes to experience their surrounding environment.
Afterwards, they completed the online questionnaire through a link provided by the
researcher. Subjects were asked repeatedly to complete the sound walk and questionnaire
survey at each of the 25 measurement spots, yielding a total of 500 responses. Data
deemed as “noise”, such as incomplete questionnaires or those with identical ratings for
every indicator, were manually removed. The final number of valid responses was 393
(approximately 16 per spot).

Another group of researchers recorded the environmental sound level at each spot
using the multi-channel signal analyzer while the sound walk and questionnaire survey
were being carried out. The set of equipment was positioned at the central point of each
spot for recording. The sound pressure level of each spot was measured four times in
accordance with the frequency of the sound walks conducted respectively by the four
subject groups. For each measurement, the signal was firstly calibrated using a sound-level
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calibrator (AWA6021A, accuracy level 1) and then the formal recording was taken by the
multi-channel signal analyzer (AWA6290L+) for a consecutive three minutes. Therefore,
four sets of three-minute recordings (a total of 100 recordings) were collected for each spot
and the sample frequency of each audio file was 96.0 kHz.

2.4. Data Analysis

Data analysis was conducted at the spot and site levels, while the prediction and
visualization process was only undertaken at the site level.

At the spot level, metrics such as human-perceived soundscape satisfaction, sound
pressure level, and functional vitality were collected. Human-perceived soundscape sat-
isfaction was first checked for reliability and then presented as the mean value of the
responses obtained at each spot. The sound data were analyzed using spectrum analysis
incorporated in the SPL 1/3 octave bands analysis package of AWA6229 6.0 software. The
analysis was performed on audio files to calculate the LAeq for each spot over the four
sets of three-minute recordings. The average LAeq of each measurement spot represented
the average of four sets of recordings and the average sound level recorded during three
minutes. Regarding functional vitality, three steps were taken to determine the final value
for each spot. First, the average of behavior diversity and intensity was rated by four
surveyors at each measurement spot. Then, the average rating from the four surveyors
was calculated. Given that observations and evaluations occurred in different time slots,
the average functional vitality of the recorded slots was also determined. Therefore, the
functional vitality represented the averages of the four surveyors’ ratings, intensity and
diversity, and all recorded time slots.

Before model construction, the turning point in the sound level was first determined.
Correlational analysis was then employed to identify indicators relevant to people’s sat-
isfaction with the perceived soundscape. These relevant indicators were then used to
formulate regression models to illustrate the relationships between people’s soundscape
satisfaction and its influencing visual and aural attributes.

Information about visual landscape composition, sound pressure level, and functional
vitality was obtained and calculated at the site level. These data were then incorporated into
the previously generated stochastic model to predict the overall satisfaction of people with
their perceived soundscape for the site. The sound perception results were subsequently
visualized using QGIS to develop planning and design implications.

3. Results

3.1. Manipulation Checks

The internal consistency of people’s satisfaction responses was examined using Cron-
bach’s alpha [49] in SPSS V26.0. The results suggested that the reliability of the evaluated
soundscape perceptions was consistently greater than 0.6, indicating the effectiveness of the
obtained data. An independent samples t-test was also conducted based on gender groups
to investigate whether any perceptual differences existed. The Levene test for variance
equality showed values greater than 0.05, indicating homogeneity of variance. Additionally,
the t-test results for the mean equation were all greater than 0.05, demonstrating that gender
differences had no impact on individual perceived soundscapes.

3.2. Descriptive Analysis

General descriptions of the visual landscape, sound pressure level, functional vitality,
and soundscape perception results measured at the spot level are shown in Table 1.
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Table 1. General descriptions of environmental attributes and human soundscape perceptions
measured at the spot level.

Measurement Spot
(No.)

Waterscape
(Wa)

Woodland
(Wo)

Grassland
(G)

Buildings
(B)

Pavement
(P)

Sound
Level

(LAeq)

Functional
Vitality

(V)

Soundscape
Satisfaction (S)

1 Mean 0.00% 0.96% 20.89% 14.80% 15.33% 76.00 3.00
Mean 3.50

Std. Dev. 0.52

2 Mean 0.00% 0.00% 88.27% 0.00% 11.73% 78.00 1.00
Mean 4.00

Std. Dev. 0.00

3 Mean 4.07% 0.00% 79.51% 0.00% 16.42% 71.00 1.00
Mean 2.57

Std. Dev. 0.51

4 Mean 6.02% 0.29% 74.85% 1.70% 8.96% 76.00 1.00
Mean 4.00

Std. Dev. 0.00

5 Mean 6.23% 0.21% 76.16% 1.69% 8.35% 82.00 3.00
Mean 3.00

Std. Dev. 0.00

6 Mean 6.10% 0.12% 74.56% 1.64% 8.57% 79.00 0.00
Mean 4.00

Std. Dev. 0.00

7 Mean 0.00% 17.23% 57.51% 0.00% 0.20% 66.00 2.00
Mean 4.41

Std. Dev. 0.51

8 Mean 27.71% 16.26% 48.92% 0.07% 1.54% 84.00 1.00
Mean 4.00

Std. Dev. 0.00

9 Mean 19.75% 15.20% 51.59% 0.68% 11.41% 96.00 2.00
Mean 3.53

Std. Dev. 0.52

10 Mean 15.75% 13.84% 53.60% 0.54% 11.95% 76.00 1.00
Mean 3.53

Std. Dev. 0.51

11 Mean 15.53% 15.75% 53.22% 0.52% 11.63% 77.00 0.00
Mean 4.00

Std. Dev. 0.00

12 Mean 0.00% 22.64% 52.63% 2.60% 14.16% 69.00 4.00
Mean 3.63

Std. Dev. 0.50

13 Mean 0.00% 20.61% 67.87% 0.00% 8.48% 90.00 2.00
Mean 4.00

Std. Dev. 0.00

14 Mean 21.66% 12.15% 46.64% 0.77% 14.96% 100.00 1.00
Mean 3.58

Std. Dev. 0.51

15 Mean 0.84% 34.15% 51.80% 0.00% 13.21% 76.00 3.00
Mean 3.00

Std. Dev. 0.00

16 Mean 2.12% 17.25% 64.50% 0.00% 16.12% 76.00 3.00
Mean 3.00

Std. Dev. 0.00

17 Mean 5.78% 21.51% 56.76% 0.00% 15.96% 75.00 3.00
Mean 2.68

Std. Dev. 0.48

18 Mean 13.84% 28.27% 45.41% 0.39% 12.10% 71.00 3.00
Mean 3.50

Std. Dev. 0.51

19 Mean 6.70% 5.83% 77.70% 0.00% 9.76% 75.00 0.00
Mean 2.79

Std. Dev. 0.42
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Table 1. Cont.

Measurement Spot
(No.)

Waterscape
(Wa)

Woodland
(Wo)

Grassland
(G)

Buildings
(B)

Pavement
(P)

Sound
Level

(LAeq)

Functional
Vitality

(V)

Soundscape
Satisfaction (S)

20 Mean 18.30% 3.03% 65.50% 0.00% 13.17% 77.00 2.00
Mean 3.00

Std. Dev. 0.00

21 Mean 16.68% 17.53% 54.22% 0.12% 11.45% 79.00 3.00
Mean 3.00

Std. Dev. 0.00

22 Mean 14.17% 30.39% 48.88% 0.00% 6.56% 78.00 3.00
Mean 3.33

Std. Dev. 0.48

23 Mean 52.33% 2.25% 30.56% 1.95% 1.66% 76.00 1.00
Mean 3.42

Std. Dev. 0.51

24 Mean 48.43% 0.00% 33.13% 5.20% 0.00% 69.00 2.00
Mean 3.48

Std. Dev. 0.51

25 Mean 48.60% 0.03% 33.49% 4.59% 0.00% 72.00 3.00
Mean 3.88

Std. Dev. 0.34

Sum Mean 14.70% 11.70% 55.45% 1.60% 9.63% 77.33 1.91
Mean 3.46

Std. Dev. 0.62

The average satisfaction of people in terms of soundscape perception was rated as
3.46. People were most satisfied with their perceived soundscape in spot 7 (4.41/5.00)
and least satisfied with spot 3 (2.57/5.00). Most measurement spots (21 out of 25) re-
ceived ratings between 3.00 and 4.00. Three spots—spots 3 (2.57/5.00), 17 (2.65/5.00), and
19 (2.79/5.00)—were rated lower than 3.00. See Table 1.

3.2.1. Descriptive Analysis of Visual Landscape Composition

At the spot level, it was observed that the component of grassland (Mean = 55.45%)
constituted the majority in almost all of the 25 measurement spots, followed by waterscape
(Mean = 14.70%) and woodland (Mean = 11.70%). In most measurement spots, grassland
accounted for over 50% of the landscape composition. The highest percentages of grass-
land appeared at spots 2 (88.27%), 3 (79.51%), 19 (77.70%), 5 (76.16%), 4 (74.85%), and
6 (74.56%). Only seven spots—8 (48.92%), 14 (46.64%), 18 (45.41%), 25 (33.49%), 24 (33.13%),
23 (30.56%), and 1 (20.89%)—had less than 50% grassland within their delimited areas.
Among the 25 spots, spot 1 had the least component of grassland. In terms of another green
landscape, woodland, it was negligible in spots 1 (0.96%), 2 (0.00%), 3 (0.00%), 4 (0.29%),
5 (0.21%), 6 (0.12%), 24 (0.00%), and 25 (0.03%), while spots 15 (34.15%), 22 (30.39%),
18 (28.27%), 12 (22.64%), 17 (21.51%), and 13 (20.61%) had relatively higher percentages
of woodland. Waterscape was especially dominant in spots 23 (52.33%), 24 (48.43%),
25 (48.60%), 8 (27.71%), and 14 (21.66%). However, it was not a mandatory component
for designing all spaces in UGSs; therefore, it was scarcely observed in spots 1 (0.00%),
2 (0.00%), 7 (0.00%), 12 (0.00%), 13 (0.00%), and 15 (0.84%). Pavement (Mean = 9.63%) and
buildings (Mean = 1.60%) were the least dominant components in all of the measurement
spots (see Table 1 and Figure 5).

In general, grassland was evenly distributed within the site but had some obvious
aggregations in the stretched spaces located at the inner side of the ring road. The distribu-
tion of woodland, however, was mostly scattered and showed an opposite trend to that of
buildings. Waterscape was primarily observed in the southern part of the site, where the
construction process was more advanced. Pavement in the site was composed of roads and
trails and was therefore distributed along the ring road and also within the parks on the
site (see Figure 6).
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Figure 5. Visual landscape composition of each measurement spot.

3.2.2. Descriptive Analysis of Sound Pressure Levels

The average sound pressure level at the 25 measurement spots was 77.33 dBA. Twenty-
three spots had decibel values exceeding the 70.00 dBA limit requested in the Standard of
Sound Environment Quality (GB3096-2008). The sound levels at spots 9 (96.00 dBA) and
13 (90.00 dBA) surpassed 90.00 dBA and that at spot 14 even reached 100.00 dBA. Only
three spots—spots 7 (66.00 dBA), 12 (69.00 dBA), and 24 (69.00 dBA)—had sound levels
measured slightly lower than the 70 dBA limit. See Table 1 and Figure 7 for details.
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Figure 6. Distribution of major visual landscape elements within the site.

Figure 7. Sound pressure levels calculated for the site.
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The modeling and visualization results suggested that the sound pressure level (above
80.00 dBA) was extremely high within a 150 m range on both sides of the ring road. For
the ring road itself, the sound pressure level exceeded 95.00 dBA. Additionally, the sound
map clearly showed that the environmental sound pressure level decreased evenly with
increasing distance from both sides of the ring road (see Figure 7).

3.2.3. Descriptive Analysis of Functional Vitality

Functional vitality was relatively low at the spot level, with an average of 1.91
(SD = 1.14). Almost all spots were rated lower than 3.00, with the exception of spot 12
(4.00/5.00). The majority were evaluated at 3.00 (nine spots: spots 1, 5, 15–18, 21, 25),
followed by 2.00 (five spots: spots 7, 9, 13, 20, 24), and 1.00 (seven spots: spots 2–4, 8, 10, 14,
23). Additionally, three spots—spots 6, 11, and 19—were rated at 0.00 in terms of functional
vitality. See Table 1 and Figure 8b.

 

Figure 8. Land uses (a) and functional vitality (b) of the site.

The functional vitality predicted for the entire site is presented in Figure 8b. The road
network was manually given a rating of 5.00 by the researcher to differentiate it from other
spaces accessible to people. However, these highest-rated spaces will not be discussed
further in the context of developing design and planning implications. Compared with
the land uses shown in Figure 8a, functional vitality was relatively high in most green
spaces and commercial areas, while lower levels of vitality were primarily observed around
residential areas.

3.3. Satisfaction with People’s Perceived Soundscape Predicted by Environmental Characteristics
3.3.1. The Influence of Sound Level Range on People’s Soundscape Satisfaction

Previous evidence suggested that a certain range exists in the relationship between
soundscape perception and sound level [50]; when the sound level exceeds that range, the
relationship may vary accordingly [51]. Therefore, the sound pressure level was determined
as an indicator and also the mediator in this study. To ensure the accuracy of the prediction
model, this study first explored the sound level ranges of the site.

Correlational analysis was conducted first on all datasets to confirm that people’s
soundscape satisfaction was significantly influenced by sound level (p < 0.01). Afterwards,
a scatter plot was used to visually present how people’s soundscape satisfaction changed
with sound level. It was quite evident that a negative relationship could be observed when
the sound level was lower than 75 dBA. For levels above 75 dBA, there was first a slight
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increase between 75 and 84 dBA, and then stability was reached when the sound level
exceeded 84 dBA (see Figure 9).

 

Figure 9. Scatter plot showing the relationship between overall soundscape perception and sound
pressure level.

Correlation analyses were also performed to validate the turning point and found that
when the sound level was lower than 75 dBA, a significant negative correlation between
sound pressure level and soundscape satisfaction was evident (R = −0.600, p < 0.01). Addi-
tionally, the correlation coefficient decreased dramatically when the sound level exceeded
this threshold (R = 0.120, p = 0.062 > 0.05). This indicated that when the sound level
exceeded 75 dBA in this study, people’s satisfaction with the surrounding soundscape
became less predictable. Therefore, under and above 75 dBA were identified as two sound
level ranges to carry out the following model construction.

3.3.2. Correlational Analysis between Soundscape Satisfaction and Visual and Aural
Indicators

Data from the 25 measurement spots were divided into groups with sound pressure
levels above and below 75 dBA. Pearson correlational analysis was then conducted sepa-
rately for these two groups to identify visual, aural, and functional indicators related to
people’s soundscape perceptions in environments with sound pressure levels above and
below 75 dBA.

The correlational analysis results indicated that for the dataset with sound pressure
levels lower than 75 dBA, people’s satisfaction with the soundscape could be influenced
by the visual proportions of waterscape, grassland, buildings, and pavement, as well as
the sound pressure level and functional vitality. Among them, the waterscape, buildings,
and sound pressure level had positive effects, while the other three factors had negative
influences. Fewer influential indicators were found for the group with sound pressure
levels above 75 dBA; only grassland was positively related, while woodland, pavement,
and functional vitality had negative effects. Only indicators with significant relationships
with people’s soundscape satisfaction were included in the regression analysis (see Table 2).

Table 2. Correlational analysis between soundscape satisfaction and environmental indicators.

Groups Wo Wa G B P LAeq V

<75 dBA
N = 153

Correlation (Pearson’s r) 0.145 0.192 * −0.471 ** 0.309 ** −0.572 ** 0.330 ** −0.600 **
Significant (p) 0.073 0.017 0.000 0.000 0.000 0.000 0.000

>75 dBA
N = 240

Correlation (Pearson’s r) −0.211 ** −0.083 0.202 ** 0.004 −0.180 ** 0.120 −0.548 **
Significant (p) 0.001 0.203 0.002 0.953 0.005 0.062 0.000

Indicator values with * and ** are those with obvious relationships with soundscape satisfaction.
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3.3.3. Prediction Models of Soundscape Satisfaction

Regression analysis was also conducted, respectively, for the groups with sound levels
above and below 75 dBA. Thus, two sets of linear regression models were established.

In the group with sound levels under 75 dBA, five environmental indicators, grassland
(p < 0.01), buildings (p < 0.01), pavement (p < 0.01), sound pressure level (p < 0.01), and
functional vitality (p < 0.01), were significantly related to people’s satisfaction with their
perceived soundscape. A model with an R2 of 0.572 was found as follows:

S = 6.899 + 0.013 × G − 0.079 × B − 0.089 × P − 0.059 × LAeq + 0.368 × V (1)

Correlational analysis results suggested that woodland (p < 0.01), grassland (p < 0.01),
pavement (p < 0.01), and functional vitality (p < 0.01) were significantly influential indicators
of people’s satisfaction with their perceived soundscape. Thus, the model constructed for
the group with sound levels above 75 dBA was (R2 = 0.312):

S = 3.883 − 0.002 × Wo + 0.003 × G − 0.007 × P − 0.253 × V (2)

The estimated coefficient values for all indicators and model-fitting information are
listed in Table 3.

Table 3. Model fit and estimation of B coefficients of the models.

Group Model Fit (R2) Attribute Estimate B Standard Error t-Value p-Value

<75 dBA
(N = 153) 0.572

G 0.013 0.008 1.699 0.091
B −0.079 0.034 −2.319 0.022
P −0.089 0.014 −6.513 0.000

LAeq −0.059 0.019 −3.132 0.002
V 0.368 0.078 4.701 0.000

>75 dBA
(N = 240) 0.312

Wo 0.002 0.003 0.624 0.624
G 0.003 0.002 1.618 1.618
P −0.007 0.007 −1.110 −1.110
V −0.253 0.030 −8.333 −8.333

Two sets of models were employed to visually represent people’s satisfaction with the
soundscape of the entire site (Figure 10). Compared with site mappings of visual landscape
composition, sound pressure level, and functional vitality, the trend in soundscape satis-
faction distribution was generally opposite to that of sound pressure level and functional
vitality. The lowest level of soundscape satisfaction appeared alongside the ring road,
where both the sound level and vitality were extremely high. Soundscape satisfaction
increased as the distance from the ring road increased, and it gradually reached its highest
level in the spaces stretched outside the ring road. Within the Chengdu Outer Ring Ecologi-
cal Zone, spaces with higher ratings of soundscape perception also had high percentages of
grassland, woodland, waterscape, and buildings (Figures 6–10).
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Figure 10. Soundscape perception map for the Chengdu Outer Ring Ecological Zone.

4. Discussion

4.1. Predicting Large-Scale Soundscape Perceptions Based on Small-Scale Measurements

This study innovatively predicted human soundscape perception in large-scale UGSs.
In this study, the prediction of large-scale soundscape perceptions based on small-scale
measurements was achieved through three major consecutive steps: (1) collecting visual,
aural, and functional characteristics and people’s soundscape satisfaction at the selected
measurement spots; (2) building a stochastic model describing the relationships between
human subjective perceptions and objective environmental attributes; and (3) collecting
environmental information at the site level and inputting it into the stochastic model
to predict people’s soundscape satisfaction at the site, which was then visualized as a
soundscape perception map.

This approach is expected to save time and effort in conducting sound walks and
on-site evaluations. The model for predicting human satisfaction with the soundscape
(dependent variable) simply requires quantifiable visual, aural, and functional attributes of
the environment as independent variables. With the development of big data and modeling
techniques, this environmental information becomes increasingly accessible to profession-
als, thereby increasing the accuracy and possibility of predicting human perceptions in
large-scale urban spaces. A similar mindset was also found in a study assessing the visual
comfort of streets at the city scale using artificial intelligence-based image analysis and per-
ceptive evaluation methods [52]. These attempts have made individual perceptions more
applicable in large-scale planning and design practices, although small-scale measurements
are still needed at the initial model construction stage.
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4.2. Applying Soundscape Perception Models and Maps in UGS Planning and Design

To provide cues for regulating planning and design, the soundscape satisfaction map
should be considered in conjunction with sets of maps presenting the visual landscape,
sound pressure levels, and functional vitality of the Chengdu Outer Ring Ecological Zone.
The results suggested that strong planning and design interventions should be introduced
within a 300 m range along both sides of the ring road. Tracing back to the distribution
of visual, aural, and functional characteristics, a decrease in environmental sound level
was particularly important for improving people’s satisfaction. Given that the ring road
serves essential traffic functions, controlling traffic flow is unrealistic. Thus, planning
regulations should consider adjustments in land use. For example, residential land use
and educational facilities should be planned as far away from the ring road as possible,
and ecological green spaces that are inaccessible to people can serve as buffer zones [53]
between them. Urban parks open to the public should not be planned too close to the ring
road, if possible, while commercial and industrial lands can be prioritized in areas closer to
the ring road. In addition to planning considerations, physical noise reduction methods
such as acoustic shields [54] and noise-absorbing materials [55] should be encouraged
along the ring road. In terms of the visual landscape, natural elements have long been
confirmed to have positive effects on human soundscape satisfaction [56], which was
also consistent with the distribution of grassland, waterscape, and woodland at the site.
Spaces with high levels of satisfaction also featured a high percentage of buildings, possibly
because high-rise buildings can obstruct people’s view of noise sources [57]. Furthermore, a
medium level of functional vitality should be encouraged to maintain people’s satisfaction
with soundscapes, which can also be modified through land use and visual landscape
characteristics.

Therefore, it can be concluded that improving soundscape perception in large-scale
UGSs requires an integrated approach from both planning and design perspectives. The
application of this approach should also be considered in conjunction with spatial functions.
Planning regulations for land use may include: (1) setting green buffers between noise
sources and vulnerable areas (i.e., residential areas, educational facilities, and urban parks)
that have low levels of sound tolerance; (2) placing land uses with high tolerance, such as
traffic, industrial, and commercial functions, close to noise sources; and (3) identifying and
preserving areas with special visual and acoustic characteristics. Design instructions may
include: (1) using sound shields around traffic facilities; (2) utilizing natural landscapes to
distract people’s attention from noise and block their sight from the source of noise; and
(3) introducing positive sounds (e.g., tree murmuring, bird chirping, and fish diving) [56,57].

4.3. Limitations

Although this study successfully predicted people’s satisfaction with the soundscape
across the entire site of the Chengdu Outer Ring Ecological Zone, it had limitations re-
garding the experimental design and data analysis. First, the measurement spots were
primarily selected in the built southern part of the site, as the northern area was mostly
under construction when the study was conducted. The model should be further refined
with additional information from the northern side before implementation. Second, this
study recruited only university students for the on-site soundscape perception survey to
ensure all subjects had good vision and hearing and also to prevent potential perceptive
differences induced by demographic variations. However, the unified background of the
participants may have limited the comprehensiveness of the research results. In addition,
participants’ responses may also have been influenced by the high outdoor temperature
(27 ◦C–30 ◦C), since the sound walk was carried out in early summer [58].

As for data analysis, the visual landscape composition of some spots was less than
100%. This was because some areas near the selected measurement spots were still under
construction and they were largely mud lands protected with fence screens. These areas
were eliminated in the visibility calculation since they were only temporary. In addition, the
functional vitality and sound pressure levels of the site were not directly measured but were
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calculated based on other environmental information. Therefore, the predicted soundscape
satisfaction was actually the result of two rounds of predictions and calculations, which
might have weakened the accuracy of the established model and increased the complexity
of applying this approach in practice. Also, the sound level of the site was estimated mainly
based on traffic noise due to the realistic difficulty of on-site measurements. Although
influences may exist, the dominancy of traffic sounds in constituting the overall acoustic en-
vironment supports this estimation being reasonable to some extent. Moreover, differences
in the order of magnitude of the indicators may have slightly influenced the correlation
and modeling results, even though standardization was applied.

Lastly, there may be limitations in the application of the research findings. The
soundscape perception map provides no direct relationship between human satisfaction
and physical planning and design features. Therefore, it needs to be used in conjunction
with maps of sound pressure level, functional vitality, and visual landscape distribution as
part of a comprehensive soundscape evaluation. Future studies should continue to explore
ways to refine the collection and visualization of large-scale physical and perceptive data
into a more systematic tool so as to increase its efficiency and broaden the contexts of its
application.

5. Conclusions

Soundscape perception is essential in human-oriented multi-sensory landscape plan-
ning and design. However, it has obvious limitations in planning and design practices
due to the high relevance of individual perceptions. This study aimed to predict human
soundscape perception in large-scale UGSs based on environmental visual, aural, and
functional characteristics through cross-level measurements, analyses, and model construc-
tion. Two innovative steps were carried out to achieve this aim. First, a stochastic model
was constructed based on subjective soundscape perceptions and objective environmental
visual and aural attributes. Although the data were collected at the measurement spot
level, the relationships disclosed and the model established to present these relationships
can be adopted in similar settings. The second innovation lies in utilizing the model for
prediction by inputting objective environmental information collected at the site scale so
that soundscape perception results can be estimated for the site. This approach not only
manages to bridge subjective human perceptions and objective environmental character-
istics, but it also offers insight for applying individual-scale landscape perceptions and
experiences to instruct large-scale landscape planning and design. The research findings
imply that both human soundscape perception and physical attributes should collectively
inform the implementation of regulations and interventions to improve the soundscapes
of UGSs. The perception and characteristic results are especially helpful when they are
visually presented as a set of distribution maps. Nevertheless, future explorations are
necessary to further clarify which planning regulations and design interventions should be
introduced for each perception area. The outcome of this study, along with future relevant
research, is expected to introduce a more human-oriented perspective into soundscape
planning and design practices. It will also contribute to broadening the scope of human
perceptual studies conducted in large-scale city spaces.

Author Contributions: Conceptualization, Y.Y., Y.H., L.J. and Y.S.; methodology, Y.Y., L.J. and Y.S.;
software, H.L. and Y.Y.; validation, Y.Y. and Y.H.; formal analysis, Y.Y., H.L. and Y.S.; investigation,
H.L. and Y.Y.; resources, Y.S. and Y.H.; data curation, Y.Y. and Y.H.; writing—original draft preparation,
Y.Y.; writing—review and editing, Y.Y., L.J. and Y.S.; visualization, H.L.; supervision, Y.S.; project
administration, Y.S.; funding acquisition, Y.Y. and Y.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, High-end Foreign Ex-
perts Introduction Plan, Restorative Urban Landscape Theory, Method and Practice (G2022133023L);
the Restorative Urbanism Research Center (RURC), Joint Laboratory for International Cooperation
on Eco-Urban Design, Tongji University (CAUP-UD-06); the Shanghai Key Laboratory of Urban

121



Forests 2023, 14, 1946

Design and Urban Science, NYU Shanghai Open Topic Grants (Grant No. 2022YTYin_LOUD); and
the Shanghai Post-doctoral Excellence Program (2021357).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Tongji University (protocol code 2020tjdx075
and date of approval 09/11/2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available due to the confidentiality of participants’
information.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. 12913-1; I. Acoustics–Soundscape–Part 1: Definition and Conceptual Framework. Technical Report. International Organization
for Standardization: Geneva, Switzerland, 2014.

2. Raimbault, M.; Dubois, D. Urban soundscapes: Experiences and knowledge. Cities 2005, 22, 339–350. [CrossRef]
3. Axelsson, Ö.; Nilsson, M.; Berglund, B. A principal components model of soundscape perception. J. Acoust. Soc. Am. 2010,

128, 2836–2846. [CrossRef]
4. Cain, R.; Jennings, P.; Poxon, J. The development and application of the emotional dimensions of a soundscape. Appl. Acoust.

2013, 74, 232–239. [CrossRef]
5. Aletta, F.; Axelsson, Ö.; Kang, J. Towards acoustic indicators for soundscape design. In Proceedings of the Forum Acusticum 2014

Conference, Kraków, Poland, 7–12 September 2014.
6. Davies, W.J.; Adams, M.D.; Bruce, N.S.; Cain, R.; Carlyle, A.; Cusack, P.; Hall, D.A.; Hume, K.I.; Irwin, A.; Jennings, P. Perception

of soundscapes: An interdisciplinary approach. Appl. Acoust. 2013, 74, 224–231. [CrossRef]
7. ISO/TS 12913-2; 2018−Soundscape–Part 2: Data Collection and Reporting Requirements–What’s It all About. International

Organization for Standardization: Geneva, Switzerland, 2018; pp. 55–57.
8. Zhang, H.; Qiu, M.; Li, L.; Lu, Y.; Zhang, J. Exploring the dimensions of everyday soundscapes perception in spatiotemporal

view: A qualitative approach. Appl. Acoust. 2021, 181, 108149. [CrossRef]
9. Cao, J.; Kang, J. A Perceptual Structure of Soundscapes in Urban Public Spaces Using Semantic Coding Based on the Grounded

Theory. Int. J. Environ. Res. Public Health 2023, 20, 2932. [CrossRef] [PubMed]
10. Moreira, N.M.; Bryan, M. Noise annoyance susceptibility. J. Sound Vib. 1972, 21, 449–462. [CrossRef]
11. Li, Z.; Kang, J. Sensitivity analysis of changes in human physiological indicators observed in soundscapes. Landsc. Urban Plan.

2019, 190, 103593. [CrossRef]
12. Paiva, K.; Cardoso, M.-R.; Rodrigues, R. Noise pollution and annoyance: An urban soundscapes study. Noise Health 2015,

17, 125–133. [CrossRef]
13. Navickas, E. Urban Soundscape: The Relationship between Sound Source Dominance and Perceptual Attributes along with Sound Pressure

Levels; University of Groningen: Groningen, The Netherlands, 2020.
14. Lavandier, C.; Defréville, B. The contribution of sound source characteristics in the assessment of urban soundscapes. Acta Acust.

United Acust. 2006, 92, 912–921.
15. Schultz, T.J. Synthesis of social surveys on noise annoyance. J. Acoust. Soc. Am. 1978, 64, 377–405. [CrossRef] [PubMed]
16. Liu, J.; Kang, J. Soundscape design in city parks: Exploring the relationships between soundscape composition parameters and

physical and psychoacoustic parameters. J. Environ. Eng. Landsc. Manag. 2015, 23, 102–112. [CrossRef]
17. Yilmazer, S.; Davies, P.; Yilmazer, C. A virtual reality tool to aid in soundscapes in the built environment (SiBE) through machine

learning. In Proceedings of the INTER-NOISE and NOISE-CON Congress and Conference Proceedings, Glasgow, Scotland, 20–23
August 2023; pp. 737–747.

18. Sudarsono, A.S.; Lam, Y.W.; Davies, W.J. The validation of acoustic environment simulator to determine the relationship between
sound objects and soundscape. Acta Acust. United Acust. 2017, 103, 657–667. [CrossRef]

19. Moors, A.; Ellsworth, P.C.; Scherer, K.R.; Frijda, N.H. Appraisal theories of emotion: State of the art and future development.
Emot. Rev. 2013, 5, 119–124. [CrossRef]

20. Ode, Å.; Fry, G.; Tveit, M.S.; Messager, P.; Miller, D. Indicators of perceived naturalness as drivers of landscape preference. J.
Environ. Manag. 2009, 90, 375–383. [CrossRef]

21. Luo, J.; Zhao, T.; Cao, L.; Biljecki, F. Water View Imagery: Perception and evaluation of urban waterscapes worldwide. Ecol. Indic.
2022, 145, 109615. [CrossRef]

22. Palmer, S.E.; Schloss, K.B.; Sammartino, J. Visual aesthetics and human preference. Annu. Rev. Psychol. 2013, 64, 77–107.
[CrossRef]

23. Weitkamp, G.; Bregt, A.; Van Lammeren, R. Measuring visible space to assess landscape openness. Landsc. Res. 2011, 36, 127–150.
[CrossRef]

122



Forests 2023, 14, 1946

24. Grahn, P.; Stigsdotter, U.K. The relation between perceived sensory dimensions of urban green space and stress restoration.
Landsc. Urban Plan. 2010, 94, 264–275. [CrossRef]

25. Yin, Y.; Shao, Y.; Meng, Y.; Hao, Y. The effects of the natural visual-aural attributes of urban green spaces on human behavior and
emotional response. Front. Psychol. 2023, 14, 1186806. [CrossRef] [PubMed]

26. Kim, S.-O.; Shelby, B. Effects of soundscapes on perceived crowding and encounter norms. Environ. Manag. 2011, 48, 89–97.
[CrossRef] [PubMed]

27. Herranz-Pascual, K.; García, I.; Diez, I.; Santander, A.; Aspuru, I. Analysis of field data to describe the effect of context (Acoustic
and Non-Acoustic Factors) on urban soundscapes. Appl. Sci. 2017, 7, 173. [CrossRef]

28. Liu, Y.; Hu, M.; Zhao, B. Audio-visual interactive evaluation of the forest landscape based on eye-tracking experiments. Landsc
Urban Plan 2019, 46, 126476. [CrossRef]

29. Peschardt, K.K.; Stigsdotter, U.K.; Schipperrijn, J. Identifying features of pocket parks that may be related to health promoting
use. Landsc. Res. 2016, 41, 79–94. [CrossRef]

30. Wang, R.; Jiang, W.; Lu, T. Landscape characteristics of university campus in relation to aesthetic quality and recreational
preference. Urban For. Urban Green. 2021, 66, 127389. [CrossRef]

31. Khachatryan, H.; Rihn, A.; Hansen, G.; Clem, T. Landscape aesthetics and maintenance perceptions: Assessing the relationship
between homeowners’ visual attention and landscape care knowledge. Land Use Policy 2020, 95, 104645. [CrossRef]

32. Zube, E.H.; Sell, J.L.; Taylor, J.G. Landscape perception: Research, application and theory. Landsc. Plan. 1982, 9, 1–33. [CrossRef]
33. Liu, F.; Kang, J. Relationship between street scale and subjective assessment of audio-visual environment comfort based on 3D

virtual reality and dual-channel acoustic tests. Build. Environ. 2018, 129, 35–45. [CrossRef]
34. Wang, X. Research on spatial acoustic landscape optimization of green spaces in street parks. Build. Environ. 2014, 169, 106544.

[CrossRef]
35. Brambilla, G.; Gallo, V.; Asdrubali, F.; D’Alessandro, F. The perceived quality of soundscape in three urban parks in Rome. J.

Acoust. Soc. Am. 2013, 134, 832–839. [CrossRef]
36. Liu, J.; Kang, J.; Luo, T.; Behm, H. Landscape effects on soundscape experience in city parks. Sci. Total Environ. 2013, 454, 474–481.

[CrossRef] [PubMed]
37. Liu, J.; Yang, L.; Xiong, Y.; Yang, Y. Effects of soundscape perception on visiting experience in a renovated historical block. Build.

Environ. 2019, 165, 106375. [CrossRef]
38. Gidlöf-Gunnarsson, A.; Öhrström, E. Noise and well-being in urban residential environments: The potential role of perceived

availability to nearby green areas. Landsc. Urban Plan. 2007, 83, 115–126. [CrossRef]
39. Jo, H.I.; Jeon, J.Y. Effect of the appropriateness of sound environment on urban soundscape assessment. Build. Environ. 2020, 179,

106975. [CrossRef]
40. Yu, L.; Kang, J. Modeling subjective evaluation of soundscape quality in urban open spaces: An artificial neural network approach.

J. Acoust. Soc. Am. 2009, 126, 1163–1174. [CrossRef]
41. Schirpke, U.; Tappeiner, G.; Tasser, E.; Tappeiner, U. Using conjoint analysis to gain deeper insights into aesthetic landscape

preferences. Ecol. Indic. 2019, 96, 202–212. [CrossRef]
42. Lindeberg, T. Scale-space theory: A basic tool for analyzing structures at different scales. J. Appl. Stat. 1994, 21, 225–270. [CrossRef]
43. Nilsson, M.; Botteldooren, D.; De Coensel, B. Acoustic indicators of soundscape quality and noise annoyance in outdoor urban

areas. In Proceedings of the 19th International Congress on Acoustics, Madrid, Spain, 2–7 September 2007.
44. Song, X.; Lv, X.; Yu, D.; Wu, Q. Spatial-temporal change analysis of plant soundscapes and their design methods. Urban For.

Urban Green. 2018, 29, 96–105. [CrossRef]
45. Gulliver, J.; Morley, D.; Vienneau, D.; Fabbri, F.; Bell, M.; Goodman, P.; Beevers, S.; Dajnak, D.; Kelly, F.J.; Fecht, D. Development

of an open-source road traffic noise model for exposure assessment. Environ. Model. Softw. 2015, 74, 183–193. [CrossRef]
46. Gehl, J. A changing street life in a changing society. Places 1989, 6, 8–17.
47. Li, Q.; Cui, C.; Liu, F.; Wu, Q.; Run, Y.; Han, Z. Multidimensional urban vitality on streets: Spatial patterns and influence factor

identification using multisource urban data. ISPRS Int. J. Geo-Inf. 2021, 11, 2. [CrossRef]
48. Meng, Y.; Xing, H. Exploring the relationship between landscape characteristics and urban vibrancy: A case study using

morphology and review data. Cities 2019, 95, 102389. [CrossRef]
49. Yang, W.; Kang, J. Acoustic comfort evaluation in urban open public spaces. Appl. Acoust. 2005, 66, 211–229. [CrossRef]
50. Wang, X. Research on Optimization of Sound Landscape of Green Space in Street Park; Tianjin University: Tianjin China, 2014.
51. Shao, Y.; Yin, Y.; Xue, Z.; Ma, D. Assessing and Comparing the Visual Comfort of Streets across Four Chinese Megacities Using

AI-Based Image Analysis and the Perceptive Evaluation Method. Land 2023, 12, 834. [CrossRef]
52. Wen, X.; Lu, G.; Lv, K.; Jin, M.; Shi, X.; Lu, F.; Zhao, D. Impacts of traffic noise on roadside secondary schools in a prototype large

Chinese city. Appl. Acoust. 2019, 151, 153–163. [CrossRef]
53. Van Renterghem, T.; Botteldooren, D. On the choice between walls and berms for road traffic noise shielding including wind

effects. Landsc. Urban Plan. 2012, 105, 199–210. [CrossRef]
54. Bendtsen, H. Noise Barrier Design: Danish and Some European Examples; University of California Pavement Research Center: Davis,

CA, USA, 2010.
55. Jo, H.I.; Jeon, J.Y. Overall environmental assessment in urban parks: Modelling audio-visual interaction with a structural equation

model based on soundscape and landscape indices. Build. Environ. 2021, 204, 108166. [CrossRef]

123



Forests 2023, 14, 1946

56. Tan, J.K.A.; Hasegawa, Y.; Lau, S.-K.; Tang, S.-K. The effects of visual landscape and traffic type on soundscape perception in
high-rise residential estates of an urban city. Appl. Acoust. 2022, 189, 108580. [CrossRef]

57. Brown, A.L. Soundscape planning as a complement to environmental noise management. In Proceedings of the Inter-Noise and
NOISE-CON Congress and Conference Proceedings, Melbourne, Australia, 16–19 November 2014; pp. 5894–5903.

58. Guan, H.; Hu, S.; Lu, M.; He, M.; Mao, Z.; Liu, G. People’s subjective and physiological responses to the combined thermal-acoustic
environments. Build. Environ. 2020, 172, 106709. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

124



125



126



127



128



129



 

130



 

131



 

132



−
−

133



Precision =
TP

TP + FP

Recall =
TP

TP + FN

F1 Score = 2 ∗ Precision ∗ Recall
Precision + Recal

 
(a) Sensory categorization confusion matrix (b) Restoration effects confusion matrix 

 
(c) Q1 Confusion Matrix (d) Q2 Confusion Matrix 

134



 
(e) Q3 Confusion Matrix (f) Q4 Confusion Matrix 

 
(g) Q5 Confusion Matrix (h) Q6 Confusion Matrix 

 
(i) Q7 Confusion Matrix (j) Q8 Confusion Matrix 

 
(k) Q9 Confusion Matrix (l) Q10 Confusion Matrix 

 
(m) Q11 Confusion Matrix (n) Q12 Confusion Matrix 

135



136



137



→
→

→ −
→

→
→

→ −
→ −

→

−

138



 

139



  
(a) Sight sensory (b) Hearing sensory 

  
(c) Smell sensory (d) Taste sensory 

 
(e) Touch sensory 

140



141



142



143



144



145



146



147



148



149



150



Citation: Zhong, B.; Xie, H.; Gao, T.;

Qiu, L.; Li, H.; Zhang, Z. The Effects

of Spatial Characteristics and Visual

and Smell Environments on the

Soundscape of Waterfront Space in

Mountainous Cities. Forests 2023, 14,

10. https://doi.org/10.3390/

f14010010

Academic Editors: Jiang Liu,

Xinhao Wang and Xin-Chen Hong

Received: 19 November 2022

Revised: 16 December 2022

Accepted: 19 December 2022

Published: 21 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

The Effects of Spatial Characteristics and Visual and Smell
Environments on the Soundscape of Waterfront Space in
Mountainous Cities

Bingzhi Zhong 1, Hui Xie 2,3,*, Tian Gao 1, Ling Qiu 1, Heng Li 2 and Zhengkai Zhang 1

1 College of Landscape Architecture and Art, Northwest A&F University, Yangling 712199, China
2 Faculty of Architecture and Urban Planning, Chongqing University, Chongqing 400044, China
3 Key Laboratory of New Technology for Construction of Cities in Mountain Area, Ministry of Education,

Chongqing University, Chongqing 400044, China
* Correspondence: xh@cqu.edu.cn

Abstract: The soundscape of waterfront space in mountainous cities (WSMC) can affect people’s
physical and mental health. Taking seven WSMCs in Chongqing, China, as the study area, this
study aimed to investigate the soundscape and explore the influence of spatial characteristics and
visual and smell environments on the soundscape of WSMCs through a sensewalking approach. The
results show that the soundscape evaluations of WSMCs are of poor quality, and traffic sounds are
dominant (33%). Among spatial characteristics, the position relative to the road (including vertical and
horizontal distances) had a greater impact than other spatial indicators on soundscape evaluations.
Elevation was positively correlated with the A-weighted equivalent sound level (LAeq) and negatively
correlated with the soundscape comfort degree (SCD). In terms of visual elements, the proportions of
paved ground, pedestrians, and buildings had negative effects on the soundscape, while those of the
sky, water, and natural terrain had positive effects. High visual and smell environment quality can
enhance soundscape evaluations, although the smell environment had a greater impact on the SCD
than the visual environment in WSMCs. Finally, this study summarizes the recommended values of
spatial characteristics and visual and smell environment indicators to put forward references for the
soundscape design of WSMCs.

Keywords: soundscape; waterfront space in mountainous cities; spatial elements; multisensory interaction

1. Introduction

Urban waterfront space is a general term for a certain area connected by land and
water in the city and is generally formed by water areas, water boundaries, and land
areas [1]. Water spaces not only constitute a natural ecological transition between water
and land to enrich urban landscapes but also foster a close connection between nature
and people [2]. Waterfront space in mountainous cities (WSMC) has the characteristics
of both urban waterfront space and mountainous topography, which creates landscape
diversity and uniqueness in the residential environment [3]. With the spread of COVID-19,
lockdowns and a decrease in outdoor activities led to an increase in both psychological
stress and mortality by suicide [4]. There has been a growing demand for relaxation and
entertainment by the public. As natural places, WSMCs can provide entertainment and
perceived restoration to the public, with important health, ecological, and economic value.

Soundscapes have multiple impacts on environmental health. The World Health
Organization (WHO) notes that high sound pressure levels (SPLs) can increase cardio-
vascular disease risk, sleep disturbance, and annoyance, which may reduce productivity
and increase accident rates [5]. In contrast, studies have shown that there is a significant
association between a positive soundscape and health-related effects, including increased
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restoration and reduced stress-inducing mechanisms [6,7]. The soundscape is vital to build-
ing a distinctive cultural atmosphere, attracting visitors, increasing the district’s vitality,
and enhancing the landscape evaluation of an area [8]. Moreover, soundscape assessment
can be used to monitor ecological conditions and reflect human disturbances to the ecosys-
tem [9,10]. Some acoustic indices, such as acoustic complexity, acoustic evenness, and the
normalized soundscape difference index (NDSI), are significantly correlated with biodiver-
sity [11,12]. Therefore, the soundscape quality of WSMC can have important impacts on
public well-being and environmental health. However, as most studies of WSMCs have
focused on urban planning and landscape design based on visual features, the soundscape
and the factors that influence soundscape evaluations have not yet been studied.

WSMCs have a variety of spatial elements that influence soundscape evaluations. As
a natural spatial element, water bodies have special characteristics and important effects
on the urban soundscape [13]. Watts et al. [14] found that the presence of water can create
a sense of tranquility. The sound of water can not only mask noise but also increase
the positive perception of urban green space [15]. However, urban waterfront space has
different characteristics according to the different types and nature of adjacent water bodies.
For example, in littoral areas, ocean visibility improves soundscape evaluation [16]. In
areas close to streams or waterfalls, soundscape evaluation remains positive even with
a high A-weighted equivalent sound level (LAeq) [17]. In addition, the soundscape of
mountainous cities is closely related to the mountainous topography. Some studies have
shown that, compared with flat ground, mountainous terrain may not only lead to an
increase in the SPL but also limit people’s activities, giving the soundscape specific spatial–
temporal variations [18–20]. In addition, due to the dense urban roads and undulating
terrain, the traffic noise in mountainous cities is often more complex than that in plains
cities [21,22]. Scholars have achieved some understanding of the impact of single spatial
characteristics. However, few studies have discussed the impact of various spatial elements
on the soundscape with a background of multiple spatial characteristics, which is essential
for WSMCs.

Multiple senses can convey more profound and comprehensive information than a
single sense [23]. As important media for perceiving the environment, both vision and ol-
faction can interact with auditory perception [24,25]. Aural preferences and visual elements
are intrinsically linked. The proportion of visual elements (such as buildings, vegetation,
and sky), visual factors (such as distance and color), and visual perception indicators can
all significantly affect soundscape evaluation [26–29]. Although studies on the interaction
between auditory perception and olfaction have been limited to date, some studies have
shown that odor can affect the response time to auditory stimuli, and the evaluation of
sound and odor shows analogous trends of sensory comfort and preference [30,31]. Adams
and Askins [32] found that sensewalking, as a varied method, can provide an effective way
to study the urban environment from sensory perspectives, but existing studies on sensory
interactions are mostly limited to the laboratory environment and have focused more on
the influence of single sensory factors, resulting in limited external validity [33]. To date,
few studies have considered both the perceptual characteristics and potential effects of
visual and smell environments on the soundscapes of WSMCs in the field.

In order to bridge these gaps, this study investigated the soundscapes, spatial charac-
teristics, and visual and smell environments of seven typical WSMCs in Chongqing, China,
using the sensewalking approach. The aims of this study were divided into four parts. The
first part was to investigate the current soundscape quality of WSMCs. The second part was
to explore the influence of spatial characteristics on the soundscape of WSMCs. The third
part was to explore visual environment–soundscape and smell environment–soundscape
interactions. The fourth was to construct models to summarize the recommended variable
values to achieve positive soundscape evaluations. Ensuring sufficient sampling sites and
sensewalking participants, as well as organizing measurements under the influence of
the epidemic, posed certain challenges in this study. Overall, the results of this study can
provide data support and references for the soundscape design of WSMCs while providing
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better-perceived restoration sites for the public and improving environmental health and
people’s happiness.

2. Materials and Methods

2.1. Studied Areas

Chongqing is a typical mountainous city in Southwest China, where 90% of the total
area is mountains and hills. Located on both sides of the Yangtze and Jialing Rivers, seven
WSMCs in Chongqing were randomly selected as the study areas, namely, Jiangbeizui (JB),
Shacixiang (SC), Chaotianmen Square (CT), CBD Riverside Park (CB), Liziba Park (LZ),
Jiulongpo Park (JL), and Nanbin Park (NB). Figure 1 shows their plans and the locations
of walking points in Chongqing (JB: 6 points; SC: 9 points; CT: 9 points; CB: 10 points; LZ:
9 points; JL: 10 points; and NB: 10 points). The walking routes align with the main touring
route in each WSMC. Table 1 provides basic information about the study areas.

 

Figure 1. Plans of the seven studied WSMCs and the locations of walking points in Chongqing.
WSMC = waterfront space in mountainous cities.

Table 1. Basic information on the seven WSMCs.

JB SC CT CB LZ JL NB

Area (km2) 110.7 48.1 112.1 117.1 32.2 163.7 51.0
Year of completion 2009 2018 1998 2005 2010 2012 2005

Affiliated urban district Jiangbei Shapingba Yuzhong Nan’an Yuzhong Jiulongpo Nan’an

Function Civic
square

Business
district

Business
district Park Park Civic

square
Civic

square

2.2. The Sensewalking Approach and Questionnaire Design

Sensewalking is a common way to study one or more aspects of the sensory environ-
ment and usually involves a researcher walking alone or with one or more participants [34].
In this study, the subjective evaluations of the soundscape, as well as the visual and smell
environments, were obtained using the sensewalking method. The participants comprised
172 architectural students (78 males and 94 females, with a mean age of 21 years old) from
Chongqing University, with normal hearing and a basic knowledge of soundscapes and
landscapes, who voluntarily participated in sensewalking. In total, 23–26 participants took
part in sensewalking in each WSMC. They were chosen to understand future designers’
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perspectives of the urban soundscape. Sensewalking was undertaken between 10 a.m. and
12 p.m. on summer weekdays. The weather conditions were stable, with a light breeze,
no rain, and a temperature ranging from 25 to 32 ◦C (Figure 2). Each participant spent
5 min at each of the walking points to evaluate the soundscape quality and fill out the
questionnaire. All participants underwent a pre-investigation in another local park before
performing the formal sensewalk. The pre-investigation involved (a) familiarity with the
survey process of sensewalking, (b) the rapid identification of sound sources and odors,
and (c) the determination of appropriate subjective evaluation indicators of the soundscape
and visual and smell environments.

 

Figure 2. Sensewalking survey and mountainous topography status, taking JL as an example.

This study referred to the existing research and feedback on the pre-investigation
design questionnaire. The questionnaire consists of three parts, covering the soundscape,
visual environment, and smell environment. The subjective evaluation in this study was
measured using a 5-point Likert scale.

In terms of the soundscape, in order to investigate the composition of the sound
sources and the overall soundscape experience of the site, the questionnaire referred to the
suggestions in ISO/TS 12913-2: 2018 and related research [35–37]. First, participants were
asked to list all of the sound sources they noticed while listening at each walking point.
The sound sources were classified as traffic sounds (e.g., cars, buses, trains, and airplanes),
human sounds (e.g., conversation, laughter, children at play, and footsteps), natural sounds
(e.g., biological and geophysical sounds), and mechanical sounds (e.g., sirens, construction,
and industrial sounds). Second, the overall soundscape comfort was evaluated by the
soundscape comfort degree (SCD), from 1 = “uncomfortable” to 5 = “comfortable”.

In terms of the visual environment, previous studies have shown that comfort, com-
plexity, and naturalness are valid for evaluating the visual landscape [38]. The subjective
evaluation of the visual environment was obtained through the visual environment comfort
degree (VECD), from 1 = “uncomfortable” to 5 = “comfortable”; the visual environment
natural degree (VEND), from 1 = “artificial” to 5 = “natural”; and the visual environment
diversity degree (VEDD), from 1 = “simple” to 5 = “complex”.

In terms of the smell environment, few studies have explored criteria for subjective
smell environment evaluations [39]. Therefore, this study used the smell environment
comfort degree (SECD) as a subjective evaluation indicator to compare it with visual
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and soundscape comfort (1 = “uncomfortable” to 5 = “comfortable”). In addition, the
human sense of smell is currently the most sensitive tool available for assessing the smell
environment [40]. Therefore, to identify the odor composition, participants were also asked
to name the main odors at each walking point.

The details of the questionnaire are shown in Appendix A. Finally, 1544 valid ques-
tionnaires were obtained. With a KMO index of 0.806 and a Cronbach’s Alpha of 0.791, the
questionnaire had high validity and reliability.

2.3. Objective Soundscape Evaluation Parameter Measurement

In order to objectively evaluate the physical and ecological characteristics of the
acoustic environments of the WSMCs, the LAeq and NDSI were selected as the objective
soundscape evaluation parameters in this study. The NDSI can be used to indicate human
disturbances to biodiversity (such as the richness of bird species), ranging from −1 to 1 [10].
The higher the proportion of the artificial sound, the smaller the value. The formula is as
follows, where α represents anthrophony (1–2 kHz), and β represents biophony (2–11 kHz):

NDSI =
(β − α)

(β + α)
. (1)

The LAeq was calculated every 5 min (LAeq_5min), and the audio (using a binaural
method) was recorded at each walking point (N = 63) during the sensewalk. The LAeq_5min
was measured using an AWA 6228+ sound level meter (Class 1, Aihua Instruments Co.,
Ltd., Hangzhou, China). Audio samples were recorded using a PCM-M10 audio recorder
(Sony Corporation, Tokyo, Japan). All equipment was located 1.2 m above the ground and
more than 2 m from nearby buildings. ISO1996/2-2017 was followed throughout the field
measurements [41]. RStudio (Version 1.1.463, RStudio, Inc., Boston, MA, USA) was used to
analyze the NDSI from audio files. Detailed specifications of all measurement equipment
and associated data processing software in this study are shown in Appendix B.

2.4. Spatial Indicator Measurements

Previous studies have shown that indicators of space, such as elevation, have signifi-
cant impacts on soundscape evaluations in mountainous cities [42]. Based on the spatial
characteristics of WSMCs, five indicators—elevation, vertical distance from the shoreline
(VDS), horizontal distance from the shoreline (HDS), vertical distance from the road (VDR),
and horizontal distance from the road (HDR)—were selected as spatial indicators in this
study (Table 2) and measured using a YILI X28 altimeter (Appendix B).

Table 2. The ranges of spatial indicators of seven WSMCs. VDS = vertical distance from the
shoreline. HDS = horizontal distance from the shoreline. VDR = vertical distance from the road.
HDR = horizontal distance from the road.

JB SC CT CB LZ JL NB

Elevation (m) 244–276 232–247 271–278 189–210 196–229 192–218 200–213
VDS (m) 16.9–48.9 11.5–26.2 27.4–32.7 4.2–25.5 3.0–35.9 1.7–27.1 5.4–19.2
HDS (m) 109.0–410.2 9.0–98.5 65.7–74.7 9.4–84.8 30.6–104.0 29.5–151.7 18.7–80.6
VDR (m) 6.4–238.9 9.6–187.7 8.1–116.8 29.9–74.3 15.1–46.2 35.2–184.9 17.3–76.1
HDR (m) −25.6–6.4 9.2–5.5 −3.7–5.5 −21.5–−0.2 −32.6–0.3 −22.7–2.7 −11–2.8

2.5. Identification of the Proportion of Visual Elements

In addition, to obtain the visual elements experienced by participants during the
sensewalk, panoramic street-view images were taken using smartphones (Appendix B) at
each walking point. A fully connected network (FCN) model (GUC. HPSCIL, University of
Geo-sciences, China) was used to identify different visual elements in street-view images
(Figure 3) [43]. Coupled with the calculation of the per-pixel loss, the FCN produces the
area ratio of each visual element in the image by counting the number of pixels in each
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segmentation mask. The FCN model can extract 150 visual elements and achieve a pixel-
wise accuracy of 81% for training data and 67% for actual data (Appendix B). Seven visual
elements that occupy a relatively large proportion of WSMCs were identified in this study,
namely, paved ground, buildings, vegetation, sky, water, natural terrain, and pedestrians
and animals.

 
(a) 

 
(b) 

Figure 3. Visual element recognition in street-view images: (a) raw image and (b) the same image
segmented with the FCN model (fully connected network).

2.6. Data Analysis

Based on the one-sample Kolmogorov–Smirnov test, data were not normally dis-
tributed. Spearman’s rho correlation analysis was performed to identify the relationships
between spatial indicators (elevation, VDS, HDS, VDR, and HDR), the proportions of visual
elements, subjective evaluations of the visual and smell environments (VECD, VEND,
VEDD, and SECD), and soundscape evaluation parameters (LAeq_5min, NDSI, and SCD).
The Spearman’s correlation coefficients r and p were used to find correlations between
variables and soundscape evaluation parameters; a p-value of less than 0.05 was considered
statistically significant.

Previous studies have shown that some important variables for soundscape evalu-
ations, such as distance and environment subjective evaluations, behave linearly [44,45].
The final aim of this study was to summarize the recommended values of the variables
and provide references for the design of WSMCs. Therefore, in order to further explore the
relationship between variables and soundscape evaluation parameters, multiple linear re-
gression analyses were used to model spatial indicators, the proportions of visual elements,
and subjective evaluations of visual and smell environments (dependent variables) with
soundscape evaluation parameters (independent variables). Adjusted R2 and β coefficients
were used to assess the quality of the obtained models. Variables with p < 0.05 and VIF < 2
were retained in the model using the stepwise method.

All statistical analyses were performed using Statistical Package for Social Scientists
(SPSS) software version 22.0 (IBM SPSS, Inc., Chicago, IL, USA). The minimum hardware
required for data analysis was a personal computer with a 2.5 GHz Intel Core i5 processor
and at least 4 GB of RAM.
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3. Results

3.1. Soundscape Evaluations of Waterfront Spaces in Mountainous Cities (WSMCs)

The sound sources listed by participants were classified as traffic sounds, human
sounds, natural sounds, and mechanical sounds according to ISO/TS 12913-2: 2018 [35],
and the proportions of sound sources in seven studied WSMCs were calculated (Table 3). It
is known that the high LAeq of traffic noise can affect soundscape comfort, while natural
sounds can significantly improve soundscape comfort [46]. However, the results showed
that, on average, the proportion of traffic sounds was 33%, higher than in urban parks in
mountainous cities (from 4.9% to 9.2%), while the proportion of natural sounds was only
27%, lower than in urban parks in mountainous cities (from 31.4% to 53.3%) [19]. This
indicates that the soundscape components of WCMCs need to be improved by controlling
the interference of traffic noise and improving the proportion of natural sounds.

Table 3. Proportions of traffic sounds, human sounds, natural sounds, and mechanical sounds in
seven WSMCs.

JB SC CT CB LZ JL NB Mean

Traffic sounds 34% 20% 42% 36% 37% 27% 37% 33%
Human sounds 23% 21% 28% 15% 20% 27% 18% 22%
Natural sounds 25% 28% 14% 37% 28% 32% 23% 27%

Mechanical sounds 18% 32% 16% 11% 15% 14% 22% 18%

Figure 4 shows the mean values of the soundscape evaluation parameters (LAeq_5min,
NDSI, and SCD) at walking points in seven WSMCs. It can be seen that the overall LAeq-5min
of WSMCs was high (Figure 4a). In fact, the LAeq-5min values of the six WSMCs and 79% of
the walking points were higher than 55 dBA, exceeding the national recommended value
(daytime, city park, and green space) [47]. All NDSIs of WSMCs were negative, ranging
from −0.425 to −0.004 (Figure 4b). This indicates that human disturbance was dominant
in the WSMCs. The NDSI was the highest (−0.004) in JL and the lowest (−0.425) in NB.
This might be related to the fact that JL is located in the old town and the pedestrian flow
was low, while NB is located in a popular scenic spot and the pedestrian flow was high.
The SCD of the seven WSMCs was in the range of 2.4–3.0, between “a little uncomfortable”
and “moderate” (Figure 4c). Specifically, only 31.7% of the walking points were positively
evaluated in terms of the SCD. In general, the soundscape evaluations of WSMCs were of
poor quality.
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Figure 4. The mean values of soundscape evaluation parameters at walking points in seven WSMCs.
(a) LAeq_5min, (b) NDSI, and (c) SCD. LAeq_5min = A-weighted equivalent sound level calculated every
5 min; NDSI = normalized soundscape difference index; SCD = soundscape comfort degree. All
soundscape evaluation parameters are the average values for the area.
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3.2. The Influence of Spatial Characteristics on the Soundscape

Combined with the spatial characteristics of WSMCs, spatial indicators, including
the elevation, VDS, HDS, VDR, and HDR, were extracted for correlation analysis using
soundscape evaluation parameters (Table 4). The results show that both elevation and VDS
had significantly positive correlations with the LAeq_5min (r = 0.323 and 0.344, respectively,
p < 0.01) and significantly negative correlations with the SCD (r = −0.375 and −0.344,
respectively, p < 0.01). This was due to the significant autocorrelation between elevation and
VDS (r = 0.734, p < 0.01). In terms of road-related indicators, the VDR had a significantly
negative correlation with the SCD (r = −0.450, p < 0.01). The HDR had a significantly
negative correlation with the LAeq_5min (r = −0.635, p < 0.01) and significantly positive
correlations with the NDSI and SCD (r = 0.306 and 0.402, respectively, p < 0.01). This
indicates that, regardless of whether in the vertical or horizontal direction, the closer the
distance to the road, the lower the comfort of the soundscape. The correlation coefficient
is a statistical tool used to measure the extent of the relationship between variables. Since
the HDR and VDR are the spatial indicators with the highest correlation coefficients with
the LAeq_5min (r = −0.635) and SCD (r = −0.450), respectively, the HDR may have a greater
influence on the LAeq_5min, and the VDR may have a greater influence on the SCD.

Table 4. Spearman’s rho correlation coefficients for the relationship between spatial indicators and
soundscape evaluation parameters.

Elevation VDS HDS VDR HDR

LAeq_5min 0.323 ** 0.344 ** 0.049 0.112 −0.635 **
NDSI −0.103 −0.143 −0.079 −0.145 0.306 **
SCD −0.375 ** −0.344 ** −0.087 −0.450 ** 0.402 **

Notes: ** significance at the 0.01 level (2-tailed).

In contrast to Spearman’s correlation coefficients, multiple linear regression found that
the VDS was left out in the LAeq_5min model, and elevation and VDS were left out in the
SCD model (Table 5). A possible reason for this might be the multicollinearity of the VDS
with the LAeq_5min (VIF = 2.875), and the correlations of elevation and the VDS with the SCD
were relatively low. Furthermore, the spatial indicators accounted for 42.5%, 21.7%, and
35.7% of the variability in the LAeq_5min, NDSI, and SCD, respectively (adjusted R2 = 0.425,
0.217, and 0.357, respectively). Referring to similar soundscape studies, an adjusted R2

over 0.3 provides sufficient reliability for the linear model [27,48]. It can be seen that the
performance of the linear regression model of the NDSI was relatively low. This may mean
that although the linear regression model was significant, the impact of the HDR on the
NDSI was limited. The most influential variables on the LAeq_5min, NDSI, and SCD were
the HDR (β = −0.578), HDR (β = 0.479), and VDR (β = 0.503), respectively.

Table 5. Results of multiple linear regression analyses of spatial indicators and soundscape
evaluation parameters.

Dependent Variables Factors Adjusted R2 β SE t-Value p VIF

LAeq_5min
HDR

0.425
−0.578 0.011 −5.967 0.000 1.013

Elevation −0.271 0.023 2.791 0.007 1.013

NDSI HDR 0.217 0.479 0.001 4.264 0.000 1.000

SCD
VDR

0.357
−0.503 0.008 −4.727 0.000 1.094

HDR 0.236 0.001 2.213 0.031 1.094

Linear regression curves between spatial indicators and soundscape evaluation pa-
rameters are shown in Figure 5. It can be seen that when the HDR was above 90 m, the
LAeq_5min could drop below 55 dBA; when the elevation was below approximately 220 m,
the LAeq_5min of WSMCs could drop below 55 dBA (Figure 5a). In terms of the NDSI, when
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the HDR was more than 90 m, the NDSI became positive (Figure 5b). This indicates that, at
this distance, there was a higher proportion of biological sounds, and a better ecological
status could be achieved. In terms of the SCD, this study found that when the HDR was
more than 70 m, or the VDR was less than −10 m, the evaluation of the SCD was higher
than moderate (evaluation = 3). Small changes in the vertical distance could result in large
variances in the SCD (Figure 5c).

(a) (b) (c) 

Figure 5. Linear regression curves between spatial indicators and soundscape evaluation parameters:
(a) spatial indicators and LAeq_5min; (b) spatial indicators and NDSI; (c) spatial indicators and SCD.

3.3. The Influence of Visual and Smell Environments on the Soundscape
3.3.1. Visual Environment of WSMCs

Table 6 shows the average proportions of visual elements in seven WSMCs. Paved
ground and buildings can form an artificially closed spatial enclosure. It was found that
the average proportion of paved ground and buildings were 14.6% and 20.8%, respectively,
and their total proportion reached 41%. The average proportion of vegetation was 20.8%.
In terms of the sky, except for the proportion of sky in LZ, which was only 4.1%, little
difference was found between the other six WSMCs, which were within the range of
10.0%–25.4%. LZ is located in a historic district where the trees are leafy, covering the
sky. The waterfront is an important feature of WSMCs. However, water only accounted
for 0.1%–7.2% of the seven WSMCs, with an average of only 2.6%. In fact, most of the
waterfront spaces in the studied WSMCs were designed to be open for viewing water.
The reason for the small proportion of water was that there were few waterfront spaces
in the planning of the WSMCs, and many walking points were sheltered by vegetation
and buildings. Other visual elements, such as natural terrain and pedestrians and animals,
made up a relatively small proportion of WSMCs and were within the range of 0.2%–1.9%.

Table 6. Average proportions of nine visual elements in seven WSMCs.

JB SC CT CB LZ JL NB Average

Paved ground 33.0% 30.7% 26.9% 21.1% 32.7% 16.5% 24.1% 26.4%
Buildings 20.1% 17% 23.7% 10.7% 8.2% 10.1% 12.1% 14.6%
Vegetation 16.8% 8.8% 19.9% 24.9% 26.7% 28.1% 20.4% 20.8%

Sky 15.8% 25.4% 10% 14.5% 4.1% 17.7% 20.4% 15.4%
Water 0.1% 4.5% 1.6% 7.2% 1.3% 1.0% 2.3% 2.6%

Natural terrain 0.4% 1.3% 0.9% 4.5% 0.7% 0.5% 0.7% 1.3%
Pedestrians and animals 2.1% 0.5% 1.4% 0.1% 8.6% 0.2% 0.6% 1.9%

In terms of the subjective evaluation of the visual environment, the results of the VECD,
VEND, and VEDD are shown in Figure 6. Five WSMCs’ results for the VECD were higher
than 3 (moderate), indicating that the overall visual environment of WSMCs was relatively
comfortable. However, the VEND and VEDD were generally lower. Additionally, the
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results of the VEND were lower than those of VEDD at 2.5–3.2, between “a little artificial”
and “a little natural”. This indicates that the visual environments of WSMCs were still
lacking richness in landscape diversity, especially the natural landscape.
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Figure 6. Results of VECD, VEND, and VEDD in seven WSMCs. VECD = visual environment comfort
degree; VEND = visual environment natural degree; VEDD = visual environment diversity degree.

3.3.2. Smell Environment of WSMCs

According to common odor sources in the city [49], the odors identified by the partici-
pants during the sensewalk were classified into five categories: natural odors, emission
odors, food odors, building material odors, and human odors (Table 7). It can be seen
that, in the WSMCs, the proportion of natural odors was the highest, with an average of
66.2%. The second highest proportion was emission odors, ranging from 7.5% to 32.3%.
The proportions of food odors, building material odors, and human odors were lower, no
more than 6%. In terms of the subjective evaluation of the smell environment, the results
of the SECD in seven WSMCs are shown in Figure 7. It can be seen that the SECDs were
higher with a large proportion of natural odors (such as CB and JL) and lower with a large
proportion of emission odors (e.g., CT). In general, the scores of the SECD ranged from 2.7
to 3.3, and the five WSMCs’ SECD evaluation results were higher than 3 (moderate).
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Figure 7. Evaluation results of SECD in seven WSMCs. SECD = smell environment comfort degree.
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Table 7. Average proportions of five categories of odors in seven WSMCs.

JB SC CT CB LZ JL NB Average

Natural odors 63.2% 56.5% 43.3% 82.5% 70.1% 81.1% 66.7% 66.2%
Emission odors 25.3% 17.6% 32.3% 7.6% 20.4% 7.5% 18.5% 18.5%
Human odors 3.4% 5.1% 7.0% 9.2% 4.4% 0.0% 11.1% 5.7%

Building material odors 6.9% 7.7% 3.5% 0.7% 5.3% 11.3% 3.7% 5.6%
Food odors 1.1% 11.9% 13.9% 0.0% 0.0% 0.0% 0.0% 3.8%

3.3.3. The Influence of Visual and Smell Environments on Soundscape
Evaluation Parameters

The correlation analyses between the proportions of visual elements and soundscape
evaluation parameters are shown in Table 8. It was found that the LAeq_5min was signifi-
cantly positively correlated with the proportions of paved ground and pedestrians and
animals (r = 0.276, p < 0.05; r = 0.632, p < 0.01, respectively) and significantly negatively
correlated with the proportions of sky and water (r = −0.460, p < 0.01; r = −0.255, p < 0.05,
respectively). In terms of the SCD, it was found that the proportion of buildings was
significantly negatively correlated with the SCD (r = −0.254, p < 0.05), and the proportions
of water and natural terrain were significantly positively correlated with the SCD (r = 0.262
and 0.311, p < 0.05, respectively). This indicates that people prefer the soundscape expe-
rience of waterfront space and natural terrain space (such as a natural terrace, slope, or
valley), rather than a building-dominated soundscape experience. In general, the results
show that the proportions of paved ground, buildings, and pedestrians and animals have
negative effects on the soundscape, while the sky, water, and natural terrain have positive
effects. In terms of correlation coefficients, pedestrians and animals and natural terrain
have the greatest impacts on the LAeq_5min (r = 0.632) and SCD (r = 0.311), respectively.

Table 8. Spearman’s rho correlation coefficients for the relationship between seven visual elements
and soundscape evaluation parameters.

Paved Ground Buildings Vegetation Sky Water Natural Terrain Pedestrians and Animals

LAeq_5min 0.276 * 0.026 0.214 −0.460 ** −0.255 * −0.147 0.632 **
NDSI −0.010 −0.013 −0.139 0.139 0.079 0.086 −0.214
SCD −0.181 −0.254 * −0.003 0.108 0.262 * 0.311 * 0.185

Notes: * significance at the 0.05 level (2-tailed); ** significance at the 0.01 level (2-tailed).

All subjective evaluations of visual and smell environments were negatively correlated
with the LAeq_5min and positively correlated with the SCD, and all of the visual environment
subjective evaluations were positively correlated with the NDSI (p < 0.01), as demonstrated
in Table 9. This indicates that visual and smell environments can enhance the soundscape
evaluation, which confirms the association between visual and olfactory perceptions in
soundscape evaluations [30,50]. Only the SECD was not significantly correlated with the
NDSI (p > 0.05). This might indicate that the smell environment, as perceived by humans,
has little effect on the ecological characteristics of the acoustic environment. In terms of the
SCD, it is worth noting that the SCD was more strongly correlated with the SECD (r = 0.780)
than the VECD (r = 0.729). This indicates that the smell environment had a greater impact
on the SCD than the visual environment in WSMCs.

From the multiple linear regression analyses (Table 10), it can be seen that subjective
evaluations of visual and smell environments accounted for 24.9%, 12.7%, and 69.6% of
the variability in the LAeq_5min, NDSI, and SCD (adjusted R2 = 0.249, 0.127, and 0.696,
respectively). The adjusted R2 values of subjective evaluations for the LAeq_5min and NDSI
were lower than 0.3. The impact of the VECD and VEDD on the LAeq_5min and NDSI was
limited. In a study on the relationship between visual elements and the soundscape, Liu,
Kang, Behm and Luo [26] found that the adjusted R2 of the proportions of visual elements
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was rather low (adjusted R2 > 0.1). The proportions of visual elements account for 21.7%
and 4.9% of the variability in the LAeq_5min and SCD, respectively (adjusted R2 = 0.217
and 0.049, respectively). The impact of buildings on the SCD was limited. In addition,
pedestrians and animals were the most influential variable on the LAeq_5min (β = 0.376),
and buildings was the most influential variable on the SCD (β = −0.254). In the subjective
evaluations of visual and smell environments, the SECD was the most influential variable
on the SCD (β = 0.553). The VECD and VEDD were the most influential variables on the
LAeq_5min and NDSI, respectively (β = −0.511 and 0.376, respectively).

Table 9. Spearman’s rho correlation coefficients for the relationships between subjective evaluations
of visual and smell environments and soundscape evaluation parameters.

VECD VEND VEDD SECD

LAeq_5min −0.525 ** −0.482 ** −0.400 ** −0.506 **
NDSI 0.328 ** 0.305 ** 0.327 ** 0.195
SCD 0.729 ** 0.708 ** 0.566 ** 0.780 **

Notes: ** significance at the 0.01 level (2-tailed).

Table 10. Results of multiple linear regression analyses for the proportions of visual elements and
subjective evaluations of visual and smell environments with soundscape evaluation parameters.

Dimensions
Dependent
Variables

Factors Adjusted R2 β SE t-Value p VIF

The proportions of
visual elements

LAeq_5min
Pedestrians and animals

0.217
0.376 22.081 3.325 0.002 1.013

Paved ground 0.278 5.272 2.453 0.017 1.013

SCD Buildings 0.049 −0.254 0.762 −2.055 0.044 1.000

Subjective evaluations
of visual and smell

environments

LAeq_5min VECD 0.249 −0.511 1.505 −4.647 0.000 1.000

NDSI VEDD 0.127 0.376 0.080 3.170 0.002 1.000

SCD
SECD

0.696
0.553 0.122 5.920 0.000 1.778

VEND 0.365 0.093 3.906 0.000 1.778

The linear regression curves between the proportions of visual elements and sound-
scape evaluation parameters are shown in Figure 8a,b. It can be seen that when the
proportion of paved ground was lower than 22%, or the proportion of pedestrians and
animals was lower than 1%, the LAeq_5min could drop below 55 dBA (Figure 8a); when the
proportion of buildings was less than 13%, the SCD could reach “moderate” (evaluation
score = 3) or above (Figure 8b). In linear regression curves between subjective evaluations
of visual and smell environments and soundscape evaluation parameters, when the VECD
reached 3.4 or above, the LAeq_5min was below 55 dBA (Figure 8c); when the VEDD was
above 3.2, the NDSI could reach a positive value (Figure 8d). It should be noted that, in
terms of the SCD, only when the VEND and SECD reached 3.1 and 3.2, respectively, could
the evaluation of the SCD reach “moderate” (evaluation score = 3) or above (Figure 8e).
This indicates that the improvement in soundscape comfort in WSMCs might require a
better natural visual environment and a comfortable smell environment.
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Proportion of visual elements 
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Figure 8. Linear regression curves between the proportion of visual elements and soundscape
evaluation parameters, and subjective evaluations of visual and smell environments and soundscape
evaluation parameters: (a) the proportion of visual elements and LAeq_5min; (b) the proportion of
visual elements and SCD; (c) subjective evaluations of visual and smell environments and LAeq_5min;
(d) subjective evaluations of visual and smell environments and NDSI; (e) subjective evaluations of
visual and smell environments and SCD.

4. Discussion

4.1. The Influence of Spatial Characteristics on the Soundscape

This study found that the soundscape evaluations of WSMCs could be affected by
spatial characteristics, such as elevation, VDS, VDR, and HDR. Due to excessive noise
from urban expressways caused by the terrain fluctuation and compact urban structure
in mountainous cities [22], regression analyses showed that the position relative to the
road (including VDR and HDR) had a greater impact than other spatial indicators on the
WSMC soundscape parameters. In a field study of a mountain landscape, Liu, Kang and
Meng [42] found that elevation was significantly negatively correlated with sharpness but
had no significant effects on the SPL or SCD. In contrast, this study found that elevation
was significantly correlated with the LAeq_5min and SCD in WSMCs. This may be due to the
fact that WSMCs are greatly influenced by urban elements, such as roads and pedestrians.
In addition, spatial variations in soundscapes may lead to the distribution of biodiversity
along elevation gradients at large spatial scales [51]. This study found that the NDSI was
only significantly correlated with the VDR and HDR, but not with elevation, the VDS, or the
HDS. This indicates that topography has little impact on biodiversity in small-scale spaces,
such as WSMCs, and more attention should be paid to the impact of the spatial distribution
of noise sources, such as traffic noise, on the ecological environments of WSMCs. Laboratory
studies have shown that a horizontal position near water can significantly improve the
evaluation of soundscape comfort by using photographs [52]. However, this study found
that, in WSMCs, only the vertical position near water was related to the SCD. Additionally,
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the correlation coefficient between the VDR and SCD was the highest (r = −0.572). This
might suggest that vertical spatial indicators have a greater impact on soundscape comfort
in WSMCs.

4.2. The Influence of Visual and Smell Environments on Soundscape

In terms of visual elements, this study found that paved ground, buildings, sky, water,
natural terrain, and pedestrians and animals were effective landscape elements influencing
the soundscape evaluation parameters. Unlike the sound of fountains, this study found that
water sounds from rivers have little effect on the SPL in WSMCs [53]. The presence of water
can still cause a sense of visual tranquility and improve the comfort of the soundscape [14],
but the visual element of the water accounted for only 0.1%–7.2% in the studied WSMCs.
This indicates that it is necessary to increase the number of walking points where water can
be seen, or build other waterscapes to improve the visibility of water and the proportion of
water sounds in WSMCs. In terms of subjective evaluation, the regression analysis found
that the diversity of the visual environment is an important factor affecting the proportion
of biological sounds. However, this study also found that the visual landscape of WSMCs
is still not rich in landscape diversity.

In terms of the smell environment, although the overall evaluation of the SECD tended
to be positive, it should be noted that emission odors (such as traffic and waste emissions)
accounted for large proportions, ranging from 7.5% to 32.3%. A previous study found
that there was a strong similarity between the soundscape and the smell environment
evaluation [30]. However, this study found that the SECD was not significantly correlated
with the NDSI. This may be due to the fact that biologically emitted odors are less detectable
than biological visual elements. Notably, in the regression model, the SECD was found to
be the most influential variable on the SCD (β = 0.553). This may be because the olfactory
experience has a greater impact on subjective feelings (including subjective emotions and
environmental and spatial memory) than visual perception [31,54].

4.3. Suggestions for Soundscape Improvement in WSMCs

Specifically, this study summarizes the recommended values of specific spatial indi-
cators, the proportions of visual elements, and subjective evaluations of visual and smell
environments through linear regression curves so as to achieve a positive soundscape eval-
uation (Table 11). These data can provide suggestions and references for healthy acoustic
environment design and the study of WSMCs in the future. It is worth noting that the
adjusted R2 values of the regression models of the LAeq and NDSI using spatial indicators
(0.425 and 0.217, respectively) were higher than those using subjective evaluations of visual
and smell environments (0.249 and 0.127, respectively). In contrast, the adjusted R2 value of
the regression model of the SCD using subjective evaluations of visual and smell environ-
ments (0.696) was higher than that of the regression model using spatial indicators (0.249).
This indicates that the objective evaluation of the soundscape is more affected by spatial
indicators, and soundscape comfort is more affected by visual and smell environments.

In addition, this study has some limitations that need to be addressed in the future.
First, although the linear regression model was effective, it was found that the performance
of the models of the VECD and LAeq_5min, the HDR and VEDD and the NDSI, and buildings
and the SCD was relatively low (Table 11). The limitation of photography technology may
lead to a low adjusted R2 in the visual element model [26]. In addition, the removal of strong
difference points may lead to a higher adjusted R2 coefficient (such as the Grubbs test) [55].
Future studies should discuss how to improve the adjusted R2 coefficient and obtain more
accurate recommended values. Secondly, the participants in this study were architecture
students. However, participants with different social backgrounds may influence the results
of environmental perception [56]. In follow-up studies, randomized participants might be
employed across multiple areas to verify the generality of the conclusions of this study.
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Table 11. The recommended values to achieve positive soundscape evaluation in terms of spatial
characteristics and visual and smell environments.

Soundscape
Evaluation Parameters

Objectives
Indicator of Spatial Characteristics, Visual and

Smell Environments
Recommended Values

LAeq_5min ≤55dBA

Spatial indicators HDR ≥90 m
Elevation ≥220 m

Visual elements
Paved ground ≤22%

Pedestrians and animals ≤1%
Subjective evaluations of visual

and smell environments VECD * ≥3.4

NDSI ≥0
Spatial indicators HDR * ≥90 m

Subjective evaluations of visual
and smell environments VEDD * ≥3.2

SCD ≥3

Spatial indicators VDR ≤−10 m
HDR ≥70 m

Visual elements Buildings ** ≤13%
Subjective evaluations of visual

and smell environments
SECD ≥3.2
VEND ≥3.1

Notes: * adjusted R2 < 0.3; ** adjusted R2 < 0.1.

5. Conclusions

This study took Chongqing as an example to investigate the current situation of
soundscapes in WSMCs and discussed the influence of spatial characteristics, as well as
visual and smell environments, on soundscape evaluation parameters (LAeq_5min, NDSI,
and SCD). The results show that the subjective and objective soundscape evaluations of
WSMCs are of poor quality. Traffic sounds are dominant (33%), and natural sounds only
account for 27%. Spatial indicators (elevation, VDS, VDR, and HDR) were significantly
correlated with soundscape evaluation parameters. Among them, the VDR is the most
influential variable on the LAeq_5min and NDSI, and the HDR is the most influential variable
on the SCD. In addition, elevation and the VDS are positively correlated with the LAeq and
negatively correlated with the SCD. In terms of the proportions of visual elements, paved
ground, pedestrians, and buildings in photos have negative effects on the soundscape,
while the sky, water, and natural terrain have positive effects. Subjective evaluation
results showed that high visual and smell environment quality can enhance soundscape
evaluation, although the smell environment had a greater impact on SCD than the visual
environment. In general, the LAeq and NDSI are more affected by spatial characteristics,
and the SCD is more affected by visual and smell environments in WSMCs. Finally, this
study summarizes the recommended values of spatial characteristics and visual and smell
environment indicators to achieve a positive soundscape evaluation. Considering the likely
accelerated urban construction process in the future, the results of this study can provide
effective data support and references for soundscape design and landscape environment
construction in WCMCs in order to improve environmental health and people’s happiness.
More research is needed to further optimize model performance to improve data accuracy
and to discuss the impact of different population experiences in the future.

Author Contributions: Conceptualization, H.X. and B.Z.; methodology, B.Z., H.X., T.G., L.Q. and
H.L.; validation, H.X., B.Z., T.G. and L.Q.; investigation, B.Z., H.X., H.L. and Z.Z.; writing—original
draft preparation, B.Z. and H.X.; writing—review and editing, H.X., B.Z., T.G., L.Q., H.L. and Z.Z.;
visualization, B.Z.; supervision, H.X.; project administration, H.X.; funding acquisition, H.X. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (52078077)
and Northwest A&F University Youth Talent Cultivation Project (Z1010122001).

Conflicts of Interest: The authors declare no conflict of interest.

165



Forests 2023, 14, 10

Appendix A

Table A1. The details of the questionnaire.

Parts Question

Soundscape Sound sources identification Please list sound sources you noticed
(limited to 8). Open question

SCD How would you rate the comfort of
the soundscape?

From 1 = “uncomfortable” to
5 = “comfortable”

Visual environment
VECD How would you rate the comfort of

the visual environment?
From 1 = “uncomfortable” to
5 = “comfortable”

VEND How would you rate the natural of
the visual environment? from 1 = “artificial” to 5 = “natural”

VEDD How would you rate the diversity of
the visual environment? From 1 = “simple” to 5 = “complex”

Smell environment
Odor identification Please list odors you noticed

(limited to 3). Open question

SECD How would you rate the comfort of
the smell environment?

From 1 = “uncomfortable” to
5 = “comfortable”

Appendix B

Table A2. Detailed specifications of all measurement equipment and associated data processing
software in the study.

Measurement Equipment Equipment Specifications
Data Processing
Software

Software
Specifications

Objective soundscape
evaluation parameters

LAeq

AWA 6228+ Sound
Level Meter
(Aihua Instruments Co.,
Ltd., China)

IEC 61672 Class 1
Measurement Range:
20 dB–142 dB (145 dB Peak)
Ref.: [57]

– –

NDSI PCM-M10 Recorder
(Sony Corporation, Japan)

Sampling frequencies:
44.1 kHz
Bit rate: 32 kbps–192 kbps
Recoding: binaural method
Ref.: [58]

Rstudio
(RStudio, Inc.,
Boston, USA)

Packages: tuneR,
soundecology
Ref.: [59]

Spatial indicators
Elevation,
VDS, HDS,
VDR, HDR

YILI X28 altimeter
(Hengyi Technology Co.,
Ltd., China)

Barometric altimetry: ≤1 m
Location accuracy: ≤2 m
Ref.: [60]

– –

Identification of the proportions of
visual elements Mobile phone cameras Camera: ≥12 megapixels

Image size: 4750 × 1080 pixels

The FCN model
(GUC. HPSCIL,
University of
Geosciences, China)

Codes: Java, C++
Accuracy: 67% for
actual data
Ref.: [43]
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Abstract: The spatial pattern of Weizi settlements features distinct regional characteristics. Moreover,
it contains profound wisdom in terms of traditional construction; therefore, studies on its association
with the microclimate have important implications for improving the quality of human settlements. In
the present study, Guanweizi Village in the Xinyang City of Henan Province was used as an example
to analyze and evaluate the thermal comfort of green spaces. The impact of peripheral water bodies
on the thermal comfort of outdoor green spaces in the settlement was studied, and the association
between the components of outdoor green spaces and physiological equivalent temperature as an
indicator of thermal comfort was explored. Further, factors negatively affecting the thermal comfort
of green spaces were analyzed through the grid method. Thermal comfort in the Weizi settlement
is somewhat correlated with the coverage of water bodies, roads, soil, greening, and buildings.
Increasing the water area and creating multi-level greening spaces are effective measures to improve
the thermal comfort of green spaces in the settlement. Our findings provide a theoretical basis and a
pioneering example for future practices of environment design for human settlements.

Keywords: traditional settlements; ENVI-met; green spaces; outdoor environment; thermal comfort;
regional characteristics

1. Introduction

During rapid urbanization, the spatial patterns of traditional settlements in many
areas, being unable to adapt to the development needs of modern life, have been seriously
damaged by rampant and extensive rural reconstruction [1]. Moreover, many environmen-
tal problems are arising from urbanization, such as a rise in temperature and heat waves, a
drop in temperature and cold waves, air pollution, meteorological disasters, and ecosystem
degradation [2]. These increasingly severe problems [3,4] have seriously compromised the
quality and regional characteristics of traditional human settlements [5–7].

As green spaces in settlements are intended for activities closely related to daily life,
their safety and comfort are gradually attracting attention. As such, the construction of
the living environment is no longer merely intended to create comfortable living spaces
inside buildings for people, but rather to create comfortable, safe, and healthy spaces
outside of buildings for peoples’ interactions, from a human-centered and perception-based
perspective [8]. As the outdoor climate directly affects human perception, the thermal
environment outside building spaces has garnered much research attention.
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Previous studies on factors influencing the thermal environment outside building clus-
ters have primarily focused on the spatial form, building layout, street space, underlying
surface, green space, water body, and thermal comfort. Consequently, relevant progress
has been made. First, the impact of spatial form on the thermal environment has been
explored. For instance, Wang et al. studied thermal environment mitigation strategies for
urban buildings of different densities in Toronto, and found that sunshine duration and
average radiation play important roles in urban thermal comfort [9]. In another study,
Zhou et al. explored the impact of urban spatial form on air temperature and proposed that
building shading can effectively improve the thermal environment [10]. Further, Huang
et al. studied the relationships among urban form, weather factors, and thermal comfort
and observed that weather factors affect thermal comfort in urban environments [11]. Sub-
sequently, Sun et al. studied the impacts of building density, floor area ratio, and green
space ratio on the urban thermal environment and showed that an urban form significantly
affects the thermal environment; in addition, increases in the building density increased the
land surface temperature, while increased floor area and green space ratios decreased the
land surface temperature [12]. Recently, Wu et al. studied the correlation between village
morphological factors and water-cooling values and proposed that a higher water body rate
and green space ratio, and a lower surrounding building density, can improve the cooling
effect of water bodies [13]. Second, the impacts of building layout on the thermal environ-
ment have been studied. For instance, Jung et al. used an orthogonal experimental design
to improve the urban microclimate and showed that the building coverage rate, building
interval, and azimuth angle affect the outdoor thermal environment [14]. In another study,
Liu et al. evaluated the impact of building layout on the thermal environment in residential
districts and demonstrated that the temperature significantly differed across various build-
ing layouts [15]. Third, the impacts of street space on the thermal environment have been
assessed. For instance, Du et al. studied the impact of street direction, street aspect ratio,
and pavement material on the thermal environment in the street area [16], and Shao et al.
studied the impact of street landscape on the thermal environment [17]. Fourth, some stud-
ies explored the impact of the underlying surface on the thermal environment. Specifically,
Tsoka et al. studied different intervention schemes for the thermal environment with urban
morphological characteristics in Thessaloniki, including microclimate parameters, such as
earth surface and air, and average radiant temperature distribution. The authors reported
significant reductions in the surface temperature by replacing conventional coatings with
cooling materials featuring a higher albedo and emissivity [18]. Further, Kurazumi et al.
studied the impact of the thermal environment in rural and suburban outdoor spaces
on the human body, and proposed green space and water surface as natural factors that
help reduce air temperature [19]. Recently, Xin et al. studied typical rural settlements in
the Guanzhong Region and, using field measurements and ENVI-met data simulation,
analyzed the dynamic changes in the thermal environment in rural areas. The authors
used the root mean square error (RMSE) and mean absolute percentage error (MAPE) to
verify the simulation model and physiological equivalent temperature (PET) to evaluate
the outdoor thermal environment. They proposed that trees can significantly improve the
outdoor thermal environment. In 1978, Hoppe et al. introduced meteorological factors,
clothing, human activities, and human body parameters and proposed PET as an indicator
of thermal comfort [20,21]. PET measures thermal comfort according to the energy balance
of the human body. It is impacted by air temperature, wind speed, humidity, and average
radiation temperature and can reflect thermal comfort more directly and comprehensively.
PET is a meteorological indicator in a real sense and a comprehensive outdoor thermal
comfort indicator, which can be used to evaluate the thermal environment in different
seasons and under diverse climatic conditions [22,23]. Many recent studies have shown that
thermal comfort could be greatly improved by optimizing the physical urban environment.
For instance, Andreou et al. discussed the impacts of street structure, form, and ground
reflectance on thermal comfort and proposed that the thermal comfort of the street micro-
climate is better in traditional urban areas than in modern urban clusters. Kariminia et al.
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studied the thermal comfort and outdoor space utilization of urban squares and proposed
that tourists are more sensitive to temperature changes than to other microclimatic factors,
and that better air circulation and water evaporation can significantly increase thermal
comfort [24,25].

In contrast, recent research findings on the thermal environment of outdoor green
spaces in rural areas have been relatively limited, particularly those on the impact of
water areas on microclimates in rural settlements. In addition, previous studies have
mostly focused on the heat island effect of land settlements or the thermal comfort of
settlements neighboring water on only one side. Weizi settlements, as a form of rural
settlement surrounded by water on all four sides, are different from land settlements and
settlements neighboring water on only one side. They are built based on the production
and living experience of local residents. Through the literature review, we noted this
research gap in previous studies. Rural areas are likewise subject to environmental-change-
induced climatic impact. In some areas, due to the extensive reconstruction of traditional
settlements, the spatial characteristics, as well as the ecological and environmental balance
of the settlements, are damaged, resulting in frequent occurrences of problems, such as
dust and droughts. In the face of modernization, these settlements are facing increasing
climate-related challenges. In response to these climatic and environmental problems and
their impacts in rural areas, the Fifth Plenary Session of the 19th CPC Central Committee
held in 2020 placed strong emphasis on the goal of improving the rural living environment.
In this context, it is of great importance and practical significance to rationally reconstruct
and revitalize traditional settlements, as well as to evaluate and optimize the thermal
environment of existing outdoor green spaces in traditional settlements. Previous studies
on the microclimate of rural environments have mostly been based on the influence of
natural water bodies on the microclimate, while areas of water within Weizi have been
artificially constructed around the settlement. In the present work, we aim to determine
whether such purposeful construction can regulate a microclimate. The significance of the
present study lies in our finding that areas of water in Weizi do indeed exert a regulatory
effect on the microclimate, although there is still room for optimization. The novelty of
this research lies in the verification and analysis of thermal comfort in a rural settlement
surrounded by water on all four sides.

Based on the impact that areas of water have on the microclimate of traditional villages,
the present study evaluated the thermal comfort of outdoor green spaces and used local
traditional construction experience to improve and create an outdoor environment with
good thermal comfort. Using Guanweizi Village—a typical Weizi settlement in South
Henan, China—as an example, we simulated the thermal environment of the settlement
through field mapping of the village layout and ENVI-met modeling, and calculated PET
with BIO-met. By maintaining the traditional residential building style, we analyzed
the impact of peripheral water bodies on thermal comfort in the settlement. Finally, we
proposed strategies to improve the thermal environment of Weizi settlements, providing
a reference for the ecological revitalization and sustainable development of traditional
villages [26–29].

2. Materials and Methods

2.1. Case Study Area

Guanweizi Village is located in the Yanhe Township of Guangshan County in Xinyang
City, Henan Province, China. Surrounded by water bodies, the settlement has a square overall
layout, demonstrating a typical settlement form with local characteristics (Figures 1 and 2).
The village is surrounded by water bodies, which not only serve irrigation and cultivation
purposes, as well as laundry cleaning and rainwater drainage functions, but also play roles
in terms of defense and fire protection. More importantly, from the ecological perspective,
they protect the whole area against floods and purify the settlement to some extent. In
addition, together with plants, streets, and courtyard spaces, these water bodies regulate
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and improve the thermal environment in the settlement, which was precisely the focus of
the present study.

Figure 1. Scope of the case study area (map snapshot and photograph obtained by the author).

Figure 2. Photographs of the measurement points.

Four measuring points were selected in the present study, which reflected the envi-
ronmental characteristics of the Guanweizi settlement. Point 1 was located at the main
entrance road of the settlement, near peripheral water bodies and surrounded by multi-
level greening and many trees. Point 2 was located at the settlement center, near the largest
water body inside the settlement. Point 3 was located at the main traffic hub within the
settlement, away from the internal water bodies. Point 4 was located at the secondary
entrance and exit of the settlement, also near the peripheral water bodies, but with fewer
trees and greening clusters than those at point 1. Each point is described in Table 1 and
shown in Figures 1 and 2.

Table 1. Description of measuring points.

Measuring Point Description

1 At the main entrance road of the settlement, near peripheral water bodies and surrounded by
multi-level greening and many trees

2 Near water bodies at the settlement center

3 At the main road intersection at the settlement center, away from the internal water bodies

4 At the secondary entrance and exit of the settlement, near peripheral water bodies, but with
fewer greening clusters and trees
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2.2. Thermal Comfort Research Methodology
2.2.1. Low-Altitude Photogrammetry

Six control points for photography were evenly distributed in the survey area of
Guanweizi Village, with 3D coordinates measured using RTK and orthophotographs ob-
tained using a DJI UAV (Phantom 4RTK). The aerial photographs were collaged using
Pix4Dmapper, and ground elevation was extracted using ArcGIS. The processed orthopho-
tos were then imported into CASS, and ground objects were drawn. Finally, the elevation
data were imported into CASS (Figure 3), which showed that the Weizi settlement is on
flat land.

Figure 3. Elevation map of Guanweizi Village.

2.2.2. ENVI-Met Software for Data Simulation

ENVI-met, a piece of software developed by Bruse and Fleer in 1998, is currently
updated to version 5 [30]. Based on the principles of thermodynamics and hydromechanics,
this software dynamically simulates interactions between the surface and plants in small-
scale human settlements with air [26].

In the present study, simulations for Guanweizi Village were conducted using ENVI-
met to obtain the distribution of PET, as the thermal comfort indicator, in the green spaces
of the settlement [31].

2.2.3. PET as the Thermal Comfort Indicator

In the present study, PET was selected as the thermal comfort indicator, which refers
to the corresponding temperature when the skin and body temperatures reach the same
thermal state as that of the typical indoor environment in a given indoor or outdoor
environment [12,15,32]. With reference to the corresponding relationship between PET
and human thermal perception evaluation (Table 2) [16], as well as the dynamic ENVI-
met-based simulation of the thermal environment in the village, the correlations between
various spatial components of the Guanweizi settlement and the thermal comfort indicator
PET were comprehensively analyzed [33].
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Table 2. Physiological equivalent temperature (PET) and the corresponding human thermal sensation.

PET (◦C) ≤4 4–8 8–13 13–18 18–23 23–29 29–35 35–41 ≥41

Thermal sensation Very cold Cold Cool Slightly
cool Neutral Slightly

warm Warm Hot Very hot

Physiological stress
level

Extreme
cold stress

Strong
cold stress

Moderate
cold stress

Slight cold
stress No Slight heat

stress
Moderate
heat stress

Strong heat
stress

Extreme
heat stress

2.2.4. Grid Analysis

The grid method is primarily applied to urban planning, landscape design, and
architectural design. Typically, large-scale grids are used for urban planning, landscape
planning, and landscape ecological evaluation, while medium-to-small-scale grids are used
for graphic and architectural design [17].

Guanweizi Village is nearly 304 m long from the east to west and 300 m long from
the north to south. Therefore, in the present study, the settlement was divided using
grids measuring 38 m × 37.5 m into 64 grid units in total (Figure 4), and the coupling
relationships between the spatial components of Guanweizi Village (including the water
body, road, greening, soil, and building coverage) and PET were discussed in detail on the
basis of medium- and small-scale grids.

Figure 4. Grid of Guanweizi Village.

2.3. ENVI-Met-Based Thermal Environment Simulation
2.3.1. Measurement of Thermal Environment-Related Indicators in Guanweizi Village

According to the climatic characteristics of Xinyang City, the hottest months are June
and July. The data were measured during 08:00 and 17:00 at an interval of 1 h on 21 June
2021, a clear day with moderate wind but no clouds. Air temperature and relative humidity
were measured at 1.5 m above the ground level (around the head and neck of an adult) and
recorded at an interval of 1 min in accordance with ISO 7726, using the UT332+ temperature
humidity meter (air temperature range: 20 ◦C~70 ◦C, precision: ±0.2 ◦C; relative humidity
range: 0%~99% RH, precision: ±2% RH).
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2.3.2. Verification of ENVI-Met Simulation Results

In the present study, RMSE and MAPE were used to verify the simulation results [20,34],
as shown in Equations (1) and (2):

RMSE =

√
Σn

i=1(Xobs,i−Xmodel,i)
2

n
(1)

MAPE =
1
n

Σn
i=1

|Xobs,i−Xmodel,i|
Xobs,i

× 100% (2)

where Xobs indicates the measured data, Xmodel indicates the simulated data, and n indicates
the times of measurement.

Since solar radiation and temperature are closely correlated and air temperature di-
rectly affects PET, the correlation between air temperature and PET is the strongest [18].
Therefore, this verification primarily focused on error analysis of the measured and sim-
ulation data of air temperature and relative humidity. As is shown in Table 3, the air
temperature RMSE ranged between 1.20 ◦C and 1.51 ◦C, and the relative humidity RMSE
ranged between 2.01% and 2.31% [35]; MAPE ranged between 3.44% and 5.92%, which
was less than 10% [36]. This indicates a relatively small error between the measured data
and the simulation data, meaning that the model can effectively simulate the thermal
environment of the village [37,38].

Table 3. Goodness-of-fit analysis of the measured and simulated data.

Meteorological
Parameters

Evaluation
Indicators

Point 1 Point 2 Point 3 Point 4

Air temperature RMSE (◦C) 1.51 1.34 1.40 1.20
MAPE (%) 5.92 4.72 5.29 4.22

Relative
humidity

RMSE (%) 2.31 2.19 2.13 2.01
MAPE (%) 3.70 3.60 3.47 3.44

2.3.3. ENVI-Met Modeling Parameter

ENVI-met was used to model the Guanweizi Village settlement, with grid resolutions
set at dx = 2 m, dy = 2 m, and dz = 2 m (dx and dy are horizontal resolutions, and dz is a
vertical resolution). The simulation period was set between 18:00 20 June and 24:00 21 June,
with data collected from 13:00 to 15:00, 21 June. According to the actual temperature and
seasonal characteristics, the thermal environment in this period varied greatly, with the air
temperature reaching the highest at 15:00. Therefore, simulated data during this period
were selected for analysis. The simulation parameters are set out in Table 4.

Table 4. The basic parameters of the simulation experiment.

Parameters Parameter Values

Simulation settings
Total simulation time (h)

Output time interval (min)
Number of grids (X × Y × Z)

30
60

233 × 231 × 15

Initial parameter setting

Simulation start date
Simulation start time

Initial temperature (◦C)
Wind speed at 10 m (m/s)
Wind direction at 10 m (◦)

Relative humidity at 2 m (%)
Specific humidity at 2500 m (g/kg)

20 June 2021
18:00
25.2
2.4

202.5 S-W
56
7
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2.3.4. ENVI-Met-Based PET Calculation

The location for the calculation was set at 114.87◦ E and 31.78◦ N, and the time was set
between 18:00 20 June and 24:00 21 June, 2021. During the calculation, the heat resistance
of clothing for a summer outing was set to be 0.5 clo, activity level was 120 W, and human
parameters were a standard male body shape (175 cm tall, 75 kg, and aged 35 years). During
field measurement, the weather was clear with no clouds; thus, cloud cover was set to 0.

A PET distribution map at 1.5 m above the ground was created using BIO-met. Accord-
ing to the measured data, the temperature peaked at around 15:00; thus, PET distribution at
this time was used for analysis. To test the reliability of the simulation data, we compared
it with measured data (Figure 5) and used MAPE and RMSE for verification.

Figure 5. Comparison of the simulated and measured data at 1.5 m above the ground at four
measuring points used to verify the effectiveness of the ENVI-met software: (a) air temperature and
(b) relative humidity.
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3. Results

3.1. PET Simulation

As is shown in the PET distribution map of Guanweizi Village (Figure 6, left), at 15:00,
when air temperature peaked, the PET in green spaces in the village center surrounded
by circular water bodies ranged between 34.1 ◦C and 39.3 ◦C. This was accompanied by
a warm thermal perception, but generally had good thermal comfort. The lowest PET
was below 34.1 ◦C, which appeared in the area surrounded the water bodies and in the
shaded region of some buildings, accompanied by a warm thermal perception. The PET
values of the hardened road (with a hard concrete pavement) and dense building areas
were higher, ranging between 41.9 ◦C and 47.1 ◦C, accompanied by a very hot thermal
perception; however, the lowest PET ranged between 34.1 ◦C and 36.7 ◦C, recorded within
a very small area of a shadow of a building.

Figure 6. Distribution of physiological equivalent temperature (PET) values at 15:00 on 21 June 2021
(with water bodies on the left and without water bodies on the right).

3.2. Correlation between Spatial Components and PET

Guanweizi Village was divided into 64 grids, each with a total area of 1425 m2.
Simultaneously, building, greening, road, water, and soil coverage of each grid were
calculated. The summarized data, as well as PET values at 15:00, calculated based on the
ENVI-met simulation, were used as the basic database of spatial components and thermal
comfort of Guanweizi Village (Table 5) [39].

Table 5. Grid database of spatial components and physiological equivalent temperature (15:00) for
Guanweizi Settlement.

Grid No.
Water Body
Coverage

Road
Coverage

Bare Soil
Coverage

Greening
Coverage

Building
Coverage

PET (◦C)
Value

1 35.8% 0.0% 64.2% 0.0% 0.0% 39.8

2 49.7% 0.0% 29.0% 21.3% 0.0% 36.4

3 70.1% 0.0% 22.7% 7.2% 0.0% 37.0

4 64.6% 0.0% 35.4% 0.0% 0.0% 37.2

5 60.3% 0.0% 39.0% 0.0% 0.7% 37.6

6 56.4% 0.0% 35.9% 6.8% 0.9% 36.7

7 69.6% 0.0% 29.7% 0.7% 0.0% 36.0

8 46.3% 0.0% 47.0% 6.7% 0.0% 37.8

9 53.4% 0.0% 46.6% 0.0% 0.0% 36.4

10 22.1% 0.0% 23.0% 34.0% 20.9% 36.8
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Table 5. Cont.

Grid No.
Water Body
Coverage

Road
Coverage

Bare Soil
Coverage

Greening
Coverage

Building
Coverage

PET (◦C)
Value

11 0.0% 4.9% 34.9% 0.0% 60.2% 38.2

12 0.0% 10.8% 28.6% 50.9% 9.7% 36.3

13 0.0% 11.0% 26.3% 50.4% 12.3% 36.8

14 0.0% 9.9% 32.2% 22.7% 35.2% 39.8

15 0.0% 2.6% 21.3% 34.7% 41.4% 37.8

16 72.9% 0.0% 13.0% 13.1% 1.0% 36.7

17 51.1% 0.0% 48.9% 0.0% 0.0% 37.5

18 1.6% 0.0% 14.2% 63.8% 20.4% 36.2

19 0.0% 17.2% 42.6% 6.0% 34.2% 38.9

20 0.0% 12.9% 34.8% 13.5% 38.8% 38.6

21 0.0% 0.0% 28.4% 25.2% 46.4% 39.1

22 0.0% 0.0% 8.4% 68.9% 22.7% 37.3

23 0.0% 8.8% 32.4% 38.6% 20.2% 38.4

24 49.4% 5.4% 38.7% 1.3% 5.2% 36.7

25 55.2% 0.0% 44.8% 0.0% 0.0% 36.5

26 0.0% 8.9% 20.1% 55.0% 16.0% 36.0

27 10.2% 13.0% 44.8% 18.0% 14.0% 38.4

28 10.7% 12.3% 45.1% 1.5% 30.4% 38.9

29 48.4% 10.8% 10.4% 17.9% 12.5% 37.0

30 12.0% 11.7% 32.1% 8.7% 35.5% 37.9

31 0.0% 1.6% 4.1% 67.3% 27.0% 36.5

32 56.0% 7.5% 35.4% 0.0% 1.1% 36.5

33 45.1% 1.7% 47.3% 5.9% 0.0% 37.4

34 0.0% 10.3% 27.8% 45.6% 16.3% 38.2

35 18.7% 0.0% 9.1% 70.1% 2.1% 37.0

36 2.9% 0.0% 21.5% 35.1% 40.5% 38.6

37 70.1% 0.0% 19.9% 4.0% 6.0% 36.8

38 36.5% 7.9% 31.0% 11.0% 13.6% 37.2

39 0.8% 24.2% 32.7% 4.2% 38.1% 37.4

40 55.9% 11.4% 32.7% 0.0% 0.0% 37.9

41 56.9% 9.3% 28.1% 0.0% 5.7% 36.6

42 0.0% 0.0% 20.2% 51.6% 28.2% 36.2

43 0.0% 0.0% 14.2% 85.8% 0.0% 36.0

44 0.0% 0.0% 52.3% 5.9% 41.8% 39.9

45 0.0% 13.6% 41.2% 11.9% 33.3% 37.7

46 0.0% 9.5% 30.2% 28.6% 31.7% 37.5

47 16.6% 12.3% 22.8% 28.8% 19.5% 37.8

48 54.8% 0.0% 45.2% 0.0% 0.0% 37.5

49 79.8% 5.7% 11.0% 0.0% 3.5% 37.4

50 6.3% 7.3% 41.3% 0.0% 45.1% 38.6

51 21.9% 14.4% 26.9% 0.0% 36.8% 38.3

52 24.6% 9.5% 41.2% 0.0% 24.7% 38.0

53 2.5% 9.8% 23.9% 42.4% 21.4% 38.2

54 1.5% 0.0% 0.0% 95.5% 3.0% 35.7
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Table 5. Cont.

Grid No.
Water Body
Coverage

Road
Coverage

Bare Soil
Coverage

Greening
Coverage

Building
Coverage

PET (◦C)
Value

55 32.4% 0.0% 6.8% 60.8% 0.0% 35.9

56 33.2% 0.0% 66.8% 0.0% 0.0% 36.6

57 24.2% 0.0% 75.8% 0.0% 0.0% 39.2

58 36.6% 0.0% 63.4% 0.0% 0.0% 39.1

59 74.1% 0.0% 25.9% 0.0% 0.0% 37.4

60 75.7% 0.0% 24.3% 0.0% 0.0% 36.5

61 72.9% 0.0% 27.1% 0.0% 0.0% 36.6

62 56.1% 0.0% 43.9% 0.0% 0.0% 37.2

63 76.6% 0.0% 23.4% 0.0% 0.0% 36.8

64 26.8% 0.0% 73.2% 0.0% 0.0% 37.2

In the present study, the basic grid data (Table 5) were imported into SPSS, and Pearson
correlation analysis was conducted between the PET and the basic spatial components of
the Guanweizi settlement, including the water, road, bare soil, greening, and building cov-
erage (Table 6). The PET was negatively correlated with water and greening coverage, and
positively correlated with road, soil, and building coverage. By comparing the correlation
coefficients, the order of correlation strength was as follows: greening coverage > water
coverage (slight difference) in the case of negative correlations, and building coverage > bare
soil coverage > road coverage in the case of positive correlations.

Table 6. Pearson correlation analysis between grid analysis data of settlement space components and
the corresponding physiological equivalent temperature (PET).

Water Body
Coverage

Road
Coverage

Bare Soil
Coverage

Greening
Coverage

Building
Coverage

Pearson correlation between
settlement space components and PET

r
Sig.

−0.328 **
0.008

0.281 *
0.024

0.481 **
0.000

−0.331 **
0.007

0.494 **
0.000

** Correlation significant at the 0.01 level (two-tailed); * correlation significant at the 0.05 level (two-tailed).

3.3. Impact of Water Bodies on the Thermal Environment

To verify the impact of water bodies around the village on the thermal environment,
along with the original model, another copy was created. The copy had only one variable
(excluding water bodies around the village), while the other parameters remained consistent
with those in the original model. The simulation results were as follows.

According to the data measured at 15:00 on 21 June 2021, during summer, the PET in
green spaces at the village center with water bodies ranged between 36.7 ◦C and 39.3 ◦C,
accompanied by a warm thermal perception. In contrast, that in the green spaces without
water bodies ranged between 40.3 ◦C and 42.8 ◦C, accompanied by a very hot thermal per-
ception. From the comparison between scenarios with and without water bodies, the PET
values around the water bodies and inside the settlement were reduced by approximately
5 ◦C, on average, and the air temperature was reduced by approximately 3 ◦C, on average,
in the presence of water bodies (Figures 6 and 7). However, with water bodies around the
settlement, the PET values outside the water bodies increased (south and west sides in
figures on the left). As is shown in Figure 6, the PET in greening areas at the edge of the
water bodies ranged between 34.1 ◦C and 36.7 ◦C, while those in areas without greening
ranged between 36.7 ◦C and 39.3 ◦C, reaching the high values shown in blue.
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Figure 7. Air temperature distribution at 15:00 on 21 June 2021 (with water bodies on the left and
without water bodies on the right).

4. Discussion

Our literature review revealed that previous studies have mostly focused on the
heat island effect of land settlements or the thermal comfort of settlements neighboring
water on only one side. For example, Kurazumi et al. studied the relationship of effective
temperature (ET), an indicator for the evaluation of outdoor space thermal environments,
with human physiological and psychological responses, through subject experiments in
2019. By studying the influence of the thermal environment on the human body in rural
and suburban outdoor spaces, natural elements such as green space and water surfaces
have been proposed as conducive to reducing air temperature [19]. In 2013, Theeuwes et al.
mitigated the heat island effect by introducing open surface water into urban design. By
using the WRF mesoscale meteorological model, an idealized circular city was designed. It
was concluded that the cooling effect of a water body depends nonlinearly on the partial
water coverage, area and distributed wind direction of individual lakes in a city [40]. Sayad
et al. proposed two solutions to improve urban thermal comfort through an ENVI-met
simulation experiment in 2021: increasing the vegetation ratio relative to air flow and
increasing the water surface area within the outdoor space [41]. The combined effect of the
increased vegetation ratio and linear water bodies provides the best solution for achieving
the optimal thermal comfort level in an outdoor space. In 2022, Wu et al. studied the
spatial and temporal distribution characteristics of the water temperature cooling value
in Zhoutie Town of Yixing City through field measurement, numerical simulation, etc.
They analyzed the correlation between the village morphology and water-cooling value,
proposing that the increase in water and greening ratio and the decrease in surrounding
building density was conducive to enhancing the water-cooling effect [13]. The above
literature only employed a limited number of methods, such as effective temperature
evaluation, ideal model construction, field measurement, and digital simulation, to study
the influence of an area of water on an outdoor thermal environment. However, this study
more systematically adopted the actual measurement, digital simulation, PET outdoor
thermal environment evaluation, and grid-based correlation analysis of the experimental
data. In addition, the above literature mainly focused on the study of natural water areas,
while we focused on artificial areas of water in the particular form of Weizi settlements.
This was based on our years of team research on Weizi settlement morphology, since there
have been very few studies on Weizi settlements in China.

Based on ENVI-met simulation results, the impact of peripheral water bodies on the
thermal comfort of settlements was analyzed. This clearly showed a direct regulatory
effect of water bodies on PET and air temperature. Therefore, water bodies can effectively
improve the local microclimate and, consequently, PET [42]. Accordingly, an increased
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water body area can favorably improve the PET and air temperature of Weizi settlements.
This is because, although water bodies can effectively reduce the surrounding temperature
and increase relative humidity and wind speed, due to heat ventilation, air temperature
drops to some extent, thereby increasing PET. With less greening in the south and west
and more in the north and east, PET did not increase in the north and east, indicating that
waterfront spaces combined with green shade can significantly reduce PET [43].

However, simulation results also indicated that the local temperature around water
bodies may increase due to solar refraction. Moreover, Pearson’s correlation analysis
revealed that, under these circumstances, PET is negatively correlated with greening
coverage [44,45]. Therefore, PET may be reduced by combining waterfront spaces and
green shade to avoid a local high temperature around the water bodies.

Furthermore, the simulated data showed relatively higher PET values in hard concrete
pavement, soil, and dense building areas. This is a result of an increased air temperature
due to increased heat radiation from the hard concrete pavement, soil, and building surfaces.
Therefore, building density should be adjusted through the reasonable use of hard paving,
and the high building density in some areas should be appropriately reduced to improve
the local microclimate [46].

Based on grid data and Pearson correlations between PET and the coverage of water
bodies, greening, roads, soil, and buildings, a PET ranging between 34 ◦C and 36 ◦C is
typically accompanied by good thermal comfort due to the relatively higher water body
and greening coverage. However, a PET exceeding 36 ◦C is generally accompanied by
poor thermal comfort due to the relatively higher road, soil, and building coverage. Hence,
the rational design of water bodies and greening coverage would be an effective means to
increase the thermal comfort of Weizi settlements.

The present study has certain limitations as it only focused on a Weizi settlement
surrounded by water on all four sides without analyzing partially enclosed settlements,
such as those surrounded by water on only two or three sides. According to the current
research findings, it is expected that an uneven distribution of the cooling effect will be
seen in Weizi settlements surrounded by water on only two or three sides, compared with
those surrounded by water on all four sides. This incomplete selection of typical settlement
samples is a limitation of this study. More settlements featuring different enclosure types
will be selected to conduct further research on the influence of the degree of water enclosure
on thermal comfort. In addition, the air speed and average radiation temperature will
also be incorporated into field measurements in our subsequent study to obtain more
scientific data.

5. Conclusions

In the present study, fundamental data of air temperature, relative humidity, and
solar radiation were obtained through field measurements in Guanweizi Village. Further,
ENVI-met was used for simulation, and the distribution results of PET, a thermal comfort
indicator, were obtained for Guanweizi Village on the summer solstice.

Based on the results of fundamental data analysis, grid units with better thermal
comfort were concentrated near water bodies or greening clusters. Thus, water and green-
ing coverage are the major factors affecting the thermal comfort of spaces in Guanweizi
settlement. Water bodies in Guanweizi Village can regulate air temperature and relative
humidity in surrounding areas, thereby playing pivotal roles in improving the thermal
comfort of the settlement.

Furthermore, the coupling relationships between the components of settlement spaces
and PET values were summarized. On this basis, three suggestions regarding the strategy
for improving the thermal comfort of Weizi settlements are summarized below:
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1. Increasing air humidity and reducing air temperature: the area of water bodies and
greening should be increased, and the area of bare soil should be reduced within the
settlement area, where thermal comfort is poor.

2. Reducing thermal radiation: green plants should be grown on both sides of hardened
roads in the settlement to increase shading and reduce solar thermal radiation; hard
concrete pavement should be minimized and planting or permeable bricks should
be used [47]. Green plants should be grown on both sides of roads, and surface
phytoplankton should be increased to reduce the reflection of solar radiation [48,49].

3. Reducing high temperatures at the boundary of water bodies: multi-level greenery
should be added around water bodies inside and outside the settlement, such as tall
trees to shade the water bodies and thus reduce high temperatures at their boundary.

The significance of the present study lies in the site-specific consideration of the
relationship between human settlements and water when designing settlements to create
spaces with relatively comfortable microclimates. This work can provide a reference and
inspiration for future research on the design of water-adaptive spaces in the context of
human settlements.
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Abstract: Urban park waterfront green spaces provide positive mental health benefits to the public.
In order to further explore the specific influence mechanism between landscape elements and public
psychological response, 36 typical waterfront green areas in Xihu Park and Zuohai Park in Gulou
District, Fuzhou City, Fujian Province, China, were selected for this study. We used semantic
segmentation technology to quantitatively decompose the 36 scenes of landscape elements and
obtained a public psychological response evaluation using virtual reality technology combined with
questionnaire interviews. The main results showed that: (1) the Pyramid Scene Parsing Network
(PSPNet) is a model suitable for quantitative decomposition of landscape elements of urban park
waterfront green space; (2) the public’s overall evaluation of psychological responses to the 36 scenes
was relatively high, with the psychological dimension scoring the highest; (3) different landscape
elements showed significant differences in four dimensions. Among the elements, plant layer,
pavement proportion, and commercial facilities all have an impact on the four dimensions; and (4) the
contribution rate of the four element types to the public’s psychological response is shown as spatial
element (37.9%) > facility element (35.1%) > natural element (25.0%) > construction element (2.0%).
The obtained results reveal the influence of different landscape elements in urban park waterfront
green spaces on public psychology and behavior. Meanwhile, it provides links and methods that
can be involved in the planning and design of urban park waterfront green space, and also provides
emerging technical support and objective data reference for subsequent research.

Keywords: urban park waterfront; psychological response; semantic segmentation

1. Introduction

According to the “World Urbanization Prospects” prepared by the United Nations,
55% of the population will live in cities by 2018, and this number is expected to rise to nearly
70% by 2050, indicating that human beings are gradually concentrating in cities. Studies
from various sources mention that urbanized life actually affects the health of residents
on a physical and psychological level. At the physical level, respiratory problems [1],
cardiovascular diseases [2,3], immune diseases [4], and kidney diseases [5] brought about
by changes in the living environment pose a challenge to human health. Urban life in
densely populated areas may also have a number of psychological effects on residents.
One study showed that people living in the most densely populated areas had a 68%–77%
higher risk of mental illness and a 12%–20% higher risk of depression than those living in
areas with low levels of urbanization [6], with urbanized environments placing varying
degrees of cognitive and emotional stress on residents [7], along with a reduction in their
sense of well-being [8]. In the current context of COVID-19 gripping the world, urban
residents are facing dramatic changes in their lives, with disruptions in daily life, the risk
of unemployment, and social isolation sounding the alarm for a range of emotional stresses
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and mental illnesses [9–11]. The emergence of these mental illnesses is a reminder that
people are becoming aware of the various stresses associated with urban life and that
mental health issues need to be taken seriously.

Wilson, a proponent of the Biophilia Hypothesis, pointed out that human beings
come from nature, instinctively such as nature, adore nature, and are attracted to na-
ture [12], and that contact with the natural environment can greatly reduce stress and
help with mental recovery [13], as well as enhancing feelings of pleasure [14]. Further
research indicates that people show higher preference, restoration, and motivation for
landscapes that contain water [15,16]. Compared with other green spaces, spending time
in or around waterfront spaces will significantly reduce people’s negative emotions and
mental stress [17] and effectively increase their sense of well-being [18]. Researchers
from environmental psychology and environmental health have pointed to the potential
of waterfront spaces to become health-promoting “therapeutic landscapes” [19]. Many
studies have confirmed the positive effects of exposure to waterfront environments. For
example, epidemiological evidence suggests that urban residents living close to blue
spaces report more positive general health conditions compared to residents in other
areas [20], and that they are significantly less likely to suffer from mental illness [21];
Gascon M et al. [22,23] based on a study of the association between waterfront landscapes
and public psychology indicated that there are mechanisms of influence between the
two that reduce stress, downplay anxiety, enhance restorative qualities, and provide
evidence of effective positive benefits, as well as positive alleviating effects on specific
psychological disorders such as mood disorders and psychological distress; Pasanen et al.
noted that waterfront spaces can encourage people to engage in sports and exercise to
regulate their lifestyles [24] and promote positive social interactions [25]; Gao et al. [26]
argue that forested water spaces, especially dynamic water features, contribute to the
public’s emotional attitude towards the environment; and Britton et al. [27] further em-
phasized that an emphasis on the exploration of the mechanisms of influence between
waterfront space and human health is key to future research. For this reason, urban park
waterfront green space has become an excellent vehicle for urban residents to engage with
nature. It provides a variety of positive benefits to residents, and it is also essential to
focus on the psychological healing benefits that this environment provides. However, it
is worth noting that the presence of an element in the environment and the differences in
its visual representation may provide different perceptual effects. For example, studies
have mentioned that changes in the sky openness, building height, vegetation area, water
proportion, etc. in the scene may also change the public’s perception attitude to a certain
extent [28–30]. This means that, in addition to the qualitative evaluation of the structure
and form of landscape elements, the quantitative visual effects conveyed by the landscape
are also an important part of measuring the public’s perception attitude. However, there is
still a lack of research on urban park waterfront green space, and systematic evaluation
indexes and quantitative methods have not been developed yet.

With the continuous development of the computer field, the interdisciplinary applica-
tion of emerging technologies is gradually gaining academic attention. In recent years, deep
learning for semantic segmentation in artificial intelligence has become a trending topic.
The principle of semantic segmentation lies in the automatic analysis of a large amount
of data and feature learning, which effectively extracts the low, medium, and high level
information from the image and achieves pixel-level predictive classification of unknown
images depending on the expressed semantics. Its powerful image processing capabilities
make automated processing of large volumes of image data a reality [31]. In addition to
applications in medical imaging and artificial driving, there is a new trend to use semantic
segmentation of images to quantify landscapes and to combine public perception to pro-
vide effective guidance for future planning and design. Currently, semantic segmentation
is more often applied in studies related to streetscapes in landscape gardening habitat
research, such as the measurement of urban street composition [32], pedestrian space [33],
quality assessment [34], and aesthetic judgement [35]. We note that there are few examples
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of this technique being applied to other landscape types, such as the urban park waterfront
that is the subject of this study. Urban park waterfront green space has different and more
complex components than street landscapes, with common elements such as sky, trees, and
buildings, as well as unique landscape elements such as landscape vignettes and landscape
structures. However, the application of semantic segmentation to urban park waterfront
green space has not yet been discussed or investigated empirically. With the continuous
development of deep learning algorithms, more and more deep learning-based segmenta-
tion models are gradually developed. The selection of models and datasets applicable to
urban park waterfront green space will help expand the scenario of landscape gardening
applications of semantic segmentation, and also provide new technical support for the
quantitative evaluation of urban park waterfront green space, and there is some room for
exploration in this area of research.

Virtual Reality (VR) in the field of computer simulation bridges the gap between
traditional image studies. As a method of maximizing the simulation of the perceived
spatial environment [36,37], VR provides a convenient and rapid representation of the
natural environment for the public without having to leave home. Recent studies have
shown that in addition to visual appreciation, the immersive nature scenes offered by VR
can have a near-realistic emotional and psychological healing effect on people [38–41].
Subjects experiencing virtual natural scenes within a safe period of time (5–10 min)
can significantly improve physiological stress [42,43], become more “fascinating” and
“coherent” in psychological recovery [44], and further enhance human emotions and
awareness [45]. Based on a large number of existing studies, the application of virtual
reality in scene presentation is considered novel, effective, and feasible, and has a wide
range of application prospects.

The information conveyed by the objective environment provides multisensory stimu-
lation and subsequently has an impact on human physical and mental health; this interac-
tion indicates a potential relationship between the two [46]. How to change the objective
physical environment characteristics to enhance public mental health while incorporating
feedback and application of public mental health to landscape design is the key to the
study of urban park waterfront green space and public mental health. In addition, the
emergence of new technologies has helped us conduct scientific research more efficiently
and objectively. Based on this, this paper takes Xihu Park and Zuohai Park in Gulou District,
Fuzhou City, Fujian Province, China, as the study subjects and explores the following:

(1) Analyze the differences between different semantic segmentation models and datasets
applied to urban park waterfront green space images, and find out which semantic
segmentation model and dataset are capable of efficiently and accurately obtaining
quantitative data on urban park waterfront green spaces;

(2) Using semantic segmentation and virtual reality as technical support, analyze what
impact urban park waterfront green spaces have on the public psyche;

(3) To further explore whether different landscape elements in urban park waterfront
green spaces have an impact on public psychology, and what the specific mechanisms
of impact are.

This study aims to explore the impact of urban park waterfront green spaces on public
psychology from the perspective of public response, to identify landscape elements in
urban park waterfront green spaces that may have positive or negative psychological
benefits to the public, and to further examine the specific mechanisms and the degree of
importance of these landscape elements in influencing public psychology. Through this
study, it is possible to provide links and ways to intervene in the landscape construction and
optimal design of urban park waterfront green spaces and to provide effective and targeted
solutions for the development of urban park waterfront environments with psychological
healing benefits.
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2. Materials and Methods

2.1. Study Sites

The study site, Fuzhou, Fujian Province, is located in the southeastern hills, the first
of the three major hills in China, and is a typical city in the hilly region. Xihu Park and
Zuohai Park are located in the Gulou District of Fuzhou, in the heart of the bustling city,
surrounded by famous attractions such as Three Lanes and Seven Alleys, and Fuway. The
park is surrounded by many offices, such as the Fujian Provincial Government and the
Fujian Provincial Forestry Bureau, and many residential communities, serving a wide range
of people and belonging to a typical urban park.

Xihu Park is a classical garden park with a long history and the most complete
preservation in Fuzhou and is known as the “Pearl of Fujian Gardens”. It was first built in
the third year of Jin’s Taikang dynasty and was renovated in 1914 to become the present-
day Xihu Park. The park is classically beautiful and is a citywide comprehensive park
combining history and culture with natural landscape. With a total area of about 0.4251 km2

and a water surface of 0.303 km2, Zuohai Park is one of the first and largest parks in Fuzhou.
In 1990, local farmers converted the northern part of the site belonging to the former Xihu
to create the present Zuohai Park. Zuohai Park was established with Xihu Park as a
reference and incorporates more characteristic parks and modern facilities, covering an
area of 0.3547 km2 and a water surface of 0.1814 km2. In 2015, based on the concept of
“Great Xihu”, Fuzhou City implemented a wooden walkway around the lake and the water
system to connect the two parks, making the Xihu and Zuohai Park into one, creating a
landscape planning pattern of “one water, two parks, three peaks and four shores”, thus
forming a representative urban waterfront park in Fuzhou City, which is also an important
part of the city’s landscape pattern and is regarded as one of the top ten scenic spots in
Fuzhou. Both parks are well equipped with functional zones and various facilities that can
meet the needs of Fuzhou citizens for various types of leisure and recreational activities.
Based on this, the study takes Xihu Park and Zuohai Park as the research objects, which are
typical and representative.

The completed landscape nodes of the park usually play the role of guiding visitors to
gather. In this study, the distribution map of landscape nodes in the park was used as the
basis and further combined with fieldwork to select sample sites; 36 scenes were finally
identified as sample sites for this study (Figure 1), including waterfront roads, squares,
pavilions, viewing platforms, and other important landscape nodes. The principles of
sample site selection are as follows: (1) the waterfront landscape as a linear tour space;
the experimental selection of sample scenarios with established landscape nodes that
can simulate the walking route of visitors along the waterfront trail. (2) Select sample
scenarios with a high frequency of viewing, which refers to a certain amount of human
traffic observed in the actual survey in the early stages. (3) The sample scenarios should be
able to objectively and comprehensively reflect the characteristics of the park and should
have natural (soil, vegetation, water bodies, etc.) and artificial (buildings, squares, paths,
facilities, etc.) landscape elements, with the water environment in the field of view.

2.2. Virtual Reality Image Acquisition

To restore the objective integrity of the scenes, VR images were used as visual stimuli
to initiate public perception assessment. The study used the “insta 360 ONE” panoramic
camera for sample scenario scenes collection from 10:00 to 14:30 on 27 December 2020.
The camera was fixed at a level of 1.6 m above the ground with a tripod, which ensures
that the shooting height is consistent with the level of the human eye and reduces the
error caused by manual hand-held operation. A total of 98 VR images were taken, with
an output resolution of 6912 × 3456 pixels. After eliminating images with similar angles,
large differences in light perception, and more irrelevant influencing factors, 36 VR images
that could restore the whole picture of the park were selected as the research samples for
this study.
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Figure 1. Sample scenarios selection.

2.3. Participants and Procedure

A total of 40 volunteers, 21 males and 19 females, aged between 19 and 30 years old
(M = 23.7, SD = 2.9), were recruited as subjects for this experiment among university teachers
and students. Young students and teachers are considered to have diverse professional
backgrounds, as well as a certain level of environmental perception and a wide range of
preferences [26,47]. The method of using young students and teachers as respondents
has been widely used in previous studies [48–51] and is considered to have low cost and
high effectiveness, so the selection of this group as subjects is feasible and representative.
Considering the purpose of the experiment, all 40 subjects were reported to have good
mental health or no mental disorders (as judged by the results of university psychological
tests); no history of cardiovascular and neuropsychiatric disease; normal or corrected
visual acuity reported in both eyes; and were able to wear VR devices continuously for
a short time without strong discomfort. The evaluation process includes the following
three steps (Figure 2): (1) stress experiment: before the experiment, participants were
invited to complete the short Spielberger State-Trait Anxiety Inventory (STAI-S), which
is used to effectively assess participants’ current psychological status. The test consists
of 20 items, each assessed on a 4-point scale, with scores from 1 to 4 corresponding to
a stepwise scale of “not at all” to “fully”. Then, the auditory continuous addition test
(PASAT) proposed by neuropsychologist Deary was used to stimulate the anxiety and
stress levels of the subjects, who were asked to complete random number calculation
questions without any computing equipment, and an alarm would be triggered if they
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answered incorrectly. Lastly, participants were asked to complete the STAI-S test again
after the experiment; (2) VR experience: subjects were asked to wear a head-mounted
display device and experience 36 VR scenes one by one by turning their heads or bodies.
To prevent dizziness, fatigue, and other discomforting reactions caused by prolonged
viewing of VR scenes, the length of continuous experience should be 5–10 min [41,52,53].
Given the large number of samples in this experiment, the samples were divided equally
into three groups to start the virtual scene experience, with each group experiencing for
8–9 min and being allowed to take a 3-min break at the end of each group experience;
(3) questionnaire completion: with the help of the short version of the recovery scale (SRRS)
proposed by Han [54], public psychological responses were collected from four dimensions:
emotional, physical, cognitive, and behavioral, as shown in Table 1. The questionnaire was
scored on a 7-point scale with scores 1 to 7 corresponding to a stepped scale of strongly
agree to strongly disagree. All 40 subjects completed the above experiment according
to the procedure, which showed that the design and time control of the VR experiment
were reasonable.

Figure 2. Experimental process.

Table 1. Short-version revised restoration scale.

Dimensions Item Score

(F1) Emotional dimensions
V1, Grouchy–Good natured 1, 2, 3, 4, 5, 6, 7

V2, Anxious–Relaxed 1, 2, 3, 4, 5, 6, 7

(F2) Cognitive dimensions V3, I am interested in the presented scene 1, 2, 3, 4, 5, 6, 7
V4, I feel attentive to the presented scene 1, 2, 3, 4, 5, 6, 7

(F3) Physiological dimensions V5, My breathing is becoming faster 1, 2, 3, 4, 5, 6, 7
V6, My hands are sweating 1, 2, 3, 4, 5, 6, 7

(F4) Behavioral dimensions
V7, I would like to visit here more often 1, 2, 3, 4, 5, 6, 7

V8, I would like to stay here longer 1, 2, 3, 4, 5, 6, 7

2.4. GSA-Based Landscape Element Screening

Based on Wang’s classification of park landscape elements [55], by consulting experts
in landscape architecture and related fields, the environmental characteristics were initially
decomposed into 20 pre-selected landscape elements from four aspects: spatial elements,
natural elements, construction elements, and facility elements.

Grey Statistic Analysis (GSA) is a fuzzy statistical method based on “little” information
and “uncertainty” [56], which can effectively solve the limitations of researchers’ knowledge
structures and is considered to be effective in improving the scientificity of element selection.
For further screening of primary selection elements with GSA, the process is as follows:
(1) the questionnaire was sent to 20 landscape architecture experts to solicit their opinions
on the importance of the indexes of the elements, and the questionnaire used a 7-level scale,
with levels 1 to 7 indicating a stepped scale from “very unimportant” to “very important”;
(2) the pre-selected elements are classified into three levels: high, medium, and low. To
construct a gray category whitening function, the calculation formula is shown in (1)–(3);
(3) to calculate the decision coefficients of gray categories, the formula is shown in (4).
Obtain the decision coefficients of high, medium, and low gray categories of each element,
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and select the elements with “high” importance to start the subsequent study. The final
selection of landscape elements is shown in Table 2.

f1(ab) =

⎧⎪⎨
⎪⎩

1 hab ≥ 7
hab−4
7−4 4 < hab < 7

0 hab ≤ 4

(1)

f2(ab) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

0 hab ≥ 7
7−hab
7−4 4 < hab < 7

1 hab = 4
hab−1
4−1 1 < hab < 4

0 hab ≤ 1

(2)

f3(ab) =

⎧⎪⎪⎨
⎪⎪⎩

0 hab ≥ 4
4−hab
4−1 1 < hab < 4

1 hab ≤ 1
(3)

ηk(b) = ∑ L(ab)× fk(ab) (4)

In the formula:
fk(ab)—denotes the value of the whitening function, with the importance of the bth

indicator as a, and k denotes the number of gray classes as 1, 2, and 3.
hab—denotes the importance of the bth indicator as the value of the assignment of a.
ηk(b)—indicates that the bth indicator is the decision coefficient of the kth gray class.
L(ab)—indicates the number of experts whose importance factor of the bth indicator

is an assignment of a.

Table 2. Landscape element index selection.

Type Landscape Indicators Calculation Method
Quantification

Methods
No.

Spatial elements

Sky openness Proportion of the sky in the view Semantic segmentation K1
Visual complexity Space composition complexity index

Matlab
K2

Colorfulness of space Colorful index of space elements K3

Natural elements

Green viewing ratio Proportion of vegetation in the view Semantic segmentation Z1
Blue viewing ratio Proportion of water in the view Z2

Plant layers Number of tree, shrub, and herb strata
in the plant landscape Counting statistics Z3

Plant colorfulness Number of colored foliage and
flowering plant species Z4

Soil exposure Proportion of bare soil in the view Semantic segmentation Z5

Plant growth condition
Condition of decaying and dead

plants in the plant landscape, with = 0,
without = 1

Assignment statistics Z6

Building elements

Building proportion Proportion of buildings in the view Semantic segmentation J1
Pavement proportion The proportion of paving in the view J2

Pavement form Masonry = 0, wood = 1, pebbles = 2 Assignment statistics J3
Vignette proportion Proportion of vignettes in the view

Semantic segmentation
J4

Humanistic
atmosphere

Proportion of traditional buildings in
the view J5

Facility elements Commercial facilities
The proportion of commercial

facilities, such as cruise ships and
amusement facilities

S1
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2.5. Scene Quantization Decomposition Based on Semantic Segmentation

We used semantic segmentation as an auxiliary technique to quickly obtain objective
and accurate quantitative data from the scenes, which can quickly achieve pixel-level
classification based on the semantic information contained in the image. It is usually based
on both CNN models and datasets. In order to improve the segmentation accuracy of
waterfront green space, we intend to compare the current excellent model algorithms and
build a training dataset with urban green space as the main part, so as to select the optimal
model for subsequent analysis.

2.5.1. Model Selection and Semantic Segmentation Accuracy Improvement

Using PASCAL VOC, a world-class challenge in computer vision, three models
(DeepLabV3+ [57], PSPNet [58], and HRNet [59]) with excellent performance on this
dataset were initially selected. The three models are widely used in the current study. The
models used scenes that contained streets, natural landscapes, remote sensing images, etc.,
and showed a high level of accuracy (Table 3).

Table 3. Model overview.

Name of Model Model Network Architecture

DeepLabV3+

PSPNet

HRNet

Note: The DeepLabV3+ model refers to the paper: Encoder-Decoder with Atrous Separable Convolution for
Semantic Image Segmentation, doi:10.1007/978-3-030-01234-2_49; the PSPNet model refers to the paper: Pyramid
Scene Parsing Network, doi:10.1109/CVPR.2017.660; and the HRNet model refers to the paper: Deep High-
Resolution Representation Learning for Human Pose Estimation, doi:10.1109/CVPR.2019.00584.

Semantic segmentation requires learning and obtaining laws from scenes with a large
number of annotated objects (a training dataset). In addition to the structural conditions
of the model itself, the quantity, quality, and diversity of the training dataset will have a
significant impact on the segmentation accuracy. To improve the recognition accuracy of
the model on urban park waterfront green space images, this study expanded the annotated
samples of urban green space images on the basis of ADE20K dataset in a targeted manner
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to establish the training dataset of this paper, and the specific steps are as follows: (1) image
acquisition: a large number of images were acquired using panoramic cameras, DSLR
cameras, and other devices, and the acquisition image conditions cover different weather,
lighting, etc.; (2) sample labeling: the image labeling software LabelMe, developed by
the Computer Science and Artificial Intelligence Laboratory (CSAIL) at the Massachusetts
Institute of Technology (MIT), was used to label the acquired images with polylines. The
label categories were based on the ADE20K dataset labels; and (3) dataset establishment:
sample data were stored in JSON files with annotation information and output.

2.5.2. Semantic Segmentation Accuracy Calculation

Semantic Segmentation accuracy is usually measured in terms of Mean Intersection
over Union (MIoU) [60], which describes the overlap ratio of predicted and real pixels of
an image.

MIoU =
1

k + 1

k

∑
i=0

pii

∑k
j=0 pij + ∑k

j=0 pji − pii
(5)

In the formula:
k—indicates total number of landscape tag categories.
pii—indicates the total number of pixels of real pixel category i that are predicted to

be of category I.
pij—indicates the total number of pixels of real pixel category i that are predicted as

category j.
pji—indicates the total number of pixels of real pixel category j predicted to be of

category I.

2.6. Statistical Analysis

Different analysis methods were used for different data: (1) SPSS 20 statistical software
was used to conduct multiple reliability and validity tests on the subjective questionnaire
to verify its scientific and accuracy; (2) a paired sample t-test was conducted to compare
STAI-S data (pre-PASAT vs. post-PASAT) to ensure the PASAT increased the stress level of
subjects significantly; (3) partial correlation analysis was used in analysis of subject–object
correlations, using partial correlation coefficient as a criterion, the factors with low correlation
were gradually removed; (4) conduct multiple linear regression analysis. The adjusted
coefficient of determination R2 was used to test the fit of the multiple regression line to
the observed values and used analysis of variance (ANOVA) to test whether the multiple
regression estimation equation was statistically significant. The significance level (p < 0.0001)
and the p-value indicated the significant level of the single factor (p < 0.05). The statistical
analysis was completed in SPSS Statistics 22.0.

3. Results

3.1. Results of Semantic Segmentation

The semantic segmentation results show that the three models trained by the dataset
of this paper can correctly identify and classify the elements with a larger pixel share, such
as sky, greenery, roads, and pavements, along the contour of the image (Figure 3). PSPNet,
compared with DeepLabV3+, is less likely to miss identifying small-scale landscape ele-
ments, such as distant buildings, low shrubs, and scenic rocks, and it can also achieve better
accurate label classification. HRNet’s recognition performance was relatively inaccurate.
There were many misclassifications, omissions, and multiple classifications of the same
object for both near and distant landscape elements, which were subject to the influence of
light and other factors in the segmentation process.
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DeepLabV3+ PSPNet HRNet 

Figure 3. Segmentation results comparison.

The semantic segmentation accuracy of the three models on the urban park waterfront
green space was obtained after excluding the indoor landscape categories such as “Sofa”
and “Chair” in the ADE20k dataset (Figure 4). Using MIoU as the criterion, the ranking
performance of the three models is PSPNet (0.6865) > DeepLabV3+ (0.6816) > HRNet (0.5179).

To confirm the validity of the dataset constructed in this study, the segmentation results
of PSPNet trained by the ADE20k dataset and our dataset were compared. The PSPNet
trained by the ADE20k dataset on the scene was unsatisfactory, as shown in Table 4, with
fragmented and disordered segmentation, uneven recognition and classification of objects,
low edge fit, and almost no recognition of small-scale elements such as distant scenes and
facilities. The PSPNet model trained by our dataset greatly improved on the above failures,
and most of the elements can be segmented and correctly classified independently. The
edge recognition was finer, while the segmentation effect of small-scale elements had been
improved, and in general, the segmentation integrity and completeness were significantly
better than the previous model. The data show that the PSPNet model trained by the
dataset of this paper has significantly improved in both PA and MIoU test criteria, and the
MIoU is improved by about 26.8%, which verifies the advantageousness of the dataset of
this paper.
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Figure 4. Semantic segmentation results.

Table 4. PSPNet segmentation results based on different datasets.

PA MIoU Schematic Diagram 1 Schematic Diagram 2

PSPNet-trained by
ADE20k dataset 0.8039 0.4189

  

PSPNet-trained by the
dataset in this paper 0.8783 0.6865

  

3.2. The Public Psychological Response of Urban Park Waterfront Green Space
3.2.1. Test on Reliability and Validity

The questionnaire reliability test showed that the overall Cronbach’s α value of the
study scale was 0.741, which was greater than 0.6, indicating that the scale has a relatively
good internal consistency and a high degree of reliability; the Kaiser-Meyer-Olkin (KMO)
was 0.758, and the significance of the Barlett’s spherical test statistic was 0.000, indicating
that the questionnaire has a high degree of association and good structural validity.

3.2.2. Public Psychological Response Results

The question items of the psychological dimension (F3) of the SRRS measure psycho-
logical arousal [54], so the scores of this dimension were calculated upside down. The
results of the questionnaire analysis and cluster analysis showed that the distribution of the
public’s psychological response levels to the 36 scenarios tended to be moderate to high,
with the highest score being sample 4 (5.05), and the lowest being sample 7 (3.89).

The scores for each dimension showed that F3 > F1 > F2 > F4 (Figure 5). The sample
scenarios convey a higher restorative benefit to the public in F3, while it still falls short
in F4. In terms of standard deviation, the subjects’ perceptions were more consistent in
F3 (0.17), and the perceived differences were greater in F4 (0.43).
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Figure 5. Differences in psychological response across four dimensions.

The two scenarios with the highest and lowest psychological response scores were
explored further. As shown in Tables 5 and 6, the scores of psychological dimensions (4.89)
and cognitive dimensions (4.97) in scenario 4 were lower than those of behavioral dimen-
sions (5.00) and emotional dimensions (5.32). The highest scoring emotional dimension
was particularly demonstrated by the switch from anxiety to relaxation (E2 = 5.38), which
was the highest mean score for the subfeature factor in this scenario. In scenario 7, the
behavioral dimensions (3.30) and the cognitive dimensions (3.59) scored lower than the
emotional dimensions (4.19) and the psychological dimensions (4.49). The psychological
impact of the scenario on the public is particularly evident in the reduction of people’s
dwell time (B2 = 3.24) and frequency of visits (B1 = 3.35); in addition, two sub-trait factors
of the cognitive dimensions (C1 = 3.57 and C2 = 3.62) contributed to the lower mental
response scores in scenario 7.

Table 5. Psychological response results of scenario 4.

Emotional
Dimensions (E)

Cognitive
Dimensions (C)

Physiological
Dimensions

(P)

Behavioral
Dimensions (B)

E1 E2 C1 C2 P1 P2 B1 B2

Mean score of each subconstruct 5.27 5.38 5.16 4.78 4.73 5.05 4.92 5.08
Mean score of each construct 5.32 4.97 4.89 5

Table 6. Psychological response results of scenario 7.

Emotional
Dimensions (E)

Cognitive
Dimensions (C)

Physiological
Dimensions (P)

Behavioral
Dimensions (B)

E1 E2 C1 C2 P1 P2 B1 B2

Mean score of each subconstruct 4.11 4.21 3.57 3.62 4.32 4.65 3.35 3.24
Mean score of each construct 4.16 3.59 4.49 3.30

3.3. How Do Landscape Elements Affect Public Psychology
3.3.1. Psychological Response Model Construction

Four dimensions (emotional dimension, cognitive dimension, psychological dimen-
sion, and behavioral dimension) were used as dependent variables, and the quantified
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values of landscape elements were used as independent variables to carry out the partial
correlation analysis. The elements with low bias correlation coefficients were gradually
eliminated according to the results, and the linear regression model of the four dimensions
was established with the final retained elements.

The multiple linear regression model shows that colorfulness of space (K3) plays the
greatest positive influence in F1 and F3 (p < 0.05), commercial facilities (S1) is the factor
with the greatest negative influence in the F1 (p < 0.05), and visual complexity (K2) shows
the greatest negative influence in F3 (p < 0.05); in F2 and F4, those showing the greatest
positive as well as negative influence are plant layers (Z3) and commercial facilities (S1)
(p < 0.05).

The results of the goodness of fit and significant level tests showed that the adjusted
R2 for the 4 models were 0.570, 0.452, 0.480, and 0.421, respectively. The established
regression equations were considered to have a good degree of explanation, corresponding
to a p ≤ 0.001, indicating a high level of significance and a statistically significant equation
(Table 7).

Table 7. Multiple linear regression models for the psychological dimensions and the significant
influences obtained.

Model B
Std.

Error
Standardized
Coefficients

t Sig.

F1
(R = 0.795 a, R2 = 0.632, Adjusted

R2 = 0.570; F = 10.296, Sig. = 0.000 b)

(constant) 4.855 0.218 22.272 0.000
K3 0.420 0.183 0.302 2.300 0.029
Z3 0.158 0.065 0.282 2.412 0.022
Z5 −0.077 0.022 −0.463 −3.418 0.002
J2 −0.013 0.005 −0.367 −2.851 0.008
S1 −0.653 0.111 −0.690 −5.901 0.000

F2
(R = 0.739 a, R2 = 0.546, Adjusted

R2 = 0.452; F = 5.808, Sig. = 0.000 b)

(constant) 5.991 0.552 10.852 0.000
K2 −0.462 0.176 −0.398 −2.622 0.014
Z1 −0.013 0.004 −0.614 −3.163 0.004
Z3 0.234 0.092 0.348 2.545 0.017
Z5 −0.075 0.027 −0.379 −2.743 0.010
J2 −0.032 0.008 −0.748 −4.160 0.000
S1 −0.558 0.148 −0.490 −3.768 0.001

F3
(R = 0.783 a, R2 = 0.614, Adjusted

R2 = 0.480; F = 4.591, Sig. = 0.001 b)

(constant) 5.839 0.438 13.321 0.000
K2 −0.291 0.113 −0.521 −2.575 0.016
K3 0.331 0.132 0.410 2.498 0.019
Z1 −0.012 0.004 −1.193 −3.122 0.004
Z2 −0.033 0.010 −0.773 −3.305 0.003
Z3 0.217 0.054 0.668 4.050 0.000
Z6 −0.114 0.053 −0.293 −2.138 0.042
J1 −0.015 0.004 −0.936 −3.675 0.001
J2 −0.015 0.006 −0.706 −2.597 0.015
S1 −0.172 0.078 −0.314 −2.214 0.036

F4
(R = 0.721 a, R2 = 0.520, Adjusted

R2 = 0.421; F = 5.240, Sig. = 0.001 b)

(constant) 5.776 0.684 8.448 0.000
K2 −0.551 0.218 −0.394 −2.525 0.017
Z1 −0.012 0.005 −0.454 −2.275 0.030
Z3 0.320 0.114 0.393 2.802 0.009
Z5 −0.107 0.034 −0.444 −3.130 0.004
J2 −0.032 0.010 −0.611 −3.307 0.003
S1 −0.583 0.183 −0.426 −3.183 0.003

a, b: Predictors

3.3.2. Specific Mechanisms of Influence of Landscape Elements on Public Psychology

From the coefficients of the established regression model, it was clear that there
were differences in the contribution of each factor indicator in different dimensions, with
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the overall performance of spatial elements (average = 37.9%) > facility elements (aver-
age = 35.2%) > natural elements (average = 25.0%) > construction elements (average = 2.0%).

Among the types of elements that have an impact on the public’s psychological
response, the spatial elements include K2 and K3; the facility element is S1; the natural
elements include Z1, Z2, Z3, Z5, and Z6; and the construction elements include J1 and J2.
Among them, we note that the 3 elements Z3, J2, and S1 provide some contribution to all
4 dimensions of the public’s psychological response (Figure 6).
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Figure 6. Contribution rate of spatial elements.

4. Discussion

4.1. Semantic Segmentation Model and Dataset for Urban Park Waterfront Green Space

Through the comparison of the three models, the PSPNet trained by the dataset of
this paper is considered to be a more suitable semantic segmentation model for urban park
waterfront green space, and its accuracy exceeds 0.60, which was considered to reach a good
level of semantic segmentation accuracy [61]. The single-element data show that the model
performs well (MIoU > 0.60) for 14 of the 18 element categories, including the sky, water,
and trees, and achieves an accuracy level of more than 0.90 for 2 elements in particular:
the sky and water. The reason was that the morphological and color characteristics of
these elements were more fixed in this study [62], which made it easy for the model to
determine and recognize them. However, the model is still deficient in identifying small-
scale elements, such as sculptures, people, and streetlights. This was due to the fact that
small-scale landscape elements contain a relatively low percentage of pixels in the scene
representation, and their information, such as color, texture, and semantic features, were
weakened in a series of pooling and convolution operations, which increased the difficulty
of detection [63]. On the other hand, there were spatial sequences of the foreground and
background in the image, and the depth setting of the dataset’s annotated objects makes the
segmentation process usually recognize the complete outline of the foreground landscape
(e.g., trees) as a unit and ignore the pores between trunks, branches, leaves, etc. [64]. The
background elements that are heavily obscured by the foreground landscape were difficult
to accurately recognize in the complex environment due to the incompleteness of the
appearance outline, which leads to a bias in recognition.

Semantic segmentation is based on a combination of two aspects: the model and the
dataset. In terms of datasets, the current one that is often used is usually collected from
streetscapes and does not include annotated samples of elements specific to park scenes.
This makes the model unable to learn and summarize the semantic patterns, which leads to
the disadvantage of identifying urban park images. In this paper, we increase the sampling
rate and annotation amount of elements specific to park landscapes (e.g., landscape street-
lights, scenic stones, pavilions) based on the ADE20k dataset. Comparing the results of
the PSPNet trained by the ADE20k dataset and the dataset of this paper, it is noted that
the model trained by our dataset shows a significant advantage (a 26.8% improvement
in MIoU), confirming that this initiative can effectively improve the recognition accuracy
of the model for urban park images, which is consistent with the previously mentioned
approach [65].
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In addition, the distortion caused by the conversion of VR scenes to flat projection can
degrade the segmentation performance of the model [66]. This is due to a certain degree of
distortion or stretching at the edges and bottom of the converted image, which leads to a
reduction in segmentation accuracy due to non-compliance with the semantic laws of the
model. Semantic enhancement inputs can mitigate the distortion of target detection based
on this condition [66]. We added a large number of annotated samples taken by panoramic
cameras to this study, and a comparative study shows that the initiative effectively helps
the model learn the patterns of panoramic images and shows a significant improvement in
recognition accuracy.

4.2. The Impact of Virtual Reality-Based Urban Park Waterfront Green Space on Public
Psychological Response

The public’s psychological response ratings for these 36 sample sites tended to be
moderate to high, in line with Kaplan’s concept of a restorative environment, which refers
to the public’s ability to recover and relax physically and mentally after spending time in
such an environment [67]. The public’s psychological response reflects differences in four
dimensions: first, the public showed higher restorative benefits and higher consistency on
the psychological dimension, which may be due to the fact that green spaces were usually
places of relaxation, and subjects were less experience excessive physiological arousal
when exposed to natural landscapes [68]; second, the public harvested less recovery in the
behavioral dimension and showed more variation. It is possible that this is related to the
season, as people are less likely to stay outdoors In the cold winter. In addition, subjects
may express different behavioral intentions when facing the same scenario due to their
personalities and emotional differences; for example, Scenario 26 was a more remote corner
in a park, and some subjects believed that a quiet place to get away from the noise and
enjoy solitude could bring better healing effects [69]. Additionally, some subjects would
feel insecure due to the remoteness of the scenario, which led to a reluctance to stay for a
long time.

Ulrich, a proponent of environmental stress relief theory, argues that the physical
environment can be a source of stress or relief and that a healing natural environment
should have the following characteristics: an abundance of natural elements, especially
greenery and water; a complexity of environmental content with focal points in the spatial
structure; a medium to high level of visual depth; winding view corridors; and the absence
of things that could pose a danger [70]. Analysis of the scenarios with the highest and lowest
public psychological response scores revealed that the scene (scenario 4) with the highest
psychological response is a pavilion environment to the left of the entrance to Zuohai Park.
The overall style here tends to be classical with a quiet environment, which is thought to
be effective in regulating public mood. Through the interviews, we know that the public
focuses on resting and other experiences. In addition to visual experiences when visiting,
the presence of the pavilion seats in Scenario 4 enhances the public’s willingness to act.
In the psychological dimension, the public felt slightly faster breathing (P1 = 4.73), which
may be related to the scenario being close to water and without a safety guardrail. The
results of the scenario analysis found that Scenario 7 has a significantly higher percentage
of commercial facilities (0.65%) than other scenarios, with the top 3 percentages. Based on
the significant impact factors, we know that commercial facilities have a negative impact
on all four dimensions to varying degrees, which is likely the biggest reason for the low
score of this scenario. In addition, the scene space is monotonous in color, the plant growth
condition is poor, and the overall lack of visual appeal makes it difficult for the public to find
attention and interest when viewing. Poor environmental shade may also be responsible
for reducing the length of sustained exploration and the frequency of visits by the public.

This study introduced virtual reality technology in the acquisition of public psycho-
logical data, and the results of the study showed convergence with the results of the field
experiment. That is, near-natural environments in cities, including urban park water-
front green space, provide an effective restorative environment in which experiences can
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bring positive benefits such as fatigue relief, emotional recovery, and improved cognitive
functioning [49,71], while increasing their willingness to act [72]. In previous studies,
virtual reality has been used to compare landscape representations with real environments,
pictures, videos, and other methods. The results show that virtual reality provides a
three-dimensional environment that closely resembles the real environment and gives the
viewer a more “immersive” experience than traditional media such as pictures [36,37].
The subjects’ view of VR was largely consistent with the live view, and the psychological
evaluations yielded feedback that was significantly closer to the live scene [73].

4.3. Mechanisms of Influence of Urban Park Waterfront Green Space Landscape Elements on
Different Psychological Dimensions of the Public

The four element types have different degrees of influence and mechanisms of action
on the four dimensions of public psychological response. Spatial elements show the
highest contribution rate (37.9%), while construction elements show the lowest contribution
rate (2.0%).

4.3.1. Spatial Element

Among the spatial elements, K2 and K3 were two factors that affected the public’s
psychological response. Scenes with high visual complexity reduced the public’s psycho-
logical perception of F2, F3, and F4, and showed a greater negative effect in F2 (33.6%)
and F4 (34.3%). This is consistent with previous research findings, where dealing with
complex scenarios often requires greater cognitive effort on the part of the public [74],
which may also further influence the public’s willingness to behave. K3 as the element with
the greatest positive contribution in both F1 (31.8%) and F3 (24.3%), the color experiment
in the last century pointed out that when people are looking at things, color will first
attract 80% of attention, and at the same time, color will have a lot of complex effects
on people’s psychology and physiology through visual contact [75]. This paper further
suggests, from a psychological perspective, that rich spatial colors can liberate people from
negative emotions and enhance the level of psychological recovery.

4.3.2. Facility Element

S1 affects the public’s psychological changes to a large extent, which are reflected in
F1 (49.4%), F2 (40.6%), and F4 (36.3%), especially in F1, which shows a contribution of nearly
50%, indicating that with the increase in the proportion of commercial facilities, the public
is very prone to negative emotions such as anxiety and irritability. In addition, the frequent
appearance of S1 greatly weakens the attraction of the scene; the degree of interest and
psychological calming effect of the crowd decrease; the frequency of visits and the intention
to stay for a long time also decrease; and the overall psychological feeling develops in a
negative direction. This is a distinctive feature; the public was repulsed by messy and
disorderly commercial facilities [76]. This is reflected in this study by the presence of
commercial signs, brightly colored boats, etc. in the sample, which form a clear difference
in the park landscape. This suggests that future planning should focus on the location of
large commercial facilities and a coordinated and uniform style of commercial elements.

4.3.3. Natural Element

Linear regression models indicated that Z3 was the natural element with the largest
contribution (average = 16.8%) to public psychology, and showed positive correlation with
all 4 dimensions of psychological response. Previous studies have noted that greenery is
the element that receives the most attention in visual evaluation and can have positive
psychological benefits [77]. We further found in this study that Z3 in particular stimulates
and prolongs the frequency and duration of public visits, contributing to the public’s
willingness to visit the space for extended periods of healthy activity. Z5 is the element
with the second largest contribution (4.5%) to public psychology, as reflected in F1, F2,
and F4. Previous studies often ignore the impact of surface vegetation on people’s visual
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and psychological response. One study mentioned that when people viewed the natural
environment with restoration needs, shrubs are the longest viewed component of the
environment [78]; spending time observing trees, bushes, and lower ground vegetation
resulted in a higher likelihood of restoration [79]. This suggests that the creation of low-level
plant landscapes, such as grass and flowers, also need attention and more soil exposure
can have a negative psychological impact. Plant landscapes with conditions such as dead
branches and fallen leaves were usually considered to reduce the restorative qualities [51],
which in this study were specifically shown to have a psychological arousing effect on
the public. There was a negative correlation between Z1 and the public’s psychological
response, which is contrary to the existence of previous studies. The green-visibility
environment in this study mostly consisted of tall trees and less grass and shrubs; this type
of planting may create a sense of psychological unease due to the strong sense of enclosure,
and may make it difficult to find a visual focus due to the monotony of the landscape,
which in turn reduces the desire to stay. Z2 showed a negative effect on F3 but has no
obvious effect on other dimensions. This may be related to the fact that the sample sites in
this study are all watered environments; however, great blue ratings means that it is closer
to the water, while the lack of safety fences also leads to a sense of insecurity.

4.3.4. Construction Element

In comparison, the construction element provides a much lower contribution (2.0%)
than the other three element types. This may be due to the fact that the sample parks
contained relatively few built elements (mean building proportion = 4.46%, mean paving
proportion = 29.6%) or were better integrated with the park style and, therefore, less
likely to provide a greater impact on public psychology. Both two elements included in
construction element show a negative correlation with the public’s psychological response;
this supports a well-established understanding [77]. The increase in the proportion of the
hard landscape leads to the lack of naturalness of the scene, which breaks the continuity
and immersion of people enjoying the natural landscape, making it impossible for people
to obtain a higher psychological healing effect [80,81].

5. Limitations

There were still some limitations in this study: (1) the public’s perception of the
scene and a series of complex psychological and behavioral activities are related to each
other’s perception indicators. Focusing on other rich sensory experiences and the public’s
dynamic perception and recreational behavior in the park will further help us collect more
comprehensive feedback data; (2) in terms of research objects, urban waterfronts usually
include multiple types, and other different types of waterfront green spaces should be
included in the follow-up research to summarize a sound urban waterfront green space
characteristic system with a psychological healing effect; (3) there was still room for PSPNet
to improve the recognition of small-scale landscape elements. We should target to improve
the sampling rate and sample annotation of small-scale elements, and further enhance the
detection rate and recognition accuracy of small-scale targets in order to provide more
accurate and effective environmental data. In addition, the subjects selected in this study
were all university faculty and students, which did not take into account the variability of
social groups, and the population sample should be expanded in the future to obtain more
comprehensive and in-depth findings.

6. Conclusions

As an important place that provides urban residents with access to nature, research
on the association between urban park waterfront green space and public psychology is
necessary. However, the specific mental health benefits provided by urban park waterfronts
and the role of each of the microscopic landscape elements on public psychology remain to
be further explored. Based on the above, this study selected 36 sample sites in Xihu Park
and Zuohai Park in Gulou District, Fuzhou City, Fujian Province, China, and introduced
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semantic segmentation and virtual reality as the technical support for obtaining subjective
and objective quantitative data to conduct a study on the association between urban park
waterfront green space and the public’s psychological response. The following conclusions
were eventually drawn:

(1) In terms of the application of semantic segmentation, the results indicate that PSPNet
is a more suitable semantic segmentation model for urban park waterfronts. In terms
of dataset, compared to the model trained by the ADE20k dataset, the PSPNet trained
by the dataset in this paper shows a higher level of accuracy, which can be used as a
technical support to obtain quantitative environmental data of urban park waterfront
green space efficiently and accurately;

(2) In terms of the results of the public’s psychological response to urban park waterfront
green spaces, urban park waterfront green spaces provide a psychologically healing
environment for the public, with the psychological dimension > emotional dimension
> cognitive dimension > behavioral dimension in the different psychological response
dimensions. The public’s psychological relief is better in urban park waterfronts,
while the effects of the behavioral dimensions, such as frequency of visits and length
of stay, need to be improved;

(3) In terms of the specific role played by landscape elements in urban park waterfront
green spaces, among the four types of landscape elements, the spatial element is the
element type with the greatest contribution to public psychology, followed by the
facility element and the natural element, with the construction element producing the
lowest impact. Specifically, rich spatial color, complex plant community forms, and
good plant growth can provide positive effects on public psychology, while complex
spatial composition, a higher proportion of construction, and facility elements can
reduce people’s psychological mitigation effects.

These results confirm the effectiveness of the emerging technologies in the application
of urban park waterfronts and the specific ways in which they can be applied. In addition,
the findings suggest the psychological healing effects of waterfront green spaces in urban
parks. In future planning and design, attention to the construction of spatial and facility
elements will have a significant effect on the construction of urban park waterfront green
spaces with psychological healing as the main theme.
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Abstract: It is now well established that everyday interaction with nature has a restorative potential on
the elderly population’s health and well-being. However, empirical evidence on the restorative effects
of neighborhood greenspace is still lacking, and scant attention has been given to the cross-effect
of the visual–audio experience. The present study examined the restorative effects of audio–visual
interactions on older adults in typical residential public spaces in Chinese cities. A pretest–post-test
design was used to measure changes in participants’ physiological responses, mood states, and
mental restoration. Participants (mean age = 68.88 years) were asked to experience six simulated
audio–visual conditions (3 scenes × 2 sounds) of residential public space. The results showed that:
(1) A green scene combined with nature sounds showed the most restorative effect on the elderly
participants’ psycho-physiological health. (2) Viewing green scenes facilitated the most psycho-
physiological recovery for the elderly, followed by viewing the activity scene. (3) Compared to the
traffic noise, adding nature sounds could promote many more benefits in HR recovery, positive mood
promotion, and perceived restorative effects, and the advantage of nature sounds over traffic noise
was mainly demonstrated in the green scene. (4) Visual scenes demonstrated a greater impact on
the elderly participants’ psycho-physiological recovery than the sounds. Our findings suggested the
necessity of providing residential nature and activity spaces, encompassing both sound and vision,
to promote healthy aging in Chinese residential contexts.

Keywords: older adults; restorative environment; residential public space; physio-psychological
recovery

1. Introduction

The world is facing the severe challenge of an aging population. The population
of people aged 60 years and older will rise to 2.1 billion by 2050, with 80% of the aging
population living in developing countries [1]. In China, the proportion of citizens who
are aged 60 or above is expected to increase beyond 30% by 2035. Furthermore, projected
fertility rates and expected population age structures show that, in the decades to come,
most older people in China will live in urban areas [2]. Meanwhile, urban aging populations
have been widely shown to face serious physical and mental health problems, which pose
greater challenges for themselves, their family, and the whole society [3]. The question
of how to foster healthy aging has, therefore, attracted global attention. It is essential to
consider the elderly population’s well-being, including physiological and psychological
health, in urban environmental design. In view of this, urban greenspace, which provides
ideal nature-based open public spaces for recreational activities, is a critical environmental
resource that benefits the health and well-being of elderly residents [4]. An increasing
body of research has shown that urban residential greenspace can reduce stress-related
depression symptoms [5,6], promote recovery of ischemic heart disease [7], reduce dementia
risk [8], foster physical activities [9], and increase longevity of urban elderly dwellers [10].
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The health benefits of greenspace have been proposed by diverse possible mechanisms,
and one of the leading hypotheses is the theory of restoration, indicating the process of
renewing, recovering, or re-establishing diminished physical, psychological, and social
resources or capabilities in ongoing efforts to meet adaptive demands [11]. Research on
the restorative environments has been guided by two main theoretical frameworks: Stress
Recovery Theory (SRT) and Attention Restoration Theory (ART). SRT claims that restoration
is derived from the release of stress and the reduction of negative moods through being
exposed to restorative environments [12]. ART explains how natural environments capture
involuntary attention and allow restoration of cognitive capacities [13]. Based on these
theories, an increasing amount of research evidence has shown the restorative benefits of
greenspace on older adults. One of the pilot studies was conducted by Berto, who recruited
50 older adults and asked them to rate the restorative value of 10 pictures of environments,
ranging from natural to built, using the Perceived Restorativeness Scale [14]. Likewise,
more research has been performed to examine the restorative benefits of nature on older
adults based on their self-reported restorativeness [15–18].

Despite growing studies on the relationship between greenspace exposure and health,
empirical evidence for restorative effects remains quite ambiguous. For instance, a field
experiment performed in an elderly care institution in China showed that a five-minute
VR forest experience can bring immediate psychological improvements, but was unable to
significantly decrease blood pressure [19]. Similarly, a study was conducted with 34 middle-
aged elderly adults, showing them VR experiences of natural and urban settings. The
results showed significant restorative effects in mood levels rather than physiological
responses [20]. On the contrary, a lab experiment used bamboo and urban images as
stimuli to offer indirect contact with nature and found it enhanced both psychological and
physiological conditions in the elderly [21]. Field experiments also showed a significant
restorative effect of green walking on the psycho-physiological health of the elderly [22,23].
Taken together, the restorative effects of greenspace on the elderly population’s psycho-
physiological health have not been conclusively backed up by the existing empirical re-
search. More evidence-based studies are still needed to confirm whether psychological and
physiological restoration could be induced by greenspace exposure in older adults.

In addition, most existing studies linking greenspace and restoration focused on
the comparison between natural and urban scenarios [20], and suggested the restorative
benefits of urban natural environments [16]. However, the restorative designation of
small greenspaces in urban residential contexts has yet to be fully examined. With rapid
urbanization in China, elderly city dwellers generally live in high-density residential
areas and have less opportunity to visit large nature parks due to their limited physical
mobility, along with other barriers (e.g., low income). They usually spend a lot of time
in peripheral small residential public spaces to rest, socialize, or exercise. An accessible
natural environment within walking distance from home is more likely to be used daily.
Given this, planning and design considerations for residential public spaces for the elderly
require more attention because the location advantage makes it livable and accessible for
its high-density aged population. Overall, there is a need to create residential greenspaces
that could foster restorative experiences for older adults.

Moreover, extant studies are limited by solely validating and quantifying the restora-
tive benefits of urban greenspace, and the mechanism of possible influential factors on the
generation of restorativeness is still unclear. In recent years, much research recognized that
restorativeness emerges from a diverse, complex, and integrated process of multi-sensory
information about the environment, especially the visual and auditory sources [24]. To date,
considerable research has focused on the restorative effects of visual elements, showing
that more visible greenery is related to better restorativeness [25]. It is noteworthy that
sight is not the only sense that affects the restorative response of humans, which can be
partially or even largely attributed to the acoustic environment. The restorative effects of
nature soundscapes have been validated from multiple perspectives. Generally, natural
sounds (e.g., birdsong and water sounds) were found to be positively associated with
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psychological and physiological benefits, while urban sounds (e.g., traffic noise) were
negatively associated with those benefits [26,27]. It is also important to bear in mind that
visual landscapes and sounds never exist and work alone, and the interaction of audio–
visual experiences is omnipresent in urban and nature environments [28]. Many studies
have shown that sounds influence the evaluation of visual stimuli, and vice versa [29].
Moreover, their coherence has been exemplified to be associated with restorative benefits
by some previous studies. For example, a study highlighted that landscapes containing
natural water and high plant cover matched with birdsong can produce a higher restorative
potential [30]. Another study indicated that naturally related visual and auditory stimuli
can promote better restorative benefits than single visual stimuli [31]. Notwithstanding the
restorative benefits reported elsewhere, the integration effect of visual and auditory stimuli
on the elderly population’s restoration has remained largely unexplored. This leads to a
lack of clear theoretical guidance on how audio–visual design could be integrated into the
restorative environment design practice for the elderly.

This study aimed to find reliable evidence to inform public space design of audio–
visual combinations to improve the restorative quality of residential public space for older
residents. To this end, a pre–post-test experimental design was employed to measure elderly
participants’ physio-psychological recovery and mental restoration after the reproduction
of common audio–visual scenarios of residential public spaces in a laboratory setting.
Specifically, this study aimed to address the following two main questions:

(1) Can residential public space foster psychological and physiological restoration for
older adults?

(2) Which visual and acoustic factors could facilitate better restorative effects on older
adults in residential public spaces?

2. Materials and Methods

2.1. Participants

A total of 62 older adults (42 males and 20 females) participated in the experiment.
They were recruited via social networking platforms (e.g., WeChat) and snowball sampling
in Qingdao, China. People who were at least 60 years old and living in an urban setting
were eligible to participate. We opted to select mainly young older adults (aged from
60 to 80, with an average age of 68.88 ± 5.19) in good health, in order to avoid that
cardiovascular diseases, cognition disorders, or specific visual and hearing problems might
affect their psycho-physiological experience and a reliable evaluation of the environments.
All participants were instructed to avoid consumption of alcohol and caffeine for at least
24 h before the experiment.

The study was conducted in accordance with the Declaration of Helsinki. Ethical
approval was obtained from the Academic Committee of the College of Architecture
and Urban Planning at Qingdao University of Technology. Before the experiment, the
participants were informed about the study protocol and gave written informed consent to
the researchers. All the elderly participants voluntarily participated in the study, and they
were free to quit the experiment if they felt uncomfortable during the process.

2.2. Research Design

A pre–post-test experimental design was applied to investigate the restorative effects of
audio–visual combinations on the psycho-physiological health of older adults in residential
public spaces. Three typical visual scenes of residential public space (square scene, activity
scene, and green scene) were separately combined with two sound types (traffic noise
and nature sounds) to form six different audio–visual combinations: (1) square scene +
traffic noise, (2) square scene + nature sound, (3) activity scene + traffic noise, (4) activity
scene + nature sound, (5) green scene + traffic noise, and (6) green scene + nature sound
(Figure 1). In addition, in order to control the experiment within an hour to avoid fatigue
and impatience effects on health indices, as well as due to the limited available sample
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size, each participant experienced three or four audio–visual stimuli, which were randomly
selected from the total six stimuli and presented in random order.

Figure 1. Diagram of the study design.

2.3. Environmental Setting
2.3.1. Visual Scenes

In this study, a typical high-density residential district in China was modeled in
SketchUp 2018 to represent the outdoor contexts in residential areas. The central square, a
5000 m2 public space surrounded by high-rise residential buildings, was selected as the
original prototype of the experimental setting. It was used as the “square” without any
additional restorative visual landscape.

To test participants’ responses in public spaces with different visual characteristics,
we categorized visual elements into two types, “activity scene” and “green scene”, mainly
because we considered two types of visual elements that have shown restorative potential:
well-designed man-made features and natural green elements. Specifically, the activity
scene incorporated fitness facilities, pavilions, and seats, which are expected to promote
the intentions of physical exercise and social interaction and further foster the restorative
experience. The green scene incorporated large areas of lawn, various tree species, as well
as waterscapes (fountain and ponds). It was designed to foster mental health for older
adults. It is important to note that the presence of people was excluded in all environments
since it was indicated to have different impacts on the restorative experience of different
scenarios [15,32]. We also maintained the same size and a similar layout for the three scenes
to maximize the comparability. Except for the restorative design interventions, all three
scenes were identical in terms of all other elements.

Regarding the visual scenes, SketchUp software was first used to establish the three-
dimensional geometric model, and Lumion 10.0 software was then used to render the
videos for screen representation. Video is a valid display medium that older adults are
familiar with and it could provide an immersive experience of the scene without dizziness
or fear issues that could possibly affect the elderly participants’ psycho-physiological
fluctuations [33]. Specifically, the video was recorded to simulate walking around the public
space, and the walking routes were identical in the three visual scenes for comparability.
The visual point of the video was at a height of 1.6 m to simulate the view of participants
when they were walking around. The duration of each video was set at 6 min, which was
thought to be enough to foster restorative benefits in a laboratory simulation [34]. The
videos were rendered at a 4 K resolution at 30 frames per second (fps) and presented on
a 27-inch LCD monitor with a 3840 × 2160 pixel resolution and a 60 Hz refresh rate. The
aerial views and screenshots of each visual scene are shown in Table 1.
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Table 1. Aerial views and screenshots of the visual scenes and corresponding detailed descriptions.

Visual Features Aerial View Screenshots of the Video

Square scene
Large square surrounded by
lawns

  

Activity scene
Adding walking trails, fitness
equipment, and amenities,
seats, and pavilions

  

Natural scene
Adding more grasslands,
colorful flowers, various plant
species, and waterscapes

  

2.3.2. Sounds

In this study, two types of sounds were considered: traffic noise and natural sounds.
Since road traffic is one of the major sources of noise pollution in urban residential areas, it
was designated as the non-restorative sound. On the contrary, nature sounds were widely
acknowledged to have restorative effects in previous studies; thus, it was designated as the
restorative sound. The traffic noise was downloaded from open sources on the Internet, and
predominantly contained low-frequency components below 2.0 kHz, as shown in Figure 2a.
The nature sounds were recorded in a typical urban park in Qingdao using a Sony PCM-
100 digital recorder equipped with two stereo microphones, and featured birdsong and
flowing water sounds. Figure 2b shows that the nature sounds were dominated by mid- to
high-frequency components from 500 Hz to 8 kHz. In terms of temporal characteristics,
the traffic noise was constant with low temporal variability, whereas the nature sounds
were intermittent with high temporal variability. All the acoustic stimuli were stored in
uncompressed wave digital format and converted into the same sample rate and size of
44.1 kHz, 16 bit. In addition, the sound pressure levels were all normalized to 55 dBA
for two reasons: (1) the upper limit of the environmental sound level in residential areas
is 55 dBA according to the sound quality standard in China, and (2) people can hear the
acoustic stimuli clearly but do not feel annoyed at this sound level, as indicated by previous
studies [27]. The calibration was conducted using a AWA6270+ sound level meter coupled
to a Beyerdynamic DT 900 Pro headphone, which was driven by a soundcard (YAMAHA
Steinberg UR242, Steinberg Media Technologies GmbH, Hamburg, Germany). Besides, the
duration of the acoustic stimuli was set at 6 min to match with the visual stimuli. All the
editing and calibration of the acoustic stimuli were performed using the Adobe Audition
software (version 2022). The acoustic stimuli were played back to the participants via the
same Beyerdynamic DT 900 Pro headphones.
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(a) (b) 

Figure 2. Spectrogram of the acoustic stimuli: (a) traffic noise and (b) nature sounds, including
birdsong and water sounds.

2.4. Measures
2.4.1. Physiological Measurements

To measure older adults’ physiological recovery, two simple measures were applied:
mean arterial pressure (MAP) and heart rate (HR). These indices are commonly suggested
as sensitive indicators for stress recovery in restorative environment research, and they are
widely used to assess cardiovascular effects in older adults [23]. Notably, the MAP was
calculated based on systolic blood pressure (SBP) and diastolic blood pressure (DBP), as:
((DBP × 2) + SBP)/3. During the experiment, SBP, DBP, and HR were measured using
a portable cuff-based electronic sphygmomanometer (HEM-7137, Omron, Tokyo, Japan).
Measurements were performed in a relaxed sitting position with the instrument placed
on the right arm at the heart level. Any tight-fitting or thick clothing was removed from
the arm before measurement. Two measurements were conducted with a 20 s interval. In
the analysis, the average of the two measurements was used. Since every individual has
a unique MAP and HR baseline, all the measured data after the audio–visual exposure
were further calculated as a percentage change (%) from the stress period to accommodate
individual differences.

2.4.2. Psychological Measurements

The Positive and Negative Affect Scale (PANAS) was employed to measure the emo-
tional outcomes in this study [35]. The original PANAS consists of 20 items and is widely
used to evaluate changes in positive and negative emotions [36,37]. We finally extracted 6
items from the original PANAS since they are easily understood by the older adults and
highly matched to the experience in public space, as indicated in a preliminary experiment.
Therefore, the shortened version of the scale consisted of six items divided into two sub-
scales: the positive mood state was calculated from three items (i.e., interested, excited, or
attentive), and the negative mood state was calculated from three items (i.e., nervous, upset,
or irritable). The order of these items was randomized to avoid an order effect. Participants
were asked to indicate the extent to which they felt a series of different emotions “at the
present moment” on a 5-point Likert scale (1 = not at all; 5 = extremely).

2.4.3. Mental Restoration

In this study, participants’ overall mental restoration was measured using the Restora-
tion Outcome Scale (ROS) [38]. The ROS scale consisted of six items, three of which reflect
relaxation and calmness (“I feel restored and relaxed”, “I feel calm”, and “I have enthu-
siasm and energy for my everyday routines”), one reflects attention restoration (“I feel
focused and alert”), and two reflect clearing one’s thoughts (“I can forget everyday worries”
and “My thoughts are clear”). Each item was assessed on a 5-point scale (1 = not at all;
5 = extremely). The scale has been widely used in previous studies and confirmed with
high reliability and validity [39].
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2.5. Procedure

The experiments were conducted in a quiet laboratory from October to December
2022. The background noise in the laboratory was measured as below 35 dB(A) with
no distinguished background noise, and the indoor temperature was kept between 18
and 22 ◦C. Each participant took part in the experiment individually, supervised by a
staff member.

After arrival at the laboratory, participants were guided to sit in a comfortable chair
and the experimental procedure was explained. The first physiological measure was
conducted after sitting quietly for 3 min without any intervention, as the baseline level,
which was used to ensure no differences across audio–visual groups. For each audio–visual
stimulus, there were two periods: (1) A 3 min stressor period, during which participants
were asked to accurately perform continuous oral subtraction from a number with a step of
7 (or 13), as soon as possible. The arithmetic task could effectively induce stress and fatigue,
as indicated in previous studies [27,40]. (2) A 6 min recovery period with exposure to one
audio–visual condition. Physiological measurements (MAP and HR) and psychological
questionnaires (PANAS) were completed immediately at the end of each period. Thereafter,
the participants were asked to fill out the restoration scale (ROS) based on their experience
of the video. The same process was repeated for the next stimulus, as shown in Figure 3.

Figure 3. Diagram of the experimental procedure.

2.6. Statistical Analysis

All the data analyses were performed using SPSS software (version 26). Non-parametric
tests were chosen for the raw data analysis due to the non-normality, as examined by a
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Kolmogorov–Smirnov test. First, the individual differences across audio–visual conditions
were checked using a non-parametric Kruskal–Willis test (scale variables) and chi-square
test (nominal variables). Then, the Wilcoxon signed-rank test was conducted to examine the
effectiveness of the stress induction. Both of the above steps were the prerequisites to allow
testing psycho-physiological recovery differences. Additionally, to verify the restorative
effects of the audio–visual conditions on the physio-psychological data, pretest values
and post-test values were compared for each audio–visual condition using the Wilcoxon
signed-rank test.

To determine whether the audio–visual conditions were different in psycho-physiolo
gical recovery, the recovery (i.e., increase or decrease) of the measures was considered,
which was calculated as the relative difference: (post-test value – pretest value)/pretest
value × 100%. Due to the normality of the recovery values, analysis of variance (ANOVA)
tests were performed, with visual stimuli (square, activity, and green) and acoustic stimuli
(traffic noise and nature sounds) considered as the between-subjects factors. In all ANOVA
tests, the least significant difference (LSD) post-hoc tests were conducted for pairwise
comparisons. Additionally, partial eta-squared values (η2

p) were determined to measure
the effect size. In all analyses, a p-value less than 0.05 was used as the criterion to determine
significant differences.

3. Results

3.1. Descriptive Data

In this study, 62 older adults were randomly assigned to 3 (or 4) of the 6 audio–visual
conditions. Table 2 shows the demographics and baseline characteristics of the elderly
participants in different conditions. No significant difference was found in any of the
psycho-physiological measures among the six audio–visual groups.

Table 2. Comparison of sample characteristics among the audio–visual conditions (N = 62).

Square Activity Park Green Park

Traffic
(N = 37)

Nature
(N = 33)

Traffic
(N = 33)

Nature
(N = 33)

Traffic
(N = 31)

Nature
(N = 39)

p

Gender (N; % Male) 22; 59.5% 26; 78.8% 25; 75.8% 21; 63.6% 24; 77.4% 24; 61.5% 0.284
Age (years) 68.16 ± 4.54 68.30 ± 5.15 68.79 ± 5.33 69.76 ± 6.02 68.68 ± 5.24 69.56 ± 5.02 0.792

Baseline value
MAP (mm Hg) 92.09 ± 8.07 98.16 ± 12.77 99.01 ± 12.62 95.74 ± 12.85 98.08 ± 12.92 93.68 ± 8.65 0.074

HR (bpm) 75.30 ± 7.91 73.58 ± 10.07 74.30 ± 10.81 74.03 ± 8.21 74.58 ± 10.22 75.59 ± 7.71 0.879
PA (0–15) 9.22 ± 1.46 10.00 ± 2.10 10.12 ± 2.22 9.88 ± 1.91 10.26 ± 2.14 9.54 ± 1.64 0.527
NA (0–15) 3.46 ± 0.77 3.36 ± 0.60 3.27 ± 0.57 3.36 ± 0.74 3.29 ± 0.53 3.49 ± 0.76 0.748

MAP = mean arterial pressure, HR = heart rate, PA = positive affect, and NA = negative affect.

Regarding the effect of the stress induction, significant changes from baseline to the
pretest were detected for MAP (mean = 3.49%, 95% CI = 2.90–4.08, increase), HR (mean =
1.60%, 95% CI = 1.18–2.03, increase), PA (mean = 25.65%, 95% CI = 19.75–31.55, decrease),
and NA (mean = 25.05%, 95% CI = 21.94–28.16, increase). The results proved that the
oral calculation could effectively induce elderly participants’ stress levels in terms of
psychological and physiological measures.

Table 3 shows the descriptive statistics, mean values with standard deviations (SD),
of the psycho-physiological measures during the pretest and post-test for each audio–
visual condition. The Wilcoxon signed-rank test showed that participants’ MAP, HR,
and PA strongly recovered after exposure to both the activity scenes and green scenes.
Although a tendency of recovery was also indicated in the square scenario, the changes
were rarely significant. Notably, older adults’ negative mood significantly decreased in the
post-test compared to the pretest in all conditions, no matter what audio–visual stimuli the
participants were exposed to (Figure 4).
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Table 3. Descriptive statistics of psycho-physiological measurements in the pretest and post-test for
each visual and sound combination.

Visual Square Activity Green
Sound Traffic Nature Traffic Nature Traffic Nature

MAP (mm Hg)
Pretest 95.55 ± 8.31 101.20 ± 11.16 103.71 ± 13.04 97.92 ± 12.76 100.78 ± 14.94 97.62 ± 8.87

Post-test 95.10 ± 7.04 99.78 ± 10.22 101.38 ± 10.91 95.35 ± 10.21 96.81 ± 13.13 93.20 ± 8.73
p 0.081 0.017 * 0.000 ** 0.000 ** 0.000 ** 0.000 **

HR (bpm)
Pretest 77.86 ± 8.35 75.79 ± 10.56 75.55 ± 11.28 75.48 ± 8.83 75.97 ± 11.13 78.38 ± 8.10

Post-test 77.46 ± 8.19 74.61 ± 10.97 74.64 ± 10.66 74.33 ± 8.73 74.87 ± 10.39 75.62 ± 7.81
p 0.158 0.077 0.058 0.027 * 0.009 ** 0.000 **

PA
Pretest 8.00 ± 1.68 8.91 ± 2.48 8.73 ± 2.45 8.70 ± 2.04 8.71 ± 2.38 8.44 ± 1.87

Post-test 6.92 ± 2.95 9.36 ± 2.69 10.39 ± 2.51 11.48 ± 2.49 11.00 ± 2.88 13.23 ± 1.87
p 0.057 0.116 0.000 ** 0.000 ** 0.000 ** 0.000 **

NA
Pretest 5.19 ± 1.35 4.06 ± 1.17 4.36 ± 1.22 4.67 ± 1.19 4.13 ± 1.18 5.33 ± 1.44

Post-test 3.92 ± 0.76 3.15 ± 0.44 3.09 ± 0.38 3.12 ± 0.70 3.03 ± 0.18 3.21 ± 0.89
p 0.000 ** 0.000 ** 0.000 ** 0.000 ** 0.000 ** 0.000 **

ROS 2.48 ± 0.77 3.45 ± 0.94 3.69 ± 0.79 3.62 ± 0.82 3.87 ± 0.89 4.23 ± 0.71

* p < 0.05; ** p < 0.01 (2-tailed). MAP = mean arterial pressure, HR = heart rate, PA = positive affect, NA = negative
affect, and ROS = Restorative Outcome Scale.

 
(a) (b) 

 
(c) (d) 

 
Figure 4. Average physiological and psychological outcomes at baseline, pretest (after stressor), and
post-test (after recovery) among different audio–visual conditions: (a) mean arterial pressure, MAP;
(b) heart rate, HR; (c) positive affect, PA; (d) negative affect, NA.
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3.2. Differences between Audio–Visual Conditions in the Recovery

Table 4 provides an overview of the tested differences in recovery values between
visual scenes, sounds, and audio–visual combinations, with the effect sizes indicated by
(η2

p). Overall, visual scenes showed a significant influence on the recovery of all psycho-
physiological measures, while acoustic conditions only showed a significant influence on
the recovery of HR, PM, and overall POS. Meanwhile, interactions between audio and
visual stimuli were only detected in the POS. Detailed multiple comparison results for
the recovery outcomes between different visual and audio conditions are presented in
the following.

Table 4. Summary of ANOVA results for psycho-physiological recovery.

Visual Audio Audio * Visual
F p η2

p F p η2
p F p η2

p

ΔMAP 16.39 0.000 ** 0.141 2.27 0.134 0.011 0.12 0.888 0.001
ΔHR 4.16 0.017 * 0.040 8.53 0.004 ** 0.041 1.66 0.194 0.016
ΔPA 32.81 0.000 ** 0.247 17.54 0.000 ** 0.081 2.37 0.096 0.023
ΔNA 3.55 0.031 * 0.034 2.31 0.130 0.011 2.70 0.070 0.026
ROS 30.81 0.000 ** 0.236 13.63 0.000 ** 0.064 6.91 0.001 ** 0.065

* p < 0.05; ** p < 0.01 (2-tailed). Δ = Recovery values; η2
p = partial eta-squared (effect size). MAP = mean arterial

pressure, HR = heart rate, PA = positive affect, NA = negative affect, and ROS = Restorative Outcome Scale.

3.2.1. Physiological Recovery

The ANOVA results on MAP change values showed a main effect of visual scenes
(p < 0.001, η2

p = 0.141), but no significant effect of acoustic stimuli (p > 0.05, η2
p = 0.011).

Additionally, no significant interaction between visual and acoustic stimuli was found
(p > 0.05, η2

p = 0.001). As shown in Figure 5a, the green scene facilitated a higher MAP
decrease compared to the activity and square scenes despite the acoustic conditions. Never-
theless, slight differences in MAP recovery between sounds were indicated in all the scenes,
i.e., the nature sound tended to decrease MAP more than the traffic noise, although not on
a statistically significant level (p > 0.05).

 
(a) (b) 

Figure 5. Comparison of physiological recovery in different audio–visual conditions: (a) MAP
recovery and (b) HR recovery. * p < 0.05; ** p < 0.01 (2-tailed).

Regarding HR recovery, ANOVA results showed main effects of both the visual
condition (p < 0.05, η2

p = 0.040) and the acoustic condition (p < 0.01, η2
p = 0.041). The

effect size showed that visual scenes and sounds had a similar influence on the elderly
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participants’ HR recovery. However, no significant acoustic and visual interaction was
detected (p > 0.05, η2

p = 0.016). Further multiple comparisons showed that the green
scene facilitated a higher HR reduction than the activity and square scenes. As for the
acoustic stimuli, nature sounds facilitated a higher HR reduction than traffic noise, and the
advantage of the nature sounds was much more evident in the green scene (p < 0.001), as
shown in Figure 5b.

3.2.2. Psychological Recovery

The ANOVA tests on positive mood promotion showed significant effects of both the vi-
sual scene (p < 0.001, η2

p = 0.247) and sound (p < 0.05, η2
p = 0.034), but no

audio–visual interaction was detected (p > 0.05, η2
p = 0.023). In particular, the effect

size of the visual scene was quite large, while the effect size of the acoustic condition was
moderate, indicating a higher impact of visual scenes than sounds on the positive mood
promotion. As shown in Figure 6a, the green scene showed the best restorative effect on
positive mood, followed by the activity scene, while the square scene exposure showed a
detrimental effect. As for the acoustic condition, nature sounds showed more restorative
effects compared to the traffic noise in all visual scenes. However, the difference between
sounds was not significant in the activity scene.

(a) (b) 

Figure 6. Comparison of psychological recovery in different audio–visual conditions: (a) positive
mood recovery and (b) negative mood recovery. * p < 0.05; ** p < 0.01 (2-tailed).

The ANOVA tests on negative mood recovery showed only a main effect of the visual
scene (p < 0.001, η2

p = 0.081). Compared to the square scene, both the activity and green
scenes generated a higher NA decrease. However, no significant effect of the acoustic
condition (p > 0.05, η2

p = 0.011) was identified in terms of NA recovery, nor was an audio–
visual interaction revealed (p > 0.05, η2

p = 0.070). Nevertheless, nature sounds showed a
better restorative effect on negative mood than traffic noise in the green scene (p < 0.01),
although no significant differences between sounds were detected in the square and activity
scenes (p > 0.05), as shown in Figure 6b.

3.3. Overall Perceived Restorativeness

The overall restorativeness was assessed using the Restorative Outcome Scale (ROS),
and the results showed main effects of the visual scene (p < 0.001, η2

p = 0.236), acous-
tic condition (p < 0.001, η2

p = 0.064), as well as audio–visual interactions (p < 0.001,
η2

p = 0.065). Notably, the effect size of the visual scene was much larger than that of
the sounds. The green scene was perceived as the most restorative scene, followed by
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the activity scene. As for the audio–visual interaction, Figure 7 shows a comparison of
the acoustic performance on the perceived restorativeness under each visual scene. A
significant difference between sounds was detected in the square scene, and nature sounds
were rated to be more restorative than traffic sounds (p < 0.001). However, no significant
difference between acoustic stimuli was found in either the activity (p > 0.05) or green
scenes (p > 0.05).

Figure 7. Perceived restorativeness of different audio–visual conditions. * p < 0.05; ** p < 0.01
(2-tailed).

Spearman’s correlation analysis showed that older adults’ overall perceived restora-
tiveness had a strong positive correlation with MAP (r = 0.261, p < 0.001) and PA (r = 0.311,
p < 0.001), as well as HR (r = 0.175, p < 0.05). However, there was no strong relationship
between perceived restorativeness and NA (r = −0.039, p > 0.05). Moreover, the psycholog-
ical recovery indicators were also significantly correlated with the physiological recovery
indicators, except MAP and NA (r = 0.127, p > 0.05) (Table 5).

Table 5. Spearman’s relationships between psycho-physiological recovery and perceived restorativeness.

MAP HR PA NA

MAP
HR 0.210 *
PA 0.284 ** 0.186 **
NA 0.224 * 0.242 ** 0.370 **
ROS 0.243 ** 0.175 * 0.311 ** −0.039

* p < 0.05; ** p < 0.01 (2-tailed). MAP = mean arterial pressure, HR = heart rate, PA = positive affect, NA = negative
affect, and ROS = Restorative Outcome Scale.

4. Discussion

In this study, a laboratory experiment was conducted to examine the effects of audio–
visual scenarios on psycho-physiological recovery of older adults in high-density residential
public space. Here, we first assess how our findings address our key research questions. We
then discuss the implications for planning and design. Finally, we consider the limitations
of our study and directions for future research.

4.1. Benefits of Residential Public Space on Older Adults’ Restoration

The first aim of this study was to confirm whether older adults could recover from
a state of stress and fatigue after exposure to a scenario of residential public space. The
results of the physiological measures were largely in line with our expectations, indicating
that a brief exposure period to the green scenario in residential environments could induce
significant positive changes in blood pressure and heart rate in older adults. This finding
was also consistent with previous studies suggesting that built-up urban environments
with greenery views have positive effects on physiological stress [36]. In addition, we
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could observe from Figure 4 that the mean values of physiological indicators of post-
recovery stress levels went back to, or even lower than, their baseline measures for those
elderly participants in the activity and green scenes, indicating complete recovery. Overall,
however, the present findings in relation to MAP and HR are consistent with SRT, which
suggests that natural landscapes produce immediate affective responses, and that natural
views are effective for recovery from stress [41].

Additionally, it is important to note that there was a tendency for significant MAP
and HR recovery in the activity scene, indicating that adding activity-based elements
could effectively promote the physiological restoration of the residential public space. The
restorative effects induced by the activity scene on the blood pressure and heart rate seemed
to confirm the outcomes of a previous study, suggesting that well-designed residential
environments incorporating fitness facilities and furniture could be perceived by older
people as a potential physical activity possibility and, consequently, generate a restorative
experience [42].

Results from the positive mood evaluations were similar to the physiological outcomes
in that both the green and activity scenes could significantly promote the elderly partici-
pants’ positive mood, but not the square scene. All the results confirmed that green-based
and activity-based public spaces in residential areas could provide restorative effects for
older adults. However, it is interesting to note that the negative mood significantly recov-
ered after all experimental conditions, no matter what audio–visual stimuli the participants
were exposed to. One possible reason is that the elderly participants in our study generally
displayed a low level of negative mood, even after the stress induction, as shown in Table 3.
Older people with high levels of negative mood (e.g., anxiety and depression) should be
further studied in future research.

4.2. Different Restorative Effects among Audio–Visual Conditions

The results from the overall restorative perceptions answered the second research
question, indicating that the green scene was perceived as more restorative than other
scenes in residential public space. Along the same line, older adults experienced a larger
restorative benefit from nature sounds compared to traffic noise. The subjective evaluation
outcome was also strongly backed up by physio-psychological evidence, including blood
pressure, heart rate, and positive mood.

As for the visual scene, we found that the activity scene was perceived as much more
restorative than the square scene by the elderly participants. This result is consistent with a
previous study, which suggested that older people preferred colorful parks to squares [43].
However, the actual restorative advantage of the activity scene over the square scene was
only identified in terms of the mood recovery, rather than the physiological recovery. It is
possible that the activity scene was generally characterized as positive valence but high
arousal (e.g., exciting) in the view of older adults. Therefore, although exposure to the
activity scene could effectively promote psychological recovery, the physiological measures
were still on a rather high level.

Regarding the effects of acoustic stimuli, the restorative advantage of nature sounds
over traffic noise was mainly demonstrated in the HR and PA recovery, indicating that
natural sounds, including birdsong and water sounds, can effectively reduce autonomic
nervous system activation and promote positive mood after acute stress. This conclusion is
reinforced by many previous studies, which identified significantly greater HR recovery
when participants were exposed to natural sounds rather than urban noise [44,45]. However,
the effect sizes of the sounds were generally small (η2

p < 0.01), indicating that the effect of
sounds on the elderly participants’ restorative experience was less strong than the visual
scenes. This was different from a prior study, which found that elderly participants assigned
more importance to the acoustic characteristics of scenarios than the visual elements [43].
A possible reason is that traffic noise is ubiquitous in high-rise residential areas, and the
elderly are quite accustomed to the presence of traffic noise in such residential contexts.
Therefore, instead of regarding the traffic sounds as environmental noise, participants
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rather took them as normal environmental sounds in urban residential contexts, which
was quite familiar and relaxing for the elderly, although it was subjectively evaluated
to be much less restorative than the natural sounds. Consistent with this interpretation,
Alvarsson et al. also noted that the differences between nature sounds (50 dBA) and low
traffic noise (50 dBA) did not reach significance in the recovery of SCL [26]. In addition, it
is also possible that visual stimuli (composed of trees, plants, water, sky, pavilion, etc.) are
more complex than auditory stimuli (only implying a category, i.e., traffic noise, birdsong,
and water sounds). Thus, participants may have simply spent more time on visual than
acoustic information.

Despite this, it is interesting to note that significantly more recovery was identified
in the exposure to nature sounds compared to traffic noise in the green scene. However,
the advantage of nature sounds was not pronounced in the activity scene. This might be
explained in terms of the congruence between the sound and the visual context [46]. In
the activity scene, participants felt confused about the experience when they heard a loud
birdsong and water sounds, which indicated trees or a water body were somewhere nearby
but they were unable to see them in the video. Alternatively, the nature sounds matched
the green scenes with green plants and waterscapes. Human sounds, such as talking,
laughing, and children playing, were more common in such an activity context, as reported
by some participants after the experiments. This finding supported prior research, which
reported that the audio–visual coherence indeed plays an important role in restorative
perceptions [47].

4.3. Implications for Planning and Design

The findings of this study could have implications for enhancing visual and acoustic
design in urban residential areas. First, from the view of psycho-physiological restoration
for older adults, green parks should be a priority in the planning of residential public spaces,
and where this is not possible, activity parks might represent a viable alternative since they
could effectively promote older adults’ mood states [43]. However, the existence of a green
park or activity park itself may not necessarily be a factor guaranteeing a positive effect on
the quality of life. Residents’ well-being and soundscape should be taken into account in
pre-design as well as re-design of urban parks [48], such as involving the user’s experience
in co-design processes [49], improving sound environment quality through spatial planning
and landscape management [50]. Particularly, congruence between visual scenes and
acoustic design should be taken into account. In the case of green parks, nature-based
sounds play an important role in enhancing the restorative experience. Thus, residential
design should increase and enrich plants to attract birds and insects to live. Meanwhile,
moving waterscapes should be considered in the residential landscape design to create
water sounds, and they could be artificial (e.g., fountains) or natural (e.g., streams) [51].
Moreover, to improve restorative quality in residential public spaces, acoustic strategies
should include not only the addition of nature sounds but also the control of traffic noise. In
this study, traffic noise with a sound level of 55 dBA had detrimental effects on older adults’
positive mood. Therefore, traffic noise in residential public spaces should be strictly limited
by planning methods, such as increasing buffer distances or vegetation barriers [52].

4.4. Limitations and Future Research

This study was innovative in examining the restorative effect of residential public
spaces on the elderly participants’ health. Herein, a differentiation was made in audio
versus visual effects, and in physio-psychological and self-reported outcomes. Potential
limitations of this study are related to the participants and the experiment setting. As
for the participants, only elderly persons in a good state of health and abilities were sam-
pled in the current study. Previous research has shown that healthier older people are
more likely to perform physical activities [9]. People with disabilities might be in greater
need than their able counterparts for the health benefits from green environments. Be-
sides, their unique embodied biographies (e.g., gender, educational level, pre-retirement
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occupation, income, and cultural background) were not assessed, which could strongly
influence elderly individuals’ relationships with potentially restorative environments [5].
It is, therefore, important to consider these factors in future studies to promote the gener-
alization of the results to the entire older population. As for the experiment setting, only
a few typical audio–visual stimuli were presented due to the limitation of experiment
time. Future studies should consider other environmental factors that might influence
human–environment interactions, including common sounds in residential areas (human
voices, mechanical noise, etc.) and other visual elements (presence of people, cultural
landscape, etc.). Additionally, only limited psycho-physiological measures and short-term
effects were explored in this study. To obtain a more complete picture of the restorative
effects of residential parks on individuals, more objective measures, such as performing
cognitive tasks and long-term effects, should be considered in future studies. Despite these
limitations, the results from this study provided more evidence for the actual restorative
effects of residential environments as well as extended the understanding of restorative
environments to older adults.

5. Conclusions

In a simulated situation of residential public space, six (three visual × two audio)
scenarios were presented to the elderly participants to examine the restorative effects of
audio–visual public space on the elderly population’s psycho-physiological health. Based
on the elderly participants’ MAP and HR responses, as well as emotional ratings and
perceived restorativeness, the following conclusions could be drawn:

(1) Viewing green scenes in residential public spaces facilitated the most psycho-physiolo
gical recovery for the elderly, followed by viewing the activity scenes, while the square
scene only showed restorative benefits on the elderly participants’ negative mood.

(2) Compared to the traffic noise, adding nature sounds in residential public spaces could
promote many more benefits in HR recovery, positive mood promotion, and perceived
restorativeness.

(3) The advantage of nature sounds over traffic noise was mainly demonstrated in the
green scene, indicating the importance of the audio–visual congruence in residential
design.

(4) Visual elements demonstrated a greater impact on the elderly participants’ psycho-
physiological recovery than the acoustic elements in residential contexts.
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Abstract: Traditional village landscapes have a cultural and regional significance, and the visual
aesthetic quality of the landscape is widely regarded as a valuable resource to benefit the health and
well-being of urban residents. Although the literature has analyzed the influential mechanism of
landscape features on aesthetic senses, most were from a single dimension. To improve the precision
of the landscape aesthetic evaluation method, this study expanded the indicators for landscape
characteristics of public spaces in traditional villages by incorporating multiple dimensions, such
as landscape visual attraction elements and landscape color. It explored their associations with
sensory preferences in a case study in Dongshan (a peninsula) and Xishan (an island) of Taihu Lake.
We used multi-source data, a semantic segmentation model, and R language to identify landscape
characteristic indicators quantitatively. The research results indicated that the accuracy of the aesthetic
sensory assessment model integrating multi-dimensional landscape characteristic indicators was
significantly improved; in the open space of traditional villages, the public preferred a scenario
with a high proportion of trees, relatively open space, mild and uniform color tones, suitability for
movement, and the ability to produce a restorative and peaceful atmosphere. This study can provide
a guarantee for the efficient use of village landscape resources, the optimization of rural landscapes,
and the precise enhancement of traditional village habitat.

Keywords: aesthetic sensory; landscape characteristics; traditional villages; public space

1. Introduction

In comparison to modern cities, there are rich natural and civilized resources in
traditional villages, with important cultural and regional significance [1]. As an important
part of urban and rural ecosystems, rural landscapes can provide a variety of ecosystem
services, such as improving human mental, physical status, and well-being [2,3]. The
aesthetic experience of rural landscapes can effectively relieve the psychological pressure
of urban residents and provide them with the opportunity to escape the hustle and bustle
of the city and enjoy the natural environment in the context of rapid urbanization and
expansion [4,5]. Rural landscapes and urban landscapes complement each other. The
interaction between the two helps to meet the needs of the growing population, protect the
culture and natural resources of rural areas, and realize the sustainable development of
both areas [6]. On the other hand, commercial development and industrialization have had
fierce impacts on the traditional village landscape in the market economic environment [7].
As a result, the landscapes of traditional villages face a series of problems, such as regional
recession, increased homogeneity, and separation of tradition and modernity [8]. The
government and all walks of life are deeply concerned about improving the quality of
the traditional village landscape environment. The public space of traditional villages, as
an essential part of the village landscape, is a key part of the quality improvement of the
traditional village landscape [9]. Public space can be interpreted as a gathering place that
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promotes and facilitates social interaction [9]. The traditional village public space refers
mainly to the space where all villagers and tourists can freely enter for daily activities,
communication, and relaxation, such as squares, ancient wells, piers, and other spaces [9,10].
The European Landscape Convention defined landscape as an area that is perceived by
people, characterized by the interaction of natural and human factors or by the impact of
one of them [11,12]. According to the definition of landscape, the core of it is people [13].
Therefore, human sensory perception is an important part of the landscape. Landscape
aesthetic sensory perception means observers’ good and bad feelings towards the landscape
after a series of perceptions, cognition, and some other psychological assessments [14]. The
landscape aesthetic sensory judgment is an important tool to assist decision making in
landscape planning [15]. Understanding people’s aesthetic sensory perception can help
planners and designers create a more attractive, sustainable, and culturally appropriate
rural landscape [16]. Meanwhile, it can help meet the expectations of residents and visitors
and realize the multiple goals of environmental protection, sustainable development,
community interaction, and so on [17–19]. Based on the study of the relationship between
landscape aesthetic preferences, Arriaza et al., Hernández et al., and Yao et al. have
effectively improved urban and rural landscapes and environments [19–21]. Therefore,
understanding the spatial landscape elements in the public space of traditional villages that
positively influence public aesthetic sensory perception, quantitatively identifying them,
and understanding the influence mechanism can provide a basis for the protection and
enhancement of the traditional village landscape and construction management.

There are four recognized academic schools for the judgement of landscape aesthetic
preference: the expert school, the psychophysical school, the cognitive school, and the em-
pirical school, of which the psychophysical school is the most widely used [9]. This study
is based on the theory of the psychophysical school. They believe that landscape aesthetic
activity is a visually oriented perception process in which the aesthetic object interacts with
the aesthetic subject under the influence of the aesthetic psychological structure. Aesthetic
values projected by a subject on an object are culturally conditioned and are subject to
intergenerational change [22]. Therefore, aesthetic sensory perception is jointly influenced
by the characteristics of the aesthetic subject, such as cultural background, psychological
needs, mental state, emotional experience, and other factors, as well as the characteristics of
the aesthetic object, such as form, architectural style, color, texture, and other factors [23–25].
Based on the psychophysical paradigm, the aesthetic preference judgment model is mainly
divided into three steps: the first step is to construct the landscape feature characteriza-
tion system; the second step is to evaluate and rate the landscape environment by the
aesthetic subject; and the last step is to construct a functional relationship model between
the landscape features and the aesthetic preference [26]. Therefore, the construction of
a landscape feature characterization system is the premise and foundation of aesthetic
preference judgment. The system contains two levels of content. On one hand, it is the
identification of the types of elements in the environment. On the other hand, it is the
description of the characteristics presented by the landscape elements. Studies by Qin et al.
showed that the elements of mountains, trees, and water bodies had a positive impact
on the aesthetic preference of road landscape, in which the green view rate (GVR) was
significantly related to landscape preference [27]. Li et al. used eye-tracking technology to
identify the significant influence of trees, water bodies, and hard paving on the public’s aes-
thetic preferences [28]. López-Martínez explored the public’s visual perceptual preferences
for Mediterranean landscapes based on landscape photographs. The final results showed
that water and vegetation fundamentally contributed to positive evaluation of the overall
landscape scene. In summary, the category and type of landscape elements can influence
public landscape preferences, with plant elements being a significant factor [29]. Actually,
in the study of traditional villages, the plant landscape was not as typical in terms of its
material appearance as historical buildings and buildings under the protection of cultural
relics. So, the plant landscape was often neglected. At present, meso- and macro-scale
landscape element recognition are mainly based on the use of high-resolution satellite
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images and remote sensing data [30,31]. Surface elements can be automatically selected
based on color, texture, shape, edge, spectral reflectance, and other features combined with
different classification algorithms [9,32,33]. The recognition accuracy of this method is
affected by the resolution of remote sensing data, the selection of classification algorithms,
and the accuracy of feature extraction methods [34,35]. The identification of microscale
landscape elements is mainly performed by using machine learning and model training
based on magnanimous photographs, such as micro-scale landscape element recognition
which mainly uses machine learning and model training, such as supporting vector ma-
chine (SVM), decision tree, convolutional neural network (CNN), and other models to
realize automatic extraction of element categories [36,37]. The recognition accuracy of this
class of methods depends on the quality of the features, models, and applied training data.

The material elements of the landscape are the basis of the landscape environment.
The attribute characteristics shown by different elements have different effects on landscape
aesthetic sensory perception. According to environmental psychology, aesthetic sensory
perception is a process in which human vision, hearing, touch, smell, and taste work
together, among which the information obtained through vision reaches 87% [38]. Vision
is the most direct and effective way of perceiving the landscape. Zhang et al. explored
the relationship between four spatial visual attributes, including the openness of visual
scale, the richness of composing elements, the orderliness of organization, the depth of
view, and landscape preference through realistic photographs. The results showed that the
public preferred landscape scenes with high openness and orderliness. Moreover, the high
richness of composing elements could positively affect the preference when the landscape
is in good order [39]. Rechtman explored the relationship between field size, lot shape, land
texture, crop texture built elements, and visual sensory preference of agricultural farming
landscape based on photographic works. The results showed that land textures, crop
textures, and lot shapes could help explain the visual preference of agricultural farming
landscapes [38]. Chen et al. investigated the relationship between public space patterns
in traditional villages and landscape aesthetic preference based on radar point cloud data.
The research showed that average contour upper height, solid-space ratio, vegetation
cover, and comprehensive closure are four indicator factors that significantly correlated
with aesthetic preference [9]. Huang et al. used eye-tracking technology to explore the
relationship between landscape features, preference, and viewing behavior. Their results
showed that more drastic hue variation and chromaticity were conducive to visual fixation.
There was a close relationship between landscape preference and the number of gazes
in mountainous, aquatic, and forest landscapes [40]. Cao et al. investigated the effect of
color block patterns on landscape preference in suburban forests. The research showed
that the average area of the color blocks was positively related to landscape preference,
and the number of color blocks, maximum patch index, and standard deviation of patch
size were negatively related to landscape preference [41]. These above studies showed that
landscape color features and spatial form features had a significant effect on landscape
aesthetic preference. In these cases, color and spatial form were mostly discussed separately,
while the effect of object features on landscape aesthetic preference was explored from a
single dimension. Currently, there is no unified standard for identifying plant colors. The
previous research mainly focused on qualitative description. Color extraction technology is
a method of processing images through computers to identify and extract specific color
information. The basic principle is to map the pixels in the image to the color space and
extract the colors of interest from it by setting thresholds, clustering algorithms, or color
histograms [42]. With the development of color theory and color extraction technology,
the colorimetric method, instrumental measurement method, and software extraction
method have been widely used. The first colorimetric method is mainly based on the Royal
Horticultural Society (RHS) color card, natural color system (NCS) color card, Munsell
color card, etc., for color extraction, which is suitable for collecting a large amount of color
data; the second instrumental extraction method is mainly performed by using a color
measuring instrument such as colorimeter, chromameter, spectroradiometer, etc., which is
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suitable for color extraction of plant organs nearby; the third software extraction method is
mainly based on photo images, using image processing software such as Colorimpact 4,
Photoshop CC 2018, and other software for color identification, which are simple and easy
to use [42]. Most of the existing studies were aimed at the quantitative identification of a
single plant, and few of them involved the color extraction of plant landscape communities.
The landscape of plant communities presented irregular three-dimensional spatial patterns.
Existing studies generally used tools such as a tape measure, measuring tape, infrared
rangefinder, and camera to map and record the sample plots and to describe the flat surface
and elevation patterns of the sample plots with the help of AutoCAD 2016, Photoshop
CC 2018, SketchUp 2018, and other drawing software [9]. It is difficult to quantitatively
describe the three-dimensional spatial pattern indexes. It requires a lot of time and labor
costs, and lacks timeliness as well. The Scenic Beauty Evaluation (SBE) proposed based
on the psychophysical paradigm proposed by Daniel and Boster is currently the most
common method for judging aesthetic preferences [43]. It is widely applied in various
types of landscapes, such as rural settlements, roads, waterfronts, settlements, national
parks, and so on [19,44,45]. Taking into account time and economic costs, existing studies
have mainly used landscape photographs as the evaluation medium, but the content
of traditional photos was limited by the angle of view, making it difficult to show the
panoramic view. Currently, judging the visual quality of landscapes based on the scenic
beauty evaluation method mainly involves calculating the evaluator’s composite score for
the scene’s environment, which is invariably limited by the sample data volume.

Based on the above analyses, landscape features in the three dimensions of land-
scape components, colors, and spatial forms of plant landscape all have an impact on
public landscape aesthetic sensory perception. Existing studies mainly remain on the
topic of qualitative description of landscape characteristics and explore the relationship
between landscape characteristics and aesthetic preference from a single dimension, which
often leads to a low prediction model of landscape aesthetic preference, and makes it
difficult to effectively explain the main landscape feature indicators affecting aesthetic
sensory perception.

To address these research gaps, this study aims to improve the accuracy of the land-
scape aesthetic sensory assessment methods from both the construction of the landscape
characteristic index system and landscape preference judgment. First, based on the pre-
vious single dimension of spatial form features, landscape components and plant color
features are added to expand the landscape special index system. A quantitative descrip-
tion of indicators is achieved with the help of digital technology. At the same time, the
traditional beauty degree evaluation is improved, and the score of each evaluation subject
for the scene environment is calculated, expanding the sample data volume. Finally, the
relationship between multi-dimensional landscape characteristics and landscape aesthetic
preference is constructed. It will provide a theoretical basis and references for the refined
conservation and regeneration of the landscape of traditional villages.

2. Materials and Methods

2.1. Research Area

Dongshan and Xishan are located in the southwest of Suzhou, on the east bank of
Taihu Basin, which is close to Shanghai. Suzhou is located in the southeast of Jiangsu
Province, which belongs to the eastern coastal area of China. The region has a long history
of congregation which can be traced back to the earliest Spring and Autumn Period in the
Wuyue Kingdom. A dozen ancient villages are distributed in Dongshan and Xishan, and
most of them lie in front of mountains and boast rivers around, showing distinguishing
regional characteristics. Dongshan is a peninsula that extends into Taihu Lake, surrounded
by water on three sides, with a total area of 96.6 square kilometers. The existing resident
population of it is more than 5300. Xishan Island belongs to the islands in the lake, with an
area of about 79.8 square kilometers, and the current population of it is about 45,000 people.
Four representative traditional villages at national level with relatively well-preserved
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historical features, namely Yangwan Village, Wengxiang Village, Dongcun Village, and
Zhili, were selected for this study. Yangwan has an area of about 11.86 square kilometers and
a resident population of more than 3600; Wengxiang has an area of 3.77 square kilometers
and a resident population of approximately 1000; Dongcun has an area of 0.07 square
kilometers and a population of about 700; and Zhili covers an area of about 2.1 square
kilometers and has a population of approximately 2000. The study selected 31 typical open
outdoor spaces in villages where residents and visitors carry out daily communication,
activities, and recreation based on field visits (Figure 1) [9], and the boundaries of the
sample plots were limited to forest edges, road edges, or corner lines of building side walls.

Figure 1. Thirty-one sample sites in four traditional villages.

2.2. Data Collection

To restore the true feelings of people in open space, this study was based on panoramic
pictures to judge aesthetic preferences and to identify landscape elements and color features.
Panoramic photographs were taken using a fixed standard of shooting to simulate the
human point of view and comprehensively display the landscape features; the cameras
were placed in the center of the scene at the height of 1.6 m; and the photographs were
taken with the same Insta360 ONE X2, which was connected to the cell phone with the
positioning enabled by Bluetooth. It helped to locate the geographic coordinates and the
photographs were taken over 3 days from 23–25 November 2021, 9:30–11:30 a.m. and
2:00–4:00 p.m. During this period, the weather conditions were favorable and climatic
conditions were similar.

A handheld 3D laser scanner, model GEOSLAM ZEB-HORIZON, collected spatial
morphology data. The experimental staff member held the instrument in front of their
chest, then started walking from the starting point around the field. Then, he returned to
the origin to form a closed loop. Data collection was completed in this way. The spatial
collection of morphology data was completed at the same time.
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2.3. Research Methods

The research was structured into five steps. In the initial stage, a semantic segmen-
tation model was employed to quantitatively identify visual attraction elements within
traditional village public space landscapes, utilizing panoramic photos as the primary
data source. Subsequently, in the second step, a combination of colorimetric and software
methods was applied to extract the color information of plant communities through Col-
orimpact 4 software (Tiger Color, Akershus, Norway). The color characteristics were then
quantitatively described based on the Munsell color card theory. Moving on to the third
step, three-dimensional laser scanning technology was introduced. The irregular three-
dimensional space of plant landscapes was characterized using the R language 4.1.0 (R Core
Team, Vienna, Austria). The fourth step involved an enhancement of traditional beauty
evaluation methods, integrating virtual reality technology to assess the aesthetic prefer-
ences of the landscape scenes. Lastly, predictive models for aesthetic sensory perception,
tailored to different scenarios, were developed.

2.3.1. Identification of Visually Attractive Elements of the Landscape

1. Image Pre-processing

With color panoramic photographs as a medium, we used the image analysis method
during the research to evaluate the quality of rural plant landscapes. As a proxy for real-life
scenes, pictures could effectively measure the psychological and aesthetic feedback of the
visitors. In addition, with a wide field of view, panoramic images could comprehensively
record the study site’s visual information and facilitate their quantitative analysis by
computer vision techniques. About 28.8% of the periphery of the panoramic images had
severe distortions. In contrast, the central portion of the camera lens with a vertical field of
view spacing of ±30◦ had less distortion and better matched the visual range of human
eyes [46,47]. We referred to the method of Li Yin and Zhenxin Wang to exclude the most
distorted part of the image caused by the camera lens by cropping out part of the image.
This method could retain the observation content closer to the human perspective [48]. The
vision frame showed the view areas reflecting eyelevel equivalent pedestrian experience for
three directions: front (A), left (B), and right (C) (e.g., Figure 2). Additionally, the content
with the vision frame was low in degree of distortion.

Figure 2. Example of Google Street View image and image preprocessing; (a) original image
(panorama), (b) cropped image.
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2. Scene elements identification and extraction

We used the deeplabv3 model trained on the ade20k dataset to extract the scene
elements. Ade20k has strong generalization properties, and its extensive use in rural
studies verifies its reliability for extracting elements of rural scenes [49]. In addition, the
ade20k dataset can identify tree, grass, plant, and sky elements (Table 1), which meets the
needs of this study. From the pre-experimental results, image segmentation trained by this
dataset was more fine-grained and could accurately outline the countryside plants as well
as other elements. As a result, we applied this method to extract each kind of element from
all images (e.g., Figure 3).

Table 1. Landscape element identification.

Index Explanation

Percentage of structure (Structure) Structure = (Swall + Sbuilding)/S. In the formula, Sstructure represents the pixel area of the structure,
including walls and buildings; in the scene, S represents the total pixel area of the panoramic image.

Percentage of sky (Sky) Sky = Ssky/S. In the formula, Ssky represents the pixel area of the sky; in the scene, S represents the total
pixel area of the panoramic image.

Percentage of earth (Earth) Earth = Searth/S. In the formula, Searth represents the pixel area of the earth; in the scene, S represents
the total pixel area of the panoramic image.

Percentage of grass (Grass) Grass = Sgrass/S. In the formula, Sgrass represents the pixel area of the grass; in the scene, S represents
the total pixel area of the panoramic image.

Figure 3. Semantic segmentation based on PSPNet. (a) Original image before semantic segmentation;
(b,c) the results of semantic segmentation.

2.3.2. Feature Identification of Landscape Colors

Color elements are quantitative indicators that condense most information in the
color composition and the color space pattern. The usual means of recording color data in
previous studies is to record the RGB values of colors [42]. But, the RGB triple values are
in fact not regular. It is challenging to quantify colors from the perspective of the visual
sensory characteristics of the human eye, making it difficult to apply the study’s results
in practice. To solve the above problems, the HSV color model (Hue, Hue, H; Saturation,
Saturation, S; Brightness, Value, V) is suitable for the visual characteristics of the human
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eye. This model was chosen to divide the color threshold interval, which was the one
that most closely matched the human eye’s ability to perceive colors and can quantify
colors non-isotropically and uniformly from the perspective of the human eye’s sensory
perception of the color characteristics. In conducting this study, the researcher used the
ColorImpact 4 software (Tiger Color, Akershus, Norway) to extract the colors present in
plant elements. Following this, researchers utilized the quantification method to categorize
the non-uniform colors in the HSB color model into intervals of H (Hue): S (Saturation):
V (Brightness) = 8:4:4. This process successfully yielded a total of 128 distinct colors (e.g.,
Figure 4). Representative colors in the same interval range were used to divide the color
intervals, which was convenient for quantifying and analyzing the color data in the later
stage. The HSV color model was used to describe the detailed color characteristics of
plants. According to the non-uniformly quantified color intervals, the colors were divided
into different interval ranges, and the three color components were evaluated in a one-
dimensional feature vector, that is, L = H × G s × G v + S × G v +V. In the formula, H,
S, and V denote the hue, saturation, and luminance, respectively; Gs and Gv denote the
number of quantization levels for S and V, which both have 4 levels. Therefore, the final
expression was L = 16 H +4 S + V. It could be seen that the weight distribution of the hue is
the largest. So, hue was the main factor to distinguish the color characteristics. The related
derived indicators were calculated based on the three HSV indicators (e.g., Table 2) [50].

Figure 4. Example of color extraction.

Table 2. Landscape color recognition.

Index Explanation

Number of Colors (NC) NC = SUM(HaSbVc); HaSbVc ≥ 1%. NC represents the total number of extracted colors, excluding
black, white, and gray, with a pixel percentage of more than 1%.

Main Hue Comparison (MHi) MHi = NMHi/N × 100. NMHiis the pixel of primary color which occupies the largest pixel area in the
scene; N is the total number of pixels of the image.

Adjacent Hue Comparison (NHi) NHi = NHi/N × 100. NHi is the pixel of adjacent colors which are within 60 degrees of each other on
the left and right of the primary color in the hue circle; N is the total number of pixels of the image.

Complementary Hue Comparison (CHi) CHi = NCH/N × 100. NCH is the pixel of complementary colors which are within 180 degrees of the
primary color; N is the total number of pixels in the image N is the total number of pixels of the image.

Warm and cool color tone contrast (THi) THi = NHf/NHw × 100. NHf is the pixel of cool colors; NHw is the pixel of warm colors.

Color Diversity Index (H’) H′ =
S
∑

i=1
Pi ln Pi; Pi represents the percentage of color i; S represents the total number of extracted

colors, S = NC.

Color Evenness Index (E’) E’ = H’/lnS. H represents the color diversity index; S represents the total number of extracted colors,
S = NC.
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2.3.3. Identification of the Spatial Morphology Characterization of the Landscape

1. Data pre-processing

Firstly, the point cloud data were cropped, denoised, and ground points were extracted
and normalized to retain the relevant point clouds in the study area while reducing the
amount of data. Then, cropped and retained the necessary study objects and separated
the hard surfacing point cloud and the tree canopy point cloud for subsequent analyses.
Due to the influence of external factors such as human beings or animals, many outliers,
namely noisy points, inevitably existed in the point cloud data. To improve the accuracy
of subsequent data analysis, noise reduction processing was required. In this study, the
distance between points was applied as the primary measure. On the basis of the experience
of previous experiments, it was set to be 10 points in surroundings. Then, the median and
standard deviation of the average distance of the points in the domain were calculated.
Meanwhile, to improve computational efficiency, the box grid filer was set to 0.1 m for
filtering based on satisfying the computational accuracy, and the sample point cloud was
reduced from ten million orders of magnitude to less than 50 w.

2. Construction of spatial morphology characterization indexes

This study utilized a traditional index system to characterize the spatial morphology
of public areas in the village that have been previously constructed. The system is based
on three-dimensions horizontal interface, vertical interface, and three-dimensional spatial
level. It included various parameters such as accessible area ratio (AAR), eccentricity rate
(E), Spatial Shape Index (SSI), Average Height of Upper Contour (hu), average height of
lower contour (hl), solid-space ratio (SVR), contour fluctuation range (FR), fluctuation
variance of upper contour (FVU), fluctuation variance of lower contour (FVL), vegetation
coverage (VC), plant diversity index (PDI), three-dimensional green visibility (3D-GVI),
enclosure degree (ED), and composite closure (CC) [9]. These 14 spatial morphology
indicators were used.

3. Quantitative identification of spatial morphological indicators

Indicators were mainly calculated using Lidar360 v3.2 software combined with R
language. The area and length class indicators were calculated by projecting the point
cloud of the study area to the XOY plane, and then carrying out edge extraction to identify
the edge contour, thus calculating the area within the contour. The height metrics were
calculated by outputting the point cloud data as raster data, thus calculating the edge height
within the raster. The long and short axes in the site were calculated using the traversal
method, which calculated the Euclidean distance from each point to each of the other
points, with the maximum value being the long axis and the minimum value being the
short axis. The 3D canopy volume was calculated using the α-shape method to construct
convex packets and accumulate the volume of each convex packet to derive the 3D green
volume.

2.3.4. Evaluation of Landscape Aesthetic Preference

This research has been approved by the Ethics Review Board of Nanjing Forestry
University and the participants have given their informed consent. Scenic beauty estimation
(SBE) is widely used to evaluate landscape quality, focusing on visitors’ aesthetic feelings
for landscape scenes. Considering the evaluator’s ability to operate technological products
and excluding the influence of utilitarian aesthetics, this study selected a total of 64 students
and experts with landscape professional backgrounds, of which 40 were students, and 24
were experts, for scoring. The panorama photos were imported into the Baidu VR platform,
and the images were converted to human perspective 360◦ autonomous rotating VR images,
and the evaluators wore VR glasses with the VIVE-VR model for evaluation and scoring.
The evaluation rating was divided into 5 levels, with corresponding scores from 1 to 5,
indicating dislike very much, dislike, neutral, like, and like very much, respectively. The
value of SBE was calculated based on scoring from multi-population for the scenes. In this
study, the quality of the 31 rural landscape scenes was audited directly by the results of
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visitor scoring. As each visitor could be taken into account, compared to calculating the
SBE, the method in this study effectively expands the sample size (64 times the SBE).

The validity of visitor scoring has been proved in previous studies related to SBE. This
study used one-way ANOVA to test whether there is a difference in the scoring of different
scenes. On this basis, this study used the ICC (intraclass correlation coefficient) to evaluate
the reliability scale between expert and student scoring on the same scene.

2.3.5. Statistics Analysis

1. Data pre-processing

The three types of indicators of the rural plant scene differ greatly in their scale due to
their different sources as well as units of measurement. Therefore, they were subjected to
maximum–minimum normalization to map the data features into the interval [0, 1] and
remove the influence of the scale on the assessment results. The formula is as follows:

Xmmx =
X − Xmin

Xmax − Xmin

where X is the original data, Xmmx is the normalized data, and Xmin and Xmax are the
minimum and maximum values of the original data, respectively.

2. Assessment Model Establishment

In previous studies, the excellent assessment capability of a linear model for SBE grade
evaluation was validated. This study utilized a multiple linear regression model to predict
visitor scoring by selecting indicators such as spatial morphological characteristics, feature
composition, and vegetation color characteristics of rural plant scenes as predictors. The
parameters of the linear model were solved using the least squares method. The model
formula is as follows:

Ŷ = β1X1 + β2X2 + . . . + βnXn + β0

where Ŷ is the assessment of visitor scoring, n is the number of predictors included in the
model, Xn is the nth predictor, and βn is the standardized regression coefficient of the nth
predictor.

In addition to the full model with all indicators as predictors, the optimized model
with streamlined indicators as predictors was established. Based on principal component
analysis, indicators with a higher contribution rate were selected for all-subsets regression
analysis. Adjusted R2, Mallows’ Cp (Cp), and the Bayesian Information Criterion (BIC)
were used to determine the optimized model.

3. Results

3.1. Result of Public Landscape Preference

Figure 5 illustrates the results of the scores from 40 students and 24 experts. The
one-way ANOVA result (F = 147.005, Sig < 0.001) indicated that the difference in scoring
across 31 scenes was statistically significant, while the ICC result (ICC = 0.969, p = 0.00107)
indicated the agreement between experts and students in scoring. In other words, the
difference in visitors’ aesthetic feelings for 31 scenes, and these differences were not affected
by visitors’ professional background. Accordingly, this study treated experts’ and students’
scoring of scenarios consistently.
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Figure 5. Result of visitor scoring.
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3.2. Quantitative Recognition Results of Landscape Features
3.2.1. Quantitative Results of Spatial Morphology

The quantitative result of spatial morphology is shown in Table 3. The value of the
variance of the upper and lower contour fluctuations was in the range of 10–16 levels,
indicating that the drastic degree of upper and lower contour fluctuations of traditional
villages in the Dongshan and Xishan regions was extremely small. So, the data in the table
were not shown. The average of the accessible area ratio (AAR) value of the sample plots
in the horizontal interface indicator (HII) reached 31.45%, and the average value of the
eccentricity of bottom surface morphology (E) of the sample plots was 1.4489. Most of
the sample plots showed a narrow and elongated morphology. The average spatial shape
index (SSI) value was 257,269.50, and the standard deviation reached 302,740.87, indicating
that the bottom surface morphology of the sample plots was more complex. The vegetation
coverage (VC) of the sample plots was generally high, with a mean value of 60%. The
average height of the upper layer of vegetation (hu) ranged from 4.23 m to 27.54 m. The
average height of the lower layer of vegetation (hl) ranged from 0.50 m to 5.36 m, which
indicated that the vegetation in the villages was generally higher, and the lower layer of
shrubs was lower. The solid-to-void ratio (SVR) of vertical interface ranges from 0.0015
to 0.0174, with a mean value of 0.0056, indicating that the vertical interface was more
open. The three-dimensional morphology index enclosure (ED) indicator ranged from
0.0037–0.2161 with a mean value of 0.0731, and the composite closure (CC) ranged from
0.0753–0.5337 with a mean value of 0.2365, with both indicators indicating high spatial
openness. The three-dimensional spatial green visibility (3D-GVA) ranged from 0.0397 to
0.2608, with a mean value of 0.1094. Meanwhile, the plant diversity index revealed that the
selection of tree species in villages was relatively unified.

Table 3. Results of morphological quantification.

Spatial
Composition

Morphological
Characteristics Index

Minimum Maximum Mean Value
Standard
Deviation

Horizontal
interface

AAR 0.076 0.8563 0.3145 0.1819
E 0.1455 2.7862 1.4489 0.5351

SSI 29,816.11 1,381,168.18 257,269.50 302,740.87
VC 0.2014 0.9202 0.6102 0.3519

Vertical interface

SVR 0.0015 0.0174, 0.0056 0.0033
FR 0.4146 1.9128 0.9397 0.3339
hu 4.2324 27.5353 11.9914 5.3382
hl 0.4996 5.3626 2.2667 1.1749

Three-dimensional
space

3D-GVA 0.0397 0.2608 0.1094 0.0548
ED 0.0037 0.2161 0.0731 0.0484
CC 0.0753 0.5337 0.2365 0.1301
PDI 0.1732 1.8919 1.105 0.4049

3.2.2. Results of Landscape Element Identification

The results of the identification of landscape elements are shown in Table 4 below.
Vegetation and structure were the leading landscape elements that constituted the open
space of traditional villages. The structure proportion ranged from 0.84% to 56.93%, with a
mean value of 31.14% and a standard deviation of 0.1147. The proportion of bare land in
the sample space was low, and the mean value was 5.39%, which indicates that the open
space of traditional villages in the region had a high green coverage rate, except for hard
paving. The mean value of the proportion of trees in the scene environment reached 14.48%,
and the interval range was 1.55%–43.82%, while the proportion of the lower ground cover
was lower, with a mean value of 1.94%. The data indicated that the vegetation level in the
sample space is more homogeneous, with fewer shrubs in the middle layer.
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Table 4. Results of landscape element identification.

Landscape Elements Minimum Maximum Mean Value Standard Deviation

structure 0.0084 0.5693 0.3114 0.1987
sky 0.0236 0.4923 0.2892 0.1205

earth 0 0.1881 0.0539 0.0556
tree 0.0155 0.4382 0.1448 0.1035

grass 0 0.1488 0.0194 0.0398

3.2.3. Results of Landscape Color Recognition

The results of the identification of scene landscape color features are shown in Table 5
below. The number of colors ranged between 3–8, with an average of 5 colors per scene.
The main hue of the scene environment was reddish, with low saturation and low value.
The distribution of hues in the scene was more dispersed, with fewer neighboring colors,
the range of the main hue was 0.57%–22.52%, and the proportion of neighboring colors
was 0.22%–17.12%. The scene had almost no complementary colors, and the proportion
of complementary colors tended to be 0. The scene environment mainly showed warm
tones, and the proportion of warm and cold colors ranged from 0 to 62.23%. The mean
value of the color diversity index reached 0.42, with a wide range of colors. However, the
color index was not high, with a mean value of 0.25 and a range of 0.04–0.55.

Table 5. Results of landscape color recognition.

Landscape Color Characteristic Index Minimum Maximum Mean Value Standard Deviation

Number of Colors (NC) 3 8 5 1
Main Hue Comparison (MHi) 0.0057 0.2252 0.0853 5.6911

Adjacent Hue Comparison (NHi) 0.0022 0.1712 0.0496 4.3807
Complementary Hue Comparison (CHi) 0 0.0024 0.0041 0.582
Warm and cool color tone contrast (THi) 0 0.6223 0.0757 0.1256

Color Diversity Index (H’) 0.0444 0.884 0.4244 0.2119
Color Evenness Index (E’) 0.0404 0.5493 0.2456 0.121

3.3. Landscape Preference Assessment
3.3.1. Indicator Screening

To reduce the parameters and dimensions of the calculation, this study conducted
a principal component analysis of the indicators. It calculated the contribution of each
indicator in different principal components. Significantly, the first seven principal compo-
nents and the second principal component presented more than 75% of the information
(Table 6) [9]. Therefore, we only took the index contribution rates in the first seven principal
components into consideration. Descriptions of the contribution rate of each indicator are
in the figure below (Figure 6). Indicators that contributed more than 50% were screened:
AAR, VC, FR, hu, hl, FVu, 3D-GVA, CC, structure, tree, MHi, Nhi, CHi, THi, H’, and C’.

Table 6. Total variance explained.

Component Initial Eigenvalues Extraction Sums of Squared Loadings

Total % of Variance Cumulative % Total % of Variance Cumulative %

1 5.843 22.475 22.475 5.843 22.475 22.475
2 3.774 14.515 36.99 3.774 14.515 36.99
3 3.335 12.826 49.815 3.335 12.826 49.815
4 2.452 9.429 59.244 2.452 9.429 59.244
5 1.96 7.539 66.783 1.96 7.539 66.783
6 1.755 6.749 73.532 1.755 6.749 73.532
7 1.373 5.281 78.813 1.373 5.281 78.813
8 1.22 4.692 83.505 1.22 4.692 83.505
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Figure 6. PCA component matrix.

The 16 screened indicators were adopted in the all-subsets regression (Figure 7). When
the predictors were seven, adjusted R2 peaks, and Cp and BIC were minimized, indicating
that the model with streamlined indicators was optimal, and the corresponding predictors
were AAR, FR, CC, tree, NHi, CHi, and THi.

Figure 7. All-subsets regression analysis.

3.3.2. Result of Public Landscape Preference Assessment

All indicators as predictors were included in the multiple linear regression to build
Model 1; the streamlined 7 predictors were included in the multiple linear regression model
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to build Model 2. As shown in Table 7, the adjusted R2 = 0.656 for Model 1 indicated that
all indicators explain 65.6% of the variation in visitor scoring. The adjusted R2 = 0.491
for Model 2 indicated that the 8 streamlined indicators explain 49.1% of the variation in
the visitor scoring. The Durbin–Watson values for Model 1 and Model 2 were 0.586 and
0.389, respectively, and were both consistent with independence. The two models’ residual
histograms and P-P plots were as follows (Figures 8 and 9). The residual histograms obeyed
the normal distribution, the mean was close to 0, and the standard deviation was close to
1 (standard normal distribution), which meant that the linear regression was attained at
the condition of normality. At the same time, the P–P plots also indicated that the model
matches the condition of normality, which thoroughly explained the validity of the models.

 
(a) (b) 

Figure 8. Model 1 (a) Regression standardized residual. (b) Observed cum prob.

 
(a) (b) 

Figure 9. Model 2 (a) Regression standardized residual. (b) Observed cum prob.

Table 7. Model summary.

Model R R2 Adjusted R2 Std. Error of the Estimate Durbin-Watson

1 0.813 0.661 0.656 0.812 0.586
2 0.702 0.493 0.491 0.988 0.389

Table 8 shows the coefficients for Model 1 and Model 2. VC, FVu, structure, grass, NC,
Nhi, and H’ in Model 1 were not significant at 95% confidence intervals. This indicated
that VC, FVu, structure, grass, NC, Nhi, and H’ hardly predict visitor scoring. Based on the
beta coefficients, the accessible area ratio (AAR), spatial shape index (SSi), solid vacancy
ratio (SVR), contour fluctuation variance (FVl), sky, tree, main hue percentage (MHi), warm
and cool color tone contrast (THi), and color index (C’) can be entered into the Model 1
had a positive effect on landscape aesthetic preferences. Eccentricity (E), upper contour
mean height (hu), three-dimensional green volume (3D-GVA), degree of enclosure (DOE),
composite closure (CC), plant diversity index (PDI), earth, and complementary color ratio
(CHi) had adverse effects on landscape aesthetic preferences. The final model expression
for Model 2 was:
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Ŷ = 0.464AAR + 0.385FR − 0.819CC + 0.317TREE + 0.4NHi − 0.454CHi − 0.598THi + 1.545

Table 8. Model coefficients.

Model Predictors B β t p

1 (Constant) 0.362 0.416 0.678
AAR 2.657 0.44 11.531 0

E −1.93 −0.278 −10.088 0
SSI 0.738 0.117 2.475 0.013
VC 0.766 0.142 1.846 0.065
SVR 5.005 0.735 15.308 0
FR 1.774 0.281 2.428 0.015
hu −3.222 −0.524 −4.124 0
hl 2.827 0.485 10.427 0

FVu −0.531 −0.072 −1.837 0.066
FVl 2.245 0.298 7.731 0

3D-GVA −2.106 −0.371 −9.438 0
DOE −0.942 −0.152 −2.417 0.016
CC −1.312 −0.265 −4.416 0
PDI −1.859 −0.283 −9.696 0

Structure 0.181 0.046 0.918 0.359
Sky 1.41 0.247 4.347 0

Earth −1.108 −0.233 −7.882 0
Tree 2.081 0.364 4.209 0

Grass 0.341 0.065 0.696 0.486
NC 0.662 0.063 0.676 0.499

MHi 1.258 0.232 3.531 0
NHi −0.735 −0.135 −1.559 0.119
CHi −3.13 −0.551 −15.23 0
THi 1.978 0.343 5.849 0
H’ −6.68 −1.198 −1.863 0.063
C’ 8.66 1.464 2.811 0.005

2 (Constant) 1.545 24.825 0
AAR 2.801 0.464 21.084 0
FR 2.433 0.385 17.638 0
CC −4.062 −0.819 −29.062 0
Tree 1.811 0.317 11.063 0
NHi 2.173 0.4 15.429 0
CHi −2.578 −0.454 −21.334 0
THi 3.451 0.598 31.891 0

4. Discussion

To advance the regional and cultural significance of landscape resources in urban-
rural areas and promote the sustainable development of villages, tourism, and cultural
exchanges, we needed to understand the connection between aesthetic sensory perception
and the landscape environment and identify which landscape characteristics could con-
tribute to human mental and physical status and well-being. Many studies have explored
landscape characteristics and public aesthetic preferences from a single dimension. How-
ever, studies integrating multidimensional features to explore the factors that influence
landscape preferences were still scarce. There were many limitations, such as insufficient
quantification of landscape feature indicators and low accuracy of landscape preference
assessment models. This study aimed to compensate for these deficiencies in two aspects.
First, based on the existing landscape spatial morphology dimensions, this study expanded
the landscape feature characterization system by introducing two dimensions, namely,
landscape visual attraction elements and plant landscape color. At the same time, the
traditional beauty degree evaluation was improved and the score of each evaluation subject
for the scene environment was calculated, expanding the sample data volume. We focus
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on two main research questions: (1) identifying the main features that influence landscape
aesthetic preference and analyzing the influencing mechanisms; (2) how to improve the
progress of the landscape aesthetic preference assessment model. The following discussion
will focus on these two aspects.

4.1. Expanding the Dimensions of Landscape Characteristics Influencing Aesthetic Sensory Perception

The results of the study showed that seven landscape feature indicators, namely,
accessible area ratio (AAR), fluctuating range of contour (FR), comprehensive closure (CC),
tree, neighboring color ratio (NHi), complementary color ratio (CHi) and warm and cool
color tone contrast (THi), had a significant effect on aesthetic preference. The influence of
trees on landscape preference at the level of landscape elements was significantly higher
than that of other elements, and it was a positive factor that affected aesthetic sensory
perception. Trees were the primary type of vegetation in the public space of traditional
villages, and in line with previous studies, an aesthetically pleasing environment was
associated with plants [51–53]. The positive influence of plants, as the leading natural
element of landscape composition, could be explained by ecological and evolutionary
theories. They could create an environment where the provision of nature allowed for
humans to retain an affinity for the original natural ecological dynamics and humans could
enjoy the natural environment and the relaxing atmosphere [54]. The previous study’s
explanation for the Chinese people’s fondness for village plants was that urbanization in
China over the past few decades had caused severe ecological damage and that economic
development had intensified the demand for green space, thus making lush vegetation
the ideal image of the village landscape for tourists [54]. The type of village vegetation
(herbaceous vs. tree) in the study by Arriaza et al. did not produce a statistically significant
effect in the regression analysis of the variables, while the percentage of vegetation in the
picture was considered an important attribute of the village landscape [20]. Whereas the
vegetation cover type trees had a statistically significant effect in this study, herbaceous
trees did not provide an adequate explanation for the public aesthetic preference, which
may be related to the monoculture vegetation composition of traditional villages because
the percentage of herbaceous was relatively low there and was dominated by tall trees and
crops, excluding the bare land.

Accessible area ratio (AAR) and contour fluctuation range (FR) in the spatial form
dimension were positive factors that significantly affect landscape aesthetic preference.
Comprehensive closure (CC) negatively affected landscape aesthetic sensory perception.
Accessible area ratio (AAR) somehow indicates the space available to the public per unit
of area. The description of popular landscape scene environments in previous studies
was large landscape spaces that were naturally open and suitable for transportation and
activities, giving a sense of nature [55,56]. It suggested that the accessibility of landscape
spaces and the social and recreational activities that they accommodated had a positive
effect on landscape preferences. This was consistent with landscape sensory restoration
theory, where one of the four characteristics of restorative environments was compatibility.
It suggested that good landscape spaces had sufficient content and structure to provide
activities that were relatively consistent with individual purposes and preferences, thus
satisfying the activity needs of different users [57]. Previous studies have shown that people
preferred scenic environments that were open in scale and organized, which was different
from the results of this study [58,59]. The contour fluctuation range (FR) indicated the size
of the fluctuation range of the highest point of the plant canopy line at the vertical interface,
which to some extent destroyed the orderliness of the vertical interface. The study by Zhang
et al. showed that the interactions between visual attributes could lead to inconsistencies
in the interpretation of the main influences on landscape preference [39]. After careful
analysis, it was be found that the range of contour fluctuation (FR) and the variance of
upper contour fluctuation (FVu) together reflected the orderliness of the contour on the
vertical interface. In this study, the upper contour fluctuation variance (FVu) was infinitely
close to 0, which indicated that the intensity of contour fluctuation on the vertical interface
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in the 31 scene environments was very small. It had already possessed good order in itself,
while the increase in the fluctuation range was to strengthen the richness of the whole
map surface. Thus, the landscape preference of the scene was enhanced, which validated
previous research that richness showed an unstable effect on people’s preference, and that
richness had a positive effect only if the sense of order was high [60]. Berlyne’s study also
explained this phenomenon by suggesting that there was an inverted U-shaped functional
relationship between scene richness and landscape preference, where landscape preference
was initially positively related to scene richness, and then negatively related when a certain
threshold was reached [61]. The composite closeness index (CC) measured the degree of
closeness of the whole scene environment. It was negatively correlated with landscape
aesthetic preference but in line with the explanation of people’s preference for scenes with
open visual scales in previous studies, while it seemed to contradict the explanation of
people’s preference for scenes with a high proportion of tree elements. Prospect-refuge
theory can provide a reasonable explanation for this: people want to be able to observe
others but not be seen by others [62]. The openness of the line of sight provides a good
viewing experience, and the increase in the proportion of trees enriches the depth of the
field of view, while providing a certain degree of shading.

The proportion of neighboring hues (NHi) and the proportion of warm and cool hues
(THi) at the dimension of landscape color characteristics were positively correlated with
landscape perceptual preference, and the proportion of complementary hues (CHi) was
negatively correlated with it. Previous related studies have shown that large areas of warm-
colored plants in autumn can create a warm and peaceful feeling, and the combination of
adjacent red and yellow colors makes it more likely to form a harmonious color combina-
tion [63]. With a softer and more fluid excess between colors, it helps the public to process
visual information more easily, and at the same time creates an emotional experience of
calmness, gentleness, and serenity, which is thus preferred by the public [64]. These results
explained the positive effect of the proportion of neighboring hues (NHi) on landscape
preference in this study, where panoramas were also collected in autumn, and the color
of the foliage trees were dominated by reddish-yellow tones. Zhuang et al. showed that
increasing the proportion of cool colors and green vegetation in the urban floristic mirror
can enhance aesthetic preference [40], which was in line with the results of the present
study but contrary to the findings of Luo et al., which were consistent with the results of
this study but contrary to the results of Luo et al. A possible explanation for this was that
based on the theory of color psychology, warm colors are more likely to produce physiolog-
ical stimulation than cool colors, and rural landscapes are considered to be rejuvenating
or tranquil environments [51,65,66]. The proportion of cool-colored vegetation in the 31
scenes was generally small. Scenes in which the proportion of cool-colored evergreens
was slightly higher were more likely to create an atmosphere of calmness, gentleness, and
serenity, thus enhancing people’s aesthetic preference. Luo et al. showed that the number
of experimental colors is between 5 and 7. Among them the color leaf index was high, and
the large area of uniform fall warm colors were easily preferred by the public [64]. This
can be used to explain why the complementary hue ratio (CHi) hurt landscape aesthetic
sensory perception in this study. The sample sites selected in this study had relatively
few plant species, of which were colorful foliage plants of similar hues. And the whole
picture was relatively uniform, so the increase in complementary colors would destroy the
sense of order of the whole picture and make it difficult to obtain uniformity. The study
by Kuper showed that attentional restoration was positively correlated with landscape
sensory perception, and according to the theory of attentional restoration, exposure to
warmer colors was more likely to be preferred by the public [67]. According to the theory
of attention restoration, exposure to restorative environments will cause fascination or
effortless attention, which can also explain people’s preference for scene environments with
low complementary hue ratios and relatively uniform hues.

Based on the above analysis, we can describe the ideal public space scene environment
of traditional villages, where people can enjoy a wide view, a high proportion of trees, and
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mild and uniform color tones. The ideal public space is suitable for passages and activities
and can produce a restorative and peaceful atmosphere. The way people pay attention to
the landscape and the attractiveness of landscape features differs in different landscape
sensory perceptions, and landscape features are directly affected by the sensory process,
so these sensory perceptions can be strengthened by artificial landscape feature design.
Although landscape preference is influenced by many aspects, the most important factor
affecting the landscape preference of traditional villages is related to the ideal image of the
countryside in people’s minds, which is based on the symbolic experience of the perceiving
subject for the space. In the subsequent renewal and protection of traditional villages,
government authorities and planning and design departments should encourage public
participation, considering the physical structure of the landscape in conjunction with its
value and meaning, to create a more inclusive environment, thus promoting the sustainable
development of rural habitat.

4.2. Improvement of the Effectiveness of the Aesthetic Sensory Assessment

Compared with previous studies, this study mainly improved the accuracy of model
assessment accuracy from in various aspects. On the one hand, we analyzed the previous
landscape scores and the scores of each evaluation subject separately. The sample num-
ber was expanded to 64 times of that of the original, which helped to obtain more stable
assessment results. On the other hand, based on the previous spatial morphology single-
dimension indicators, two-dimensional feature indicators of landscape visual elements and
landscape color were introduced, which helped refine the influence dimensions of aesthetic
sensory perception. The conditions were conducive to a more comprehensive understand-
ing of the landscape characteristics of the public space of traditional villages. Previous
studies have shown that the multiple linear regression model was more advantageous in
the assessment of landscape rating, with the coefficient of determination R2 = 33.2% and
root mean square error RMS = 64.774, but only four significantly related morphology index
factors were selected to participate in the construction of the model, making it difficult to
understand the influence of other index factors on the assessment of landscape preference.
In this study, the multiple linear regression model was also chosen to predict landscape
preference, and all indicators of the three dimensions were included in the construction
of the model, with the adjusted R2 reaching 65.6%. The study streamlined the indicators
based on the comprehensive indicator multiple linear regression model, screening seven
significantly related indicators through principal component analysis and full subset re-
gression analysis to participate in the model construction, and the R2 of the streamlined
model reached 49.1%, which was also higher than that of 33.2% in the previous study. Both
models demonstrated the scientific rationality of the increase in indicator dimensions, and
the assessment accuracy of landscape preference was effectively improved based on the
previous single dimension. At the same time, the two models could be adapted to different
scenarios. The full-indicator assessment model contains all the available indicators, com-
prehensively considers the landscape characteristics, and better captures the diversity and
comprehensiveness. They paid attention to the interrelationships between the indicators
of different dimensions, which contributed to the fine management and enhancement of
the landscape of the public space of traditional villages. The streamlined predictive model
was suitable for rapid judgment of environmental aesthetic sensory perception and could
quickly improve the quality of spatial landscape environment in a short period.

4.3. Limitations and Future Work

Aesthetic sensory perception is a multidimensional perception process, which is jointly
influenced by the aesthetic object and the perception subject. Although this study added
two dimensions of landscape visual attraction elements and landscape color characteristics
based on previous studies, the influence of other dimensions of landscape characteristics
cannot be excluded. Subsequent studies should further improve the indicator system of
landscape features and explore how the mutual combinations of visual attributes affect
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aesthetic sensory perception, as well as how to better control confounding factors to
facilitate inter-comparisons between studies. Moreover, the morphological and color
characteristics of plant landscapes are time-sequential. The landscape characteristics show
great differences in different seasons or different periods of the same season. Therefore,
subsequent research should further strengthen the identification of landscape characteristics
at different times. At the same time, in the study, buildings, walls, and some other artificial
facilities, including poles, were uniformly classified into structures without making further
distinctions. Follow-up research will subdivide the composition of the structure and explore
the impact of various visual attraction elements on aesthetic sensory perception. Although
visual sensory perception is the main way of landscape aesthetics, the role of auditory,
tactile, olfactory, and gustatory senses in the process of aesthetic sensory perception should
not be ignored [68,69]. As a result, subsequent research should comprehensively consider
the influence of human perceptual organs on aesthetic sensory perception. In addition, this
study was based on the construction of aesthetic sensory perception assessment model
for 31 scenarios of traditional villages in Dongshan and Xishan of Taihu Lake, Suzhou,
and the values of each index have a certain range. Therefore, it is difficult to explore the
relationship between landscape features and landscape preference beyond the range of the
values, and the subsequent study needs to further increase the sample capacity to reveal
the general pattern of the public’s aesthetic preference for the landscapes of the traditional
villages. The following research needs to further increase the sample volume to reveal the
general public aesthetic sensory perception of traditional village landscape.

5. Conclusions

This study expanded the landscape characterization system for the public space of
the traditional village by integrating multiple dimensions: landscape spatial form, visually
attractive elements of the landscape, and their colors. It quantitatively identified each
index feature based on machine learning and LiDAR scanning technology. The traditional
scenic beauty evaluation (SBE) method was improved to construct the aesthetic sensory
perception assessment model with all indicators and indicators of significant influence.
The accuracy of the full-indicator aesthetic sensory assessment model (R2 = 65.6%) is
higher than that of the significant influence indicator aesthetic sensory assessment model
(49.1%). The assessment accuracy of both models is greatly improved compared with that
of the assessment model of the previous study (R2 = 33.2%). The results showed that the
accessibility area ratio (AAR), spatial shape index (SSI), solid vacancy ratio (SVR), contour
fluctuation range (FR), the average height of lower contour (hl), variance of lower contour
fluctuation (FVl), sky, tree, main color hue (MHI), warm/cold hue (THi), and color index
(C’) were able to enhance the public’s preference for public space in traditional villages.
Eccentricity (E), average height of upper contour (hu), three-dimensional green volume
(3D-GVA), degree of enclosure (DOE), comprehensive closure (CC), plant diversity index
(PDI), earth, and complementary colors (CHi) reduced the public’s aesthetic preferences for
the public space in traditional villages. Among them, the significant impact factors were
AAR, FR, CC, tree, NHi, Chi, and THi. The study revealed the public aesthetic sensory
perception of the public space of traditional villages, providing scientific and theoretical
guidance and a basis for relevant decision-making departments and planning and design
companies. Thus, it promoted the sustainable development of the rural living environment
and provided a good relaxation environment for the physical and mental health of urban
and rural residents.
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53. Kaplan, A.; Taşkın, T.; Önenç, A. Assessing the Visual Quality of Rural and Urban-Fringed Landscapes Surrounding Livestock
Farms. Biosyst. Eng. 2006, 95, 437–448. [CrossRef]

54. Ren, X. Consensus in Factors Affecting Landscape Preference: A Case Study Based on a Cross-Cultural Comparison. J. Environ.
Manag. 2019, 252, 109622. [CrossRef] [PubMed]

55. Cai, K.; Huang, W.; Lin, G. Bridging Landscape Preference and Landscape Design: A Study on the Preference and Optimal
Combination of Landscape Elements Based on Conjoint Analysis. Urban For. Urban Green. 2022, 73, 127615. [CrossRef]

56. Grahn, P.; Stigsdotter, U.K. The Relation between Perceived Sensory Dimensions of Urban Green Space and Stress Restoration.
Landsc. Urban Plan. 2010, 94, 264–275. [CrossRef]

57. Berto, R.; Massaccesi, S.; Pasini, M. Do Eye Movements Measured across High and Low Fascination Photographs Differ?
Addressing Kaplan’s Fascination Hypothesis. J. Environ. Psychol. 2008, 28, 185–191. [CrossRef]

58. Palmer, J.F. Using Spatial Metrics to Predict Scenic Perception in a Changing Landscape: Dennis, Massachusetts. Landsc. Urban
Plan. 2004, 69, 201–218. [CrossRef]

59. Kotabe, H.P.; Kardan, O.; Berman, M.G. The Order of Disorder: Deconstructing Visual Disorder and Its Effect on Rule-Breaking.
J. Exp. Psychol. Gen. 2016, 145, 1713–1727. [CrossRef]

60. Stamps, A.E. Mystery, Complexity, Legibility and Coherence: A Meta-Analysis. J. Environ. Psychol. 2004, 24, 1–16. [CrossRef]
61. Swartz, P. Berlyne on Art: A Review of D. E. Berlyne’s Aesthetics and Psychobiology. Can. Psychol./Psychol. Can. 1973, 14, 297–303.

[CrossRef]
62. Mumcu, S.; Düzenli, T.; Özbilen, A. Prospect and Refuge as the Predictors of Preferences for Seating Areas. Sci. Res. Essays 2010,

5, 1223–1233.
63. Jang, H.S.; Kim, J.; Kim, K.S.; Pak, C.H. Human Brain Activity and Emotional Responses to Plant Color Stimuli. Color Res. Appl.

2014, 39, 307–316. [CrossRef]
64. Luo, Y.; He, J.; Long, Y.; Xu, L.; Zhang, L.; Tang, Z.; Li, C.; Xiong, X. The Relationship between the Color Landscape Characteristics

of Autumn Plant Communities and Public Aesthetics in Urban Parks in Changsha, China. Sustainability 2023, 15, 3119. [CrossRef]
65. Lei, Z.; Fuzong, L.; Bo, Z. A CBIR Method Based on Color-Spatial Feature. In Proceedings of the IEEE Region 10 Conference.

TENCON 99. “Multimedia Technology for Asia-Pacific Information Infrastructure” (Cat. No.99CH37030), Cheju Island, Republic
of Korea, 15–17 September 1999; Volume 1, pp. 166–169.

66. Natori, Y.; Chenoweth, R. Differences in Rural Landscape Perceptions and Preferences between Farmers and Naturalists.
J. Environ. Psychol. 2008, 28, 250–267. [CrossRef]

67. Kuper, R. Preference and Restorative Potential for Landscape Models That Depict Diverse Arrangements of Defoliated, Foliated,
and Evergreen Plants. Urban For. Urban Green. 2020, 48, 126570. [CrossRef]

68. Hong, X.-C.; Cheng, S.; Liu, J.; Guo, L.-H.; Dang, E.; Wang, J.-B.; Cheng, Y. How Should Soundscape Optimization from Perceived
Soundscape Elements in Urban Forests by the Riverside Be Performed? Land 2023, 12, 1929. [CrossRef]

69. Guo, L.-H.; Cheng, S.; Liu, J.; Wang, Y.; Cai, Y.; Hong, X.-C. Does Social Perception Data Express the Spatio-Temporal Pattern
of Perceived Urban Noise? A Case Study Based on 3,137 Noise Complaints in Fuzhou, China. Appl. Acoust. 2022, 201, 109129.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

245



Citation: Shen, Y.; Wang, Q.; Liu, H.;

Luo, J.; Liu, Q.; Lan, Y. Landscape

Design Intensity and Its Associated

Complexity of Forest Landscapes in

Relation to Preference and Eye

Movements. Forests 2023, 14, 761.

https://doi.org/10.3390/f14040761

Academic Editor: Chi Yung Jim

Received: 19 January 2023

Revised: 24 March 2023

Accepted: 2 April 2023

Published: 7 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Landscape Design Intensity and Its Associated Complexity
of Forest Landscapes in Relation to Preference and
Eye Movements

Yuanping Shen, Qin Wang, Hongli Liu, Jianye Luo, Qunyue Liu and Yuxiang Lan *

College of Architecture and Planning, Fujian University of Technology, Fuzhou 350108, China
* Correspondence: 19912325@fjut.edu.cn

Abstract: Understanding how people perceive landscapes is essential for the design of forest land-
scapes. The study investigates how design intensity affects landscape complexity, preference, and eye
movements for urban forest settings. Eight groups of twenty-four pictures, representing lawn, path,
and waterscape settings in urban forests, with each type of setting having two groups of pictures
and one group having four pictures, were selected. The four pictures in each group were classified
into slight, low, medium, and high design intensities. A total of 76 students were randomly assigned
to observe one group of pictures within each type of landscape with an eye-tracking apparatus and
give ratings of complexity and preference. The results indicate that design intensity was positively
associated with subjective landscape complexity but was positively or negatively related to objective
landscape complexity in three types of settings. Subjective landscape complexity was found to signif-
icantly contribute to visual preference across landscape types, while objective landscape complexity
did not contribute to preference. In addition, the marginal effect of medium design intensity on
preference was greater than that of low and high design intensity in most cases. Moreover, although
some eye movement metrics were significantly related to preference in lawn settings, none were
found to be indicative predictors for preference. The findings enrich research in visual preference and
assist landscape designers during the design process to effectively arrange landscape design intensity
in urban forests.

Keywords: landscape complexity; fractal dimension; eye tracking; preference; urban forest;
forest landscape

1. Introduction

Chinese urbanization has opened up numerous opportunities to expand urban forests.
However, a major challenge to landscape designers in China is designing forest landscapes
that meet the demands and preferences of the general public. Understanding public
perceptions and preferences is critical for effective landscape planning and design. It is
the citizens who will ultimately utilize these landscapes [1], and without their support,
proposals for urban forest renewal projects may fail [2]. Therefore, it is necessary to
gather information about the general public’s landscape perceptions and preferences, so
that practitioners may incorporate this vital information in the design process to achieve
better outcomes.

Previous research has found that environments preferred by the public increase well-
being [3] and mental restoration [4–6], as well as generate further positive health out-
comes [6,7]. Research has found that landscape preference predicts how well people will
function in a given environment [6], and it should be taken into account as an essential
factor in the design process [8]. Furthermore, numerous studies have been conducted on
the preference for different types of landscapes [9–11], different cultural backgrounds and
landscape preferences [12,13], and preferences for potential physical features [14–18].
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Few studies have investigated whether varying landscape design interventions in
urban forest settings affect respondents’ perceptions of landscape complexity and their
ratings on preference, particularly regarding Chinese urban forests. Scarce research is avail-
able on how these interventions affect landscape complexity and whether the increased
complexity influences preferences. Consequently, research on the public’s preferences
for different levels of landscape design interventions in various forest settings will help
designers examine the design outcomes and subsequently develop effective design guide-
lines. The extent of design intervention refers to design intensity, which was initially put
forward by Xu et al. [19] and described as “the amount of the original landscape changed
and the degree of artificiality of added elements to the landscape by design.” The current
study modified this concept to cover a number of different landscape elements used, the
complexity of different landscape elements in a configuration, and the extent of landscape
maintenance requirements in the present landscape, as well as take it a step further by
investigating the influence of design intensity on landscape complexity (including both
objective and subjective measures), and thereby on people’s preferences.

Research has found that eye movements tend to indicate individuals’ preferences
for certain landscapes [20]. However, the question of how eye movements can predict
these preferences is relatively unexplored, especially for Chinese urban forest settings. In
addition, with few studies conducted on the associations between design intensity and eye
movement, how landscape design intensities affect eye movements remains unclear. The
present study utilizes eye-tracking technology, which offers a great opportunity to explore
these questions and provide valuable insights.

1.1. The Association between Landscape Design, Complexity, and Preference

Landscape preference, which refers to “liking” specific scenes or places [21], or find-
ing any place aesthetically pleasing [22], has generated an extensive body of published
literature [23]. Several studies suggest that landscape design significantly affects public
preference. For example, people prefer built environments with natural landscape elements
in comparison with those without natural elements [24,25]. Furthermore, the presence of
anthropogenic elements in the landscape, such as wind turbines, could have a negative
impact on individuals’ perceptions [25]. Previous studies also indicate a significant rela-
tionship between physical landscape features and people’s preferences [26–28]. Within
the discussion on physical features, landscape complexity is an important term used for
describing visual character [29], and it has been used to explain landscape preference [30].
It refers to the richness and diversity of the visual formation people receive, as well as
a measure index for how much is “going on” and how much to look at in a particular
scenario [31]. Although there are many visual indicators related to landscape preference,
such as historicity, visual scale, and naturalness [32,33], landscape complexity may serve
as a bridge between visual aesthetics and landscape ecology [34,35]. Studies suggest that
complexity and coherence, which have been examined as potential predictors of landscape
preference [36], are closely associated concepts. Landscape complexity, defined based
on the distribution, spatial organization, and variation and shape of landscape elements
and patterns, can relate to coherence [29,30]. Thus, the present study considers landscape
complexity as a good indicator for describing landscape characteristics in urban forest
settings, as well as for linking landscape design intensity to preference. However, previous
studies that examined landscape and preference were generally only based on subjective
ratings of landscape complexity. Additionally, researchers have criticized the existing
studies on environmental perception for often lacking quantitative evidence linking the
given landscape metrics to human response [30]. Thus, this study uses both objective
and subjective measurements of landscape complexity to offer better insights into studies
regarding landscape preference and complexity.

Furthermore, previous studies on landscape perception were generally based on
extreme examples (e.g., urban vs. rural) [37], and studies on landscape preference were
primarily based on photographs without control over image content. These photographs
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may cause some bias of individuals’ perceptions [29], especially when research seeks to
test and validate the indicators systematically. As a result, previous studies offer limited
guidance in designing landscapes within an urban context, wherein knowledge is required
regarding design interventions and preferred level of complexity. One of the aims of this
study is thus to examine the association between landscape complexity and preference by
using both objective and subjective measures of complexity and ensuring control over the
properties of the landscape images.

1.2. The Objective and Subjective Measurement of Landscape Complexity

The recently emerged concept of fractal dimension, a parameter used to describe
fractured shapes [38], has been extensively used in urban landscape structure studies.
Fractal dimension has good ability to consistently describe objective landscape complex-
ity [39]. For instance, Stamps [40] used fractal dimension to describe the physical features
of a skyline and attempted to link fractal dimension to preference. In another instance,
Cooper [41] employed fractal dimension to characterize the complexity of street edges. In
the area of urban design, Robertson [42] investigated fractal dimension in relation to urban
character and urban design qualities. Concerning landscape evaluation, fractal dimension
has been used to assess fractal characteristics and has been used as a predictor of landscape
preference [38]. These studies generally demonstrated a significant relationship between
fractal dimension and landscape preference [43,44]. Concerning fractal dimension and
landscape complexity, fractal dimension has been described as a statistical quantification of
complexity [45]. In addition, it has a good ability to describe complexity of line and compo-
sition in the landscape [46]. Sandau and Kurz [47] showed that fractal dimension could
be used as a parameter for complexity, as it is related to surface roughness, classification
of textures, and line patterns. Hsieh and Lin [39] investigated landscape complexity in
relation to preference by using fractal dimension to measure complexity. They pointed out
that fractal dimension not only measures the complexity of line and composition but also
characterizes the textural details and structural richness. Furthermore, fractal dimension
could also be applied to measure the complexity of built environments [43,44]. Moreover,
from the perspective of landscape perception and landscape design, the fractal dimension
is particularly interesting, since it can be used directly in design work. Therefore, fractal
dimension can be regarded as a comprehensive and objective measure of landscape com-
plexity. This study also measures landscape complexity with fractal dimension, which can
be easily calculated using software packages such as Fractalyse 2.4 and Benoit 1.3.

Regarding the subjective approach to measuring landscape complexity, previous
studies [4,48,49] have commonly asked participants to rate the level of complexity on a
Likert scale. For example, to verify the restorative benefits of green landscapes in their study,
Kang and Kim [48] asked respondents to rate their perceived complexity using a seven-point
scale. In another study, Han asked 274 undergraduate students to report their evaluations
of landscape complexity on a five-point Likert-type scale [4]. The evaluations served as
controlling and descriptor variables in exploring the relationships between landscape scenic
beauty, preference, and restoration. The current study also uses respondent ratings on a
seven-point Likert-type scale to subjectively measure landscape complexity.

1.3. Using Eye-Tracking Technology in Landscape Perception Research

Questionnaire surveys and in-depth interviews have long been used as subjective
approaches to study landscape perception [50]. However, the objective approach, such as
eye tracking, has only recently been utilized in landscape studies. The eye-tracking measure
can record observers’ eye movements when they look at photographs, making it possible to
observe the respondents’ visual exploration patterns [51]. Dupont et al. [52] have used the
eye-tracking measure to explore differences between expert and laypeople’s perceptions of
landscape photographs. Their study found that these groups may not observe landscapes
in the same way and may not even perceive the same landscape features. By analyzing the
metrics of eye movement, Valtchanov and Ellard found a longer fixation time for nature
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scenes than for urban landscapes [53]. However, Berto et al.’s use of eye-tracking technology
indicated a greater eye travel distance and number of fixations for urban landscapes
than for nature scenes [54]. Both studies formulated and analyzed landscape perception
paradigms with the use of eye-tracking technology. However, following the general trend,
these studies focused only on landscape properties. Few studies have investigated the
association between landscape design intensity, complexity, eye movements, and landscape
preferences. There is a need for research focused on landscape design intensity, landscape
complexity, and visual exploration.

1.4. The Study Objective

The lack of studies concerning objective measures of landscape complexity, and the
availability of the relatively new and promising eye-tracking technology, are the key factors
for undertaking this study. We use objective and subjective approaches to investigate the
landscape design intensity in relation to landscape complexity, visual preference, and eye
movements by using urban forest setting photographs. The study seeks to answer the
following research questions:

(1) How do landscape design intensities affect objective and subjective landscape com-
plexity and eye movements?

(2) How dose objective and subjective landscape complexity affect visual preference and
eye movements?

(3) What are the relationships between eye movement metrics, landscape complexity,
and landscape preference?

2. Methods

2.1. Study Area

The stimuli for the experiment conducted in this study were photographs representing
three types of urban forest settings, namely the settings of lawns, paths, and waterscapes,
which can be widely seen in the urban forest of Fuzhou, China. These photos were selected
from a photo bank of over 678 photos taken by several of the authors in different parks in
Fuzhou in similar weather and seasonal conditions. Based on the following criteria, we
initially selected 60 images (20 for 1 type of setting): (a) each image should be commonly
seen in urban parks of China; (b) each type of landscape image should have similar
landscape structures; (c) each type of landscape should include images with varying design
intensities; and (d) in the images, it should be feasible to add or remove certain landscape
components to create landscapes with certain design intensities (optional). Each type
of setting image was then classified into four categories (slight, low, medium, or high
design intensity) according to their artificial landscape components, with each category
including five images by ten landscape architects. Following this procedure, another
ten landscape architects were asked to select two pictures from the five images for each
category according to their representativeness and suitability. As there was only minimal
difference in design intensities between some images and their counterparts, these images
were further modified following the photomontage method to control the landscape design
intensity. The photomontage method allows researchers to integrate landscape components
to create new landscape settings [55]. Following Xu et al. [19], we added a few sketches or
manmade facilities to strengthen the design intensity, and we removed some of these to
weaken the design intensity. In addition, the buildings in the background of the images
were also removed. To improve the realistic look of the modified images, the addition or
removal of certain landscape elements (such as bench, stone, lamppost, etc.) was based on
real urban forest settings widely seen in China, and all added components were derived
from actual forest setting photos that had similar landscape structures. To ensure the
rationality and suitability of the landscape contexts in the manipulated images and the
landscape design intensity they represent, these images were subsequently reviewed by
senior researchers with research experience on similar topics, as well as by ten landscape
architects with extensive experience in landscape design.
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Finally, a total of 24 photos were selected for use in the eye-tracking experiment
and preference rating survey (Figure 1). The photos were divided into six groups (each
type of setting having two groups, A and B), with each group comprising four photos,
which indicated slight, low, medium, and high design intensity. The six groups for the
three types of settings are lawn settings A and B; path settings A and B; and waterscape
settings A and B.

 

Figure 1. Presentation of the stimuli.

2.2. Eye-Tracking Apparatus and Measurements

Eye Link 1000 Plus, which has been shown to have high accuracy and precision in eye-
tracking measurement, was used to record eye movements. The eye-tracking technology
can record observers’ point-of-regard every millisecond, as well as continuously record the
observers’ eye movements while viewing photographs. The records are displayed on a
19 in color monitor with a resolution of 1280 × 1024 pixels. The technology uses infrared
light to reflect off the cornea and retina of the eye using low-power infrared light [56,57].
The reflected signal reveals the precise location of the point-of-regard, which is expressed by
horizontal and vertical coordinates [56]. Subsequently, the entire gaze pattern is recorded,
including fixations and saccades [57]. Although both eyes are engaged in observing the
photo, the movements of only one eye are recorded at a measurement rate of 1000 Hz.
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Participants’ fixations and saccades were continuously recorded by the system through-
out the experiment. According to Poole and Ball [57], a fixation is defined as the period
of time when the eyes are relatively stationary, which allows for visual perception. It is
recommended to set the lower threshold for determining a fixation t at 100 milliseconds.
Consequently, in this study, a fixation was depicted as a stationary eye position lasting a
minimum of 100 milliseconds. The fixation count and duration were recorded and used
to analyze gaze pattern characteristics. Fixation count is the number of fixations in the
photo, and fixation duration is the duration time of a fixation. With respect to the metric
of saccade, saccade count and saccade amplitude (degree) were used to observe the main
viewing pattern. Saccades are the eye movements that move the fovea rapidly from one
point of interest to another. Saccade count is the number of saccades in the photo, and
saccade amplitude is the angular distance the eye travels during the movement.

2.3. Study Participants

The study recruited 76 people (37 males and 39 females) between 20 and 58 years of age
to voluntarily participate in the landscape preference rating and eye-tracking experiment.
The sample was divided into two groups, each with 38 participants, which was deemed
large enough for eye-tracking research and sufficient to detect major effects [58,59]. All
participants had normal or corrected-to-normal vision. The participants were given brief
practical information about the eye-tracking experiment. The participants were randomly
assigned to view one group of photos from each type of setting, and each participant
viewed 4 groups of 12 photos in total in random order.

2.4. Research Procedure

The experiment was conducted one subject at a time over a period of fifteen days in
September 2020 at a lab of a university. After arriving at the lab, the subjects first read and
signed the informed consent letter and then were randomly assigned to view one group
of images from each setting, for a total of three groups of photographs. The photographs
were displayed on the screen for 10 s each in random order to avoid the effects of a fixed
order. This specific timespan for observation was derived from prior similar studies [52,60].
Participants were asked to observe the images freely, without any task in mind, because
this is how people usually observe landscapes in real life [50]. During the experiment, the
subjects were seated at a distance of approximately 50 cm from the color monitor. Before
each test, brief instructions were given to the participant, and a 9-dot calibration procedure
was executed to match the pupil-center/corneal reflection relationship with the specific
x-, y-coordinates of the fixed dots [51]. As a result, an accurate calibration over the entire
screen was achieved. To eliminate the effect of unintentional movements or eye breaks,
the same calibration procedure was repeated for every image [50]. Before each trial, the
participants were informed to look at a dot shown on the center of a blank screen. This was
carried out to reduce measurement errors and ensure consistency in the initial conditions
of the observation path of each photo [50].

During the experiment, the participants were prohibited from speaking to ensure
their full concentration and were asked to use a chin rest to restrict head movements, thus
eliminating any deviations. However, the participants were allowed to take a break at
any time to avoid the effects of eye fatigue caused by repeatedly looking at a monitor [61].
Fatigue can cause a decrease in fixation count [62] and in the accuracy of observation [63].

After the eye-tracking experiment, the participants were asked to assign ratings of
preference and perceived complexity for the photos on a seven-point scale. Participants
were asked to rate the photos after the experiment to avoid influence on their viewing
patterns in advance and to ensure a free viewing pattern to increase the accuracy of the
eye-tracking measurements. In addition, the participants also provided basic demographic
information, such as gender and age.
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2.5. The Measurement of Fractal Dimension

Objective landscape complexity was measured in terms of fractal dimension. Fractal
dimension can be calculated using different methods, including the box counting method,
divider method, and area–perimeter method [39]. Of those listed, the box counting method
is the most used approach to measure fractal dimension among the studies concerning
fractal dimension and landscape preference [39]. The fractal dimension using box counting
can be used as a comparative measure of visual complexity to quantify the change in land-
scape [64]. The box counting method involved dividing the graph to be measured into small
grids of equal side length δ and calculating how many small grids the pattern occupied.
The current study also employs the box counting method to estimate the fractal dimension
of landscapes using Fractalyse 2.4. Developed by Gilles Vuidel in 2006, this software was
initially developed to measure fractal dimension of built-up areas of cities [65]. Thus, it is
particularly suitable to study the fractal dimension of built urban forest landscapes.

2.6. Statistical Analysis

Statistical analysis was conducted with SPSS 23.0 software. Firstly, objective landscape
complexity and the mean of subjective landscape complexity for every photograph were
computed. Spearman’s correlation analysis was conducted to explore the relationship
between landscape design intensity and objective and subjective landscape complexity. A
one-way analysis of variance (ANOVA) was conducted within each group of images and
each type of setting to determine whether participants’ preference ratings were significantly
different among the four design intensities, followed by a post hoc pairwise comparison
using Tukey’s Honestly Significant Difference (HSD) test to determine where the difference
occurred. As the eye-tracking data were not parametric, a nonparametric Kruskal–Wallis
test was conducted to examine whether participants’ eye movement metrics were signif-
icantly different among different design intensities within each type of setting. Finally,
Spearman’s correlation analysis and linear regression analysis were employed to explore
the associations between objective and subjective landscape complexity, preference, and
eye movement metrics. The ratings for each image were calculated by the mean value of all
participants, while the ratings for each type of setting were determined by the mean score
of two related pictures.

3. Results

3.1. Objective and Subjective Landscape Complexity

The results of the objective and subjective landscape complexity measurements of
each image are presented in Figure 2. All objective landscape complexity values ranged
between 1.814 and 1.911, which corresponds with the standard range of fractal dimensions
(fractal dimensions normally range between 1 and 2). With respect to subjective landscape
complexity, the images that displayed slight design intensity were regarded as having
the lowest level of complexity in lawn settings A, path settings A and B, and waterscape
settings B. However, the images that displayed high design intensity were regarded as
having the highest level of complexity across the six groups of settings.

Additional Spearman’s correlation analysis results (Table 1) revealed that except in
lawn settings B, landscape design intensity has a significant positive or negative relation-
ship with objective complexity in different groups of settings. The relationships between
design intensity and subjective complexity in the six groups of settings were all positive.
Additionally, significant positive relationships between design intensity and subjective
complexity were found in each type of setting, while design intensity positively associated
with objective landscape complexity only in lawn and path settings.
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Figure 2. Objective and subjective landscape complexity for each image.

Table 1. Correlations between landscape design intensity and complexity in each group and type
of settings.

Complexity
Landscape Design Intensity

Lawn A Lawn B Lawn Path A Path B Path Waterscape A Waterscape B Waterscape

OLC 0.80 ** 0.00 0.39 *** 0.40 *** −0.60 *** 0.15 * 0.20 * −0.40 *** −0.15 *
SLC 0.71 *** 0.33 *** 0.53 *** 0.63 *** 0.60 *** 0.61 *** 0.34 *** 0.41 *** 0.37 ***

Note: OLC: objective landscape complexity; SLC: subjective landscape complexity; *: p ≤ 0.05, **: p ≤ 0.01, and
***: p ≤ 0.001.

3.2. Comparison of Preference for Each Setting

The mean preference rating for each image and each type of setting is shown in
Figure 3. Excepting path settings A and the type of path settings, the photos with high
design intensity received higher preference scores than their three counterparts. Additional
Spearman’s correlation analysis of lawn, path, and waterscape settings revealed that the
correlation coefficients between landscape design intensity and preference were 0.326,
0.332, and 0.352 respectively. The ANOVA results indicate that all preference ratings were
significantly different in each group (excepting path settings A) and in each type of setting
(F values ranged between 3.464 and 16.508). Furthermore, the post hoc pairwise comparison
results using Tukey’s HSD test are presented in Table 2. These results indicate that in terms
of all types of settings, the pairwise comparisons of preference scores between slight and
high design intensity were significantly different. However, in terms of each group of
setting, the pairwise comparisons of preference between slight and high design intensity in
lawn settings B was not significant. In all types of settings and in each group of settings,
medium vs. high design intensity in terms of preference were nonsignificant. The results
seem to indicate that the effect of landscape design intensity on the increase in preference
is linked to landscape types.

3.3. Marginal Effect of Landscape Design Intensity on Preference Ratings

To further explore the effect of landscape design intensity on increased preference, we
calculated the marginal effects of design intensity on landscape preference scores (Figure 4).
In terms of the six groups of settings, the marginal effects of low design intensity were only
higher than those of medium and high design intensity in lawn settings A. However, the
marginal effects of high design intensity were only higher than those of low and medium
design intensity in waterscape settings B. In addition, the marginal effects of medium
design intensity were higher than those of low and high design intensity in other groups of
settings. For the types of lawn and path settings, the marginal effects of medium design
intensity were greater than those of low and high design intensity. However, for the type of
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waterscape settings, the marginal effects of high design intensity were greater than those of
low and medium design intensity. These results further indicate that the marginal effect
of medium design intensity on preference was greater than that of low and high design
intensity in most cases, and the influence of design intensity on improved preference was
dependent on the landscape type.

Figure 3. The mean of participants’ preference ratings for the four images in each group. Error bar:
standard error.

Table 2. Tukey’s HSD test results for individuals’ preference in groups.

I J
Mean Difference (I–J)

Lawn A Lawn B Lawn Path B Path Waterscape A Waterscape B Waterscape

S L −0.82 ** 0.55 −0.13 −0.42 −0.29 −0.42 −0.16 −0.29
M −1.34 *** 0.03 −0.66 ** −1.45 *** −1.05 *** −0.97 *** −0.29 −0.63 **
H −1.82 *** −0.29 −1.05 *** −1.50 *** −0.99 *** −1.47 *** −0.82 * −1.14 ***

L M −0.52 −0.53 −0.53* −1.03 ** −0.76 *** −0.55 −0.13 −0.34
H −1.00 ** −0.84 ** −0.92 *** −1.08 *** −0.70 ** −1.05 *** −0.66 −0.86 ***

M H −0.47 −0.32 −0.39 −0.05 .07 −0.50 −0.53 −0.51

Note: S: slight design intensity; L: low design intensity; M: medium design intensity; H: high design intensity;
*: p ≤ 0.05, **: p ≤ 0.01, and ***: p ≤ 0.001.

Figure 4. Marginal effects of three design intensities on landscape preference in each group and type
of landscape.

3.4. Comparisons of Eye Movement Metrics among Different Levels of Design Intensities within
Each Type of Setting

The Kruskal–Wallis test results are presented in Table 3. They reveal that there were no
significant differences in any eye movement metrics between images with different design
intensities in the type of path settings. There was also no significant difference in average
saccade amplitude between images with different design intensities in the types of lawn
(χ2 = 1.165, p = 0.761) and waterscape settings (χ2 = 6.121, p = 0.106). However, significant
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differences were detected in fixation count, average fixation duration, and saccade count
between imagines with various design intensities in the path and waterscape landscapes.
Additional pairwise comparison suggests that the fixation count and saccade count for
images with high design intensity were significantly more than those with slight design
intensity (p < 0.01). In addition, the average fixation duration for photographs with high
design intensity was significantly shorter than that of images with slight design intensity
(p < 0.01).

Table 3. The Kruskal–Wallis test results of eye movement metrics within each type of setting.

Settings
Eye

Movements
N χ2 df

Mean Rank Real Mean Values

Sligh Low Medium High p Sligh Low Medium High

Lawn FC 76 20.079 3 126.36 138.81 158.82 186.02 0.000 27.18 27.96 29.70 30.84
AFD 76 12.310 3 173.01 161.29 150.59 125.11 0.006 332.17 331.88 292.84 285.66
SC 76 19.013 3 127.59 139.33 157.28 185.81 0.000 26.50 27.29 28.92 30.14

ASA 76 1.165 3 152.07 150.30 146.40 161.23 0.761 5.83 5.70 5.66 5.94
Path FC 76 4.322 3 142.34 142.13 159.91 165.62 0.229 28.70 28.58 30.09 30.51

AFD 76 3.202 3 159.43 163.30 144.95 142.31 0.361 358.25 324.29 288.40 283.41
SC 76 4.604 3 142.16 141.95 159.07 166.82 0.203 27.92 27.83 29.33 29.86

ASA 76 5.366 3 137.80 158.80 167.98 145.41 0.147 5.65 5.98 6.18 5.80
Waterscape FC 76 14.179 3 124.84 148.18 160.12 176.86 0.003 27.30 28.84 30.17 31.07

AFD 76 12.494 3 177.97 155.22 148.80 128.00 0.006 359.08 320.53 294.29 276.44
SC 76 13.876 3 124.83 148.74 160.09 176.34 0.003 26.54 28.11 29.41 30.30

ASA 76 6.121 3 160.94 167.16 135.06 146.84 0.106 5.71 5.90 5.45 5.51

Note: N: number of participants; χ2: chi-square; df: degrees of freedom; FC: fixation count; AFD: average fixation
duration; SC: saccade count; ASA: average saccade amplitude.

3.5. Identifying the Correlations between Landscape Eye Movements, Complexity, and Preference

The Spearman correlation analysis was conducted to determine whether preference
levels were consistent with landscape complexity levels and whether the eye movement
metrics were related to landscape complexity and preference (Table 4). Subjective landscape
complexity was positively and significantly related to preference across three types of
settings, while objective landscape complexity was not correlated with preference. In
addition, both subjective and objective landscape complexity was found to be significantly
and positively related to fixation count and saccade count and negatively related to average
fixation duration in lawn settings. Moreover, subjective landscape complexity had a
positive relationship with average saccade amplitude in path settings, while objective
landscape complexity had a positive relationship with average saccade amplitude in
waterscape settings.

Table 4. Correlations among eye movement parameters, preference andcomplexity.

Lawn Path Waterscape

P OLC SLC P OLC SLC P OLC SLC

Fixation Count 0.19 ** 0.14 * 0.23 *** 0.09 0.04 0.08 0.09 −0.11 0.07
Average Fixation

Duration −0.13 * −0.12 * −0.16 ** −0.08 −0.03 −0.08 −0.06 0.08 −0.07

Saccade Count 0.18 ** 0.14 * 0.22 *** 0.09 0.04 0.08 0.09 −0.10 0.07
Average Saccade

Amplitude 0.01 0.04 −0.05 0.02 −0.03 0.11 * −0.09 0.11 * 0.00

OLC 0.02 - 0.19 ** −0.11 - 0.10 −0.05 - −0.28 ***
SLC 0.53 *** 0.19*** - 0.50 *** 0.10 - 0.52 *** −0.28 *** -

Note: P: preference; OLC: objective landscape complexity; SLC: subjective landscape complexity; FC: fixation
count; AFD: average fixation duration; SC: saccade count; ASA: average saccade amplitude; *: p ≤ 0.05, **: p ≤ 0.01,
***: p ≤ 0.001.

Significant positive relationships between landscape preference and fixation count
and saccade count, and negative association between preference and average fixation
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duration, were found only in lawn settings. However, further linear regression analysis
revealed that none of the eye movement metrics were significant predictors for objective
and subjective landscape complexity or for landscape preference. Additionally, linear
regression analysis (Table 5) revealed that subjective landscape complexity was a positive
predictor for landscape preference in the three types of landscapes. These results indicate
that the significant relationship between eye movement parameters, landscape complexity,
and preference is largely determined by landscape type.

Table 5. Regression results for the effect of landscape complexity on preference.

Lawn Path Waterscape

B SE B β p B SE B β p B SE B β p

Constant 2.17 0.20 <0.001 1.83 0.23 <0.001 1.86 0.28 <0.001
SLC 0.54 0.05 0.53 <0.001 0.58 0.05 0.53 <0.001 0.62 0.06 0.52 <0.001

Adjusted R2 0.28 <0.001 0.27 <0.001 0.27 <0.001

Note: OLC: objective landscape complexity; SLC: subjective landscape complexity.

4. Discussion

4.1. Landscape Design Intensity, Complexity, and Preference Ratings

This study revealed that variations in landscape design intensity make different con-
tributions to objective and subjective landscape complexity and to landscape preference.
As design intensity increased, participants’ responses toward subjective complexity also
consistently increased in lawn settings A, path settings A and B, and waterscape settings
B (see Figure 2). However, this trend was not found in any groups of settings in terms of
objective complexity. Previous studies have described landscape complexity arising from
the diversity and richness of landscape elements and features [66,67]. In the present study,
landscape design intensity was judged based largely on the amount or richness of artificial
landscape elements. Thus, with higher design intensity, it is reasonable that the presence of
increasing artificial landscape elements enhance participants’ feeling of landscape complex-
ity. With regards to the inconsistent trend between design intensity and objective landscape
complexity, the reasons may be attributed to the greater amount of artificial landscape ele-
ments not being necessarily related to a higher number of occupied small grids. In addition,
subjective landscape complexity was positively related to objective landscape complexity
in lawn and path settings, while negatively related to objective landscape complexity in
waterscape settings. This may further indicate that there are differences between subjective
landscape complexity and objective landscape complexity of various green space settings,
and participants perception of landscape complexity does not corresponded with fractal
dimension. Additional studies using both subjective and objective approaches to measure
landscape complexity would provide a more comprehensive insight into this and verify
the inference of the present study.

Complexity has been identified as an important characteristic [29] and has been proven
to be a good predictor of preference [30]. The current study also found that subjective
landscape complexity had a significant positive relationship with landscape preference, re-
gardless of landscape type. This finding supports Kuper’s finding of a positive relationship
between participants’ ratings of complexity and preference [36], as well as the findings of
some other research [29,38,68]. Moreover, this finding also echoes [69]’s landscape prefer-
ence model, which defined complexity as an important construct of preference. However,
it is worth noting that subjective landscape complexity positively contributed to preference
in all three types of settings, while objective landscape complexity only significantly con-
tributed to preference in lawn settings. This may be attributed to the different effects of
design intensity on subjective landscape complexity and objective landscape complexity.

Overall, the study findings suggest that design intensity positively contributes to
subjective landscape complexity across landscape types and positively influences respon-
dents’ preferences. When landscape architects design forest landscapes that suit public
preference, they should prioritize and consider increasing design intensity by arranging
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artificial landscape elements or organize the landscape contents with a certain level of
design intensity to increase individuals’ perceived complexity. However, previous stud-
ies also indicated an inverted-U-shaped relationship between landscape preference and
complexity [70,71], which means a moderate level of landscape complexity may obtain
higher preference, and a high level of landscape complexity may lead to a decrease in
individuals’ preference. In addition, the marginal effect of medium design intensity on
preference was greater than that of low and high design intensity in most groups of settings.
Thus, creating landscapes with a medium level of complexity may be more suitable and
reliable to increase individuals’ preference in forest landscape design, which may also help
to avoid overdesigning. Although determining a moderate level of complexity or design
intensity may be difficult, comparisons among different landscape proposals may help
determine which proposal may reflect a medium level of design intensity or complexity. In
addition, the present settings with moderate design intensity in the present study would
also serve as references.

4.2. Design Intensities, Complexity, and Eye Movement

There were significant differences in fixation count, average fixation duration, and
saccade count among different design intensities in lawn and waterscape settings. This
may largely account for the variations in landscape complexity, as design intensity posi-
tively contributed to subjective landscape complexity. Egaña et al. found that landscape
complexity is strongly related with eye movement behaviors [72]. Wohlwill argued that as
landscape complexity increases, the amount of exploratory activity in terms of eye move-
ment seems to increase linearly [71]. Likewise, Dupont et al. found that the complexity of a
given landscape has a great influence on visual exploratory activity, and that the increased
complexity of the images can result in a greater fixation and saccade count [51]. In other
words, there is a positive relationship between landscape complexity and the metrics of
fixation and saccade counts. This is understandable, as studies have claimed that a more
complex landscape provides a greater volume of information to process [71] and a greater
interest value for the stimulus [70]. Part of our findings indicated there are more fixation
and saccade counts for high design intensity settings than slight design intensity in lawn
and waterfront settings, which also supports this notion.

However, we also detected nonsignificant differences in any eye movements between
different design intensities in path settings. In addition, there was only significant positive
relationship between average saccade amplitude and subjective landscape complexity
in path settings. We speculated that the inconsistent results in the different settings are
because, in the present study, participants’ visual exploration was affected not only by
landscape design intensity but also by the configuration of landscape components and
landscape types. This speculation is in line with the notion that visual exploration is linked
with landscape structure [69]. Another possible reason for the inconsistent results is that
there may be a threshold for complexity. Perhaps complexity has a significant impact on
eye movement metrics only when it reaches a certain threshold. This inference is supported
by Dupont et al.’s findings that in heavily urbanized landscapes, if the number of built
areas represented in an image reaches a threshold, the built areas will no longer catch the
viewer’s eyes [51]. In this study, the pictures within each group have a similar landscape
structure and may not differ much from their counterparts, which means the complexity
between different images within most of the groups may not reach the necessary threshold.

4.3. Preference and Eye Movements

It was also found that preference and eye movement patterns were inconsistent
across the three settings. Significant relationships between fixation count, average fixation
duration, saccade count, and preference were found only in the lawn landscapes. This
indicated that the associations between eye movements and preference were determined
by landscape types. Supporting our results, a recent study by Huang and Lin [73] revealed
strong relationships between landscape preference and fixation count in mountain, aquatic,
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and forest landscapes, and that people have different preferences and viewing behaviors
when observing different landscape types. The present results do not show any significant
role of eye movement metrics in predicting preference. Similarly, an earlier study focusing
on nightscape preference demonstrated that total fixation duration, total scan path length,
and total time spent on images were not good predictors of preference [74]. Perhaps this
could also be attributed to the influence of different landscape configuration patterns
or image contents. For example, people usually prefer a natural landscape to an urban
landscape. However, higher fixations and saccades for urban landscapes were observed
despite people’s lesser preference for urban landscapes [51].

4.4. Limitations and Further Research

While we selected three different but commonly seen urban forest landscape settings
and classified four design intensities for each type of setting, the study only used a small
sample of landscape scenes. A larger number of settings with different landscape compo-
nents and a larger sample of respondents should be considered in future research to enhance
the validity of the findings. Another limitation is that we only measured the complexity
of the landscape. Although landscape complexity has been regarded as a good indicator
for describing landscape characteristics, further studies measuring more variables, such as
biodiversity, coherence, and naturalness, could be helpful to strengthen understanding of
the link between landscape complexity and preference. Following existing studies [52,60],
participants’ viewing time for one image was limited to 10 s. However, this may skew the
eye-tracking results. Additional studies should allow participants to observe the images
freely without a time limit. Additionally, although the same group of landscapes were kept
the similar colors of water and sky, the brownish color of the water and the white sky may
have affected the participants ratings. Finally, we measured objective landscape complexity
using fractal dimension with the box counting method, which is recommended by many
architects. Additional studies may conduct similar research by using spectral entropy or
other approaches to measure objective landscape complexity.

5. Conclusions

This study combined objective and subjective landscape complexity to investigate
the effects of landscape design intensity on preference and eye movement. Our study
suggested that design intensity can positively affect individuals’ subjective landscape
complexity and promote preferences across various kinds of landscapes, but either sig-
nificantly or nonsignificantly contribute to objective landscape complexity in different
types of landscapes. The significant relationship between objective or subjective landscape
complexity, or preference and eye movement metrics, was also dependent on landscape
types. However, none of the eye movements were significant predictors for preference in
any landscape. These results can enhance our understanding of landscape design intensity
in relation to preference and eye movements. They also provided valuable information
for urban forestry design to improve public preference. For practitioners, incorporating
these findings into the design process to create forest landscapes with medium design
intensity could contribute to improved designs for future urban forests in China. For re-
searchers, further research regarding landscape complexity, preference, and eye movements
should include more landscape types, as well as both objective and subjective measures
of complexity. Thus, the present study not only enriches current research into landscape
complexity but also provides a reference for those seeking to promote the outcome of urban
forest landscape design. Additionally, it also demonstrates the potential contributions of
eye-tracking technology in the visual landscape preference study field.
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Abstract: Specialized gardens, as integral components of botanical gardens, bear multiple functions,
encompassing plant collection and conservation, scientific research, and public education, as well as
serving aesthetic and recreational purposes. Their quality profoundly reflects the landscape artistry
of botanical gardens, directly influencing the quality of visitors’ enjoyment and the overall experi-
ence within the botanical garden. This study aims to investigate the spatial vitality of specialized
garden plant landscapes, effectively assessing the usage patterns of plant landscape spaces and
promoting the optimal utilization of underutilized spaces. Taking Hangzhou Botanical Garden as
a case study, considering the warming climate and suitable temperatures in spring, when most
plants enter the flowering period and outdoor visitor frequency increases, the primary observational
period focuses on spring to measure the spatial vitality of specialized garden plant landscapes. We
obtained data through field measurements and on-site observations. Specifically, We measured and
recorded information on plant species, quantity, height, crown width, and growth conditions within
the plots. Additionally, we employed ground observations and fixed-point photography to document
visitor numbers and activity types. We quantified spatial vitality through four indicators: visitor
density, space usage intensity, diversity of age group, and richness of activity type. We explored the
spatiotemporal distribution patterns of spatial vitality and investigated the relationship between
plant landscape characteristics and spatial vitality using variance analysis and correlation analysis.
The results indicate that, in spring, the average spatial vitality index of specialized gardens ranks
from highest to lowest as follows: Lingfeng Tanmei (1.403), Rosaceae Garden (1.245), Acer and
Rhododendron Garden (0.449), and Osmanthus and Crape Myrtle Garden (0.437). Additionally, the
spatial vitality of specialized garden plant landscapes in spring is significantly positively correlated
with the ornamental period of specialized plants, characteristics of plant viewing, accessible lawn
area, spatial accessibility, and spatial enclosure. Therefore, to create vibrant specialized plant land-
scapes, managers and planners, when engaging in the planning and design of specialized garden
plant landscapes, need to fully consider and respect the visual aesthetics and functional needs of
visitors. This study will serve as a theoretical reference for subsequent research on the vitality of
plant landscape spaces and other small-scale spaces. It will also provide practical guidance for the
construction of plant landscapes in specialized gardens within botanical gardens and other urban
green spaces.

Keywords: specialized garden; plant landscape space; spatial vitality; visitor behavior; landscape features

1. Introduction

The World Botanical Gardens have long played an active role in conducting scientific
research and education, maintaining plant diversity, and monitoring climate change [1–3].
With the establishment of two national botanical gardens in Beijing and South China, along
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with the emergence of botanical gardens across various regions, the Chinese botanical
garden industry is experiencing robust development [4]. Specialized gardens, as the core
of botanical gardens, are characterized by specific landscape themes, featuring plants
with similar traits as the primary thematic elements [5–7]. These gardens serve as the
main venues for plant collection and conservation, scientific research, and education within
botanical gardens. Additionally, they encompass functions of leisure and aesthetics, directly
influencing the quality of visitors’ experiences in botanical gardens. In recent years, some
urban parks and scenic areas have increasingly focused on the creation of specialized plant
landscapes. Notable examples include the Peony Garden in Heze City in northern China
and the Plum Garden in the Taihu Scenic Area in southern China, both renowned tourist
destinations, exerting a significant impact on the aesthetic shaping of urban green spaces.

Numerous researchers have conducted research on the plant landscapes of specialized
gardens, such as those dedicated to wetland woody plants [8], vine plants [9], and medicinal
plants [10]. They have proposed planning and design strategies for specialized gardens,
addressing aspects such as plant arrangement, ornamental design, plant culture expression,
and regional characteristics prominence. However, existing studies are often confined to
individual types of specialized gardens. Moreover, some research has revealed an uneven
distribution of visitors in many specialized gardens [11]. This manifests as overcrowding
during specific periods and areas, while other periods and areas witness sparse visitor
activity, resulting in the underutilization of many spaces. Addressing the issue of improving
spatial vitality and creating specialized garden plant landscapes that meet the needs of
visitors is a crucial consideration.

Spatial vitality refers to the capacity of urban public spaces to attract human activ-
ities [12–14]. Numerous scholars have conducted research on the relationship between
environmental factors and spatial vitality in various urban public spaces, such as urban
parks [15–17], historic districts [18], streets [19], night markets [20], and urban underground
spaces [21]. In the context of this study, spatial vitality refers to the intensity of use in spaces
primarily composed of plants. Plant landscape spaces provide the material environment
for various outdoor activities, and visitor behavior characteristics reflect the quality and
attractiveness of the spaces [22]. Existing vitality studies primarily focus on medium to
large-scale urban public spaces, with vitality measurements primarily considering a single
indicator, such as population density, lacking the exploration of indicators that can reflect
the quality and attractiveness of spaces. Some scholars have studied the vitality distribution
of small-scale spaces like plant landscape spaces. However, the majority of these studies
have focused on urban park plant landscapes [23–25], with a limited exploration into the
plant landscapes of specialized gardens. Moreover, existing research predominantly em-
phasizes the spatial distribution and variations in vitality, paying relatively less attention to
the temporal fluctuations and seasonal changes in vitality.

The research methods for spatial vitality can be broadly categorized into two types:
traditional methods and novel methods based on multi-source data analysis [26,27]. Tradi-
tional methods include questionnaire surveys, interviews, behavior observations, behavior
mapping, etc. [28–30]. With the development and widespread use of Internet big data, new
methods based on multi-source data analysis, such as mobile signaling data [31] and social
media network data [32], have gradually emerged. These methods enable the collection
and visualization of massive sample data in a short period with a low consumption [33,34],
providing convenience for vitality research in medium to large-scale spaces. However,
current research on the spatiotemporal distribution of vitality in plant landscapes still
predominantly relies on traditional methods such as behavior observation and behavior
mapping. This is primarily due to the difficulty of meeting the precision requirements for
studying vitality in small-scale spaces using current analysis methods based on mobile
communication and location navigation data. Additionally, obtaining detailed information
about visitor behavior activities, which are integral components of the spatial vitality [35,36],
proves challenging with these methods.
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In light of the aforementioned, we conducted a study on the spatial vitality of spe-
cialized garden plant landscapes in the Hangzhou Botanical Garden, situated in the south-
eastern coastal region of China. Our objectives were to address the following issues: (1) To
clarify the spatiotemporal distribution patterns of spatial vitality of specialized garden plant
landscapes in spring based on visitor behavior characteristics. (2) To explore the differences
in spatial vitality of specialized garden plant landscapes in spring and the related landscape
factors. (3) To provide recommendations on how to stimulate visitor participation, create
vibrant specialized garden plant landscapes, and enhance the utilization and participation
rates of specialized garden plant landscape spaces.

2. Materials and Methods

2.1. Study Area

Hangzhou (29◦11′–30◦34′ N; 118◦20′–120◦37′ E), situated in the southeastern coastal re-
gion of China, serves as the capital of Zhejiang Province and is renowned for its picturesque
natural landscapes and rich historical and cultural heritage. Embracing a subtropical mon-
soon climate, Hangzhou experiences distinct seasons with abundant rainfall and ample
sunlight. During spring, the average temperature hovers around 17 ◦C, accompanied by
precipitation ranging from 330 to 450 mm. This pleasant climate marks the prime period
for outdoor activities, sightseeing, and flower appreciation as numerous plants enter their
blooming phase.

Hangzhou Botanical Garden is situated in the northwest of the West Lake Scenic Area
in Hangzhou, covering an area of 284.64 hm2 (Figure 1). The topography within the garden
is undulating and adorned with lush vegetation. In the northern region, two primary
residential areas coexist, complemented by a surrounding array of dining and office spaces.
Established as one of the most influential botanical gardens in China since the founding of
the People’s Republic, after more than 60 years of transformation and development, it has
gradually evolved into a comprehensive botanical garden integrating plant conservation,
scientific research, popular science education, tourism, and ecological leisure, holding a
significant impact both domestically and internationally.

Figure 1. Geographical location of Hangzhou Botanical Garden.
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2.2. Selection of Research Subjects and Plots

Four specialized gardens were selected as research subjects based on well-defined
themes, distinctive features, and pronounced seasonal variations. These include Osmanthus
and Crape Myrtle Garden, primarily featuring summer and autumn landscapes; Acer and
Rhododendron Garden, emphasizing spring and autumn landscapes; Lingfeng Tanmei,
showcasing winter and spring landscapes; and Rosaceae Garden (aquatic plants area),
predominantly exhibiting spring and summer landscapes.

Osmanthus and Crape Myrtle Garden prominently features various Osmanthus vari-
eties, such as Osmanthus fragrans var. thunbergii, Osmanthus fragrans ‘Latifolius’, Osmanthus
fragrans var. aurantiacus and Osmanthus fragrans ‘Semperflorens’. Simultaneously, the pe-
ripheral areas are landscaped with clusters of Lagerstroemia indica, creating a picturesque
scene in the summer and autumn seasons. It stands out as an excellent location for enjoying
osmanthus blossoms in the autumn. Acer and Rhododendron Garden features primarily
plants of the Rhododendron and Acer in the middle and lower layers. Leveraging the existing
upper-layer Liquidambar taiwaniana and Fagaceae plants, it collaboratively creates a plant
landscape for enjoying rhododendron blooms in spring and appreciating red leaves in
autumn. Lingfeng Tanmei has a rich history and profound cultural heritage, forming a
plant landscape primarily centered around Prunus mume. It has earned a reputation as
a renowned destination for appreciating plum blossoms. Rosaceae Garden focuses on
cultivating plants from the Rosaceae, such as Prunus salicina, Prunus serrulata, and Malus
halliana, complemented by various aquatic plants, contributing to the landscape during the
spring and summer seasons.

To ensure the continuity of plant landscapes and the integrity of their spatial represen-
tation, three locations reflecting the themes and features of specialized plant landscapes,
possessing typical characteristics of plant landscape spaces and allowing visitor access
were chosen within each of the four specialized gardens demarcated by the forest edge and
pathway edge [24]. The total area of the plots is 3.42 hm2, with an average size of 2850 m2

(Figure 2). The plots predominantly feature plants and exclude elements such as water
bodies, buildings, structures, large paved squares, etc., aiming to minimize interference
from non-plant landscape elements on visitor behavior [11].

Figure 2. Plan and plot distribution of Hangzhou Botanical Garden.
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2.3. Data Acquisition
2.3.1. Plant Landscape Space Characteristics

This study, based on existing research on plant landscape surveys in urban public spaces
such as parks [37,38] and water bodies [39], along with studies on individual landscape
preference and perception [40,41], identified the specific indicators of specialized garden
plant landscape characteristics that need to be collected. A field survey was conducted to
investigate the plant landscape space characteristics of each plot. The survey covered a
total of 14 landscape variables, comprising both plant and spatial factors. The concepts and
quantification methods for each specific indicator are outlined in Table 1 below.

Table 1. Spatial characteristics of plant landscape of specialized gardens.

Types of Indicators Number Indicators Concepts and Quantification Methods of Indicators

Plant
Factors

Specialized plant
landscape features

X1 Proportion of specialized
plants

The number of specialized plant species as a percentage
of total species. To survey the species of specialized
plants and other plants and calculate the percentage.

X2 Ornamental period
of specialized plants

Investigating the main flowering periods of specialized
plants on a monthly basis.

X3 Color composition
of specialized plants

Investigating the richness of color composition of
specialized plants and assigning values based on the
number of colors.

Plant monomer
characteristics

X4 Plant growth potential
Judging the health status of plant growth and assigning
values as 1, 2, 3, and 4 according to the four criteria of
poor, medium, good, and excellent.

X5 Characteristics of plant
viewing

Investigating the ornamental characteristics of plants
and assigning values of 1, 2, 3, and 4 based on the
number of ornamental parts.

Plant community
characteristics

X6 Types of plant community
structure

Investigating the life form composition of plant
communities and assigning values of 3, 2, and 1 based
on the tree-shrub-herb, tree-herb, and tree-shrub
structures, respectively.

X7 Canopy closure
The ratio of the total ground projection area of the tree
crown in direct sunlight to the total plot area is
calculated using AutoCAD.

X8 Species richness

The number of species in the plant community. Using
the Patrick index to calculate, the formula is R = S,
where S is the number of species. Due to the difference
in plot area, it needs to be converted using the formula
TSR = R/lgA, where A is the plot area.

X9 Species diversity

The richness of species in the plant community. Using
the Shannon−Wiener index to calculate, the formula is
H = −∑n

i=1 Pilnpi, where Pi is the ratio of the quantity
of each species to the total number of species in the plot.
Due to the difference in plot area, it needs to be
converted using the formula TSH = H/lgA, where A is
the plot area.

Spatial Factors

Plane surface

X10 Gross area
Drawing the plot outline by combining the two-step
APP and the plan, then using AutoCAD for
calculations.

X11 accessible lawn area
Drawing the contour of the accessible grassland area
within the plot by combining the two-step APP and the
plan, then using AutoCAD for calculations.

Accessibility X12 Spatial accessibility
Determining the nearest pathway to the entrance/exit
by combining the two-step APP and the plan, then
using AutoCAD for calculations.

Functional use and
psychological feelings

X13 spatial enclosure
Degree of openness and enclosure in space is calculated
using D/H, where D is the distance between people
and plants, and H is the plant height.

X14 Spatial shape coefficient

Degree of richness in space variation is calculated using
the ratio of plot perimeter to the circumference of an
equally sized circle, with the formula S = C/ 2√πA,
where C is the plot perimeter and A is the plot area.

2.3.2. Visitor Behavior Characteristics

In this study, visitor behavior primarily refers to recreational activities. As individual
behaviors often exhibit variations, the similarities manifested collectively represent visitor
behavior characteristics [42]. Behavior observations were conducted to observe and record
visitor behavior characteristics within each plot. Visitors’ gender, age, and activity type
were recorded as a set of data. Based on visitors’ behavioral purposes, their activities
were categorized into four types: Leisure and Relaxation (chatting, sitting, lying down,
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picnicking), Sightseeing and Touring (walking, photography, enjoying the scenery), Physical
Exercise (Tai Chi, ball sports), and Experience and Entertainment (games, music, chess,
picking, kite flying, outdoor education), encompassing a total of 15 visitor behaviors.

Data collection occurred from 4 February 2023 (Start of Spring) to 6 May 2023 (Start
of Summer). Observations were conducted on two weekdays and two weekends each
month. To ensure sufficient and valid data, observations were carried out on clear weather
days conducive to outdoor activities. Observers followed a fixed path and locations,
conducting observations from 8:30 a.m. to 16:30 p.m. with a 2-h interval. Each site was
observed for 15 min. After 12 rounds of on-site observations, a total of 3367 sets of visitor
behavior characteristics data were collected, forming the foundational data for quantifying
spatial vitality.

2.4. Data Processing and Analysis
2.4.1. Quantification of Spatial Vitality

Through multiple observations of visitor behavior, we acquired a substantial dataset
of visitor behavior characteristics. Firstly, we performed preliminary summarization and
processing of the data using SPSS 26.0, establishing it as the foundational dataset for
quantifying spatial vitality. Subsequently, we employed four indicators, namely visitor
density, space usage intensity, diversity of age group, and richness of activity type, as
measures of spatial vitality. The first two emphasize the quantity of individuals in space,
while the latter two primarily reflect the quality of space. Finally, we utilized formulas to
calculate the spatial vitality index for each specialized garden and plot, thereby assessing
and evaluating the spatial vitality. The following outlines the concepts and calculation
formulas for the four-vitality metrics and the spatial vitality index.

Visitor density refers to the number of visitors per unit area, providing a direct reflec-
tion of spatial vitality.

Space usage intensity is calculated using the average area occupied per person during
peak hours, expressed as:

An = 100/(A/Np) (1)

where A is the plot area and Np is the number of visitors during peak hours [43].
Diversity of age group refers to the richness of age group types among visitors,

calculated using the Shannon–Wiener diversity index, expressed as:

D = −∑n
i=1 Pilnpi (2)

where Pi is the ratio of visitors in each age group to the total number of visitors [24]. Higher
values indicate a more balanced distribution of visitors across different age groups.

Richness of activity type represents the number of simultaneously occurring activity
types in space. Higher values indicate that the space can fulfill a more diverse range of
functional needs for visitors.

The average values of each indicator on weekdays and weekends for each plot were
obtained. These values were standardized, and the entropy method and CRITIC weighting
method were employed to determine the weights for each indicator (Table 2). Using the
comprehensive weights, the spatial vitality index for each plot was calculated as follows:

Spatial Vitality Index = (Visitor Density × 0.271) + (Space Usage Intensity × 0.215) + (Diversity of
Age Group × 0.306) + (Richness of Activity Type × 0.208)

(3)

and then the average spatial vitality index for each specialized garden is presented.
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Table 2. Weight values of 4 indicators to measure spatial vitality.

Index Entropy Method
CRITIC Weighting

Method
Comprehensive

Weights

Visitor Density 0.378 0.151 0.271
Space Usage Intensity 0.308 0.147 0.215

Diversity of Age Group 0.146 0.441 0.306
Richness of Activity Type 0.168 0.261 0.208

2.4.2. Analysis of Spatial Vitality Differences and Correlations

The spatial vitality index data passed tests for normality and homogeneity of variance.
Single-factor analysis of variance (ANOVA) was conducted to compare the differences
in spatial vitality among different types of specialized gardens, and Post hoc tests were
performed to explore specific differences. A Spearman correlation analysis was conducted
to explore the correlation between the 14 plant landscape space characteristics and spatial
vitality. All these analyses were carried out using SPSS 26.0.

3. Results

3.1. Analysis of Plant Landscape Space Characteristics

During the spring, Garden A remains in a non-ornamental phase with minimal changes
in plant landscapes. Gardens B, C, and D exhibit significant transformations over time
(Figure 3). Field measurements and subsequent calculations were conducted to assess the
spatial characteristics of plant landscapes in each specialized garden and plot (Table 3). The
specific variations in each indicator are outlined as follows.

Figure 3. Photographs of the plots with the highest spatial vitality in each garden.

In Garden A, the average spatial area is 3144.11 m2, with an average accessible grassland
area of 2402.14 m2. The average spatial enclosure degree is 5.35, and the average spatial
shape coefficient is 1.21. The average length of the nearest pathway to the entrance/exit is
155.32 m. For Plot A1, the community structure is Magnolia soulangeana—Osmanthus fragrans +
Lagerstroemia indica—Ophiopogon bodinieri (R = 0.816; H = 0.213). For Plot A2, the community
structure is Osmanthus fragrans + Lagerstroemia indica (R = 0.573; H = 0.066), lacking shrubs and
ground cover plants, with the largest grassland area. For Plot A3, the community structure
is Magnolia grandiflora + Ginkgo biloba + Celtis sinensis—Osmanthus fragrans + Podocarpus
macrophyllus + Euonymus carnosus—Lycoris radiata (R = 1.873; H = 0.412), with the smallest
grassland area. The D/H values for Plot A1 and A2 are both greater than 5, indicating open
spaces, while the D/H value for Plot A3 is much smaller, indicating a stronger sense of
spatial enclosure.
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Table 3. Spatial characteristic indicators for plant landscapes in specialized gardens and plots.

Garden Plot

Plant Landscape Space Characteristics

X1 X2 X3 X4 X5 X6 X7 X8 X9
X10
(m2)

X11
(m2)

X12
(m)

X13 X14

A
A1 0.67 0.00 1.00 3.00 2.00 3.00 0.07 0.82 0.21 4747.02 2896.67 99.95 6.08 1.42
A2 1.00 0.00 1.00 4.00 2.00 2.00 0.09 0.57 0.07 3085.41 3085.41 225.44 6.58 1.15
A3 0.17 0.00 1.00 1.00 2.00 3.00 0.07 1.87 0.41 1599.90 1224.35 140.57 3.39 1.05

B
B1 0.75 1.00 6.00 2.00 2.00 3.00 0.12 4.07 0.64 892.69 601.05 90.66 3.48 1.21
B2 0.69 1.00 8.00 3.00 2.00 3.00 0.06 4.13 0.68 1395.22 835.47 138.49 2.94 1.15
B3 0.70 1.00 5.00 3.00 2.00 3.00 0.06 3.25 0.58 1198.43 932.46 149.25 3.63 1.21

C
C1 0.20 1.50 4.00 4.00 4.00 3.00 0.12 1.60 0.25 1324.49 1228.94 242.41 5.75 1.07
C2 0.20 1.50 3.00 3.00 3.00 2.00 0.19 1.55 0.18 1697.69 1162.44 296.79 5.31 1.11
C3 0.08 1.50 3.00 3.00 4.00 3.00 0.18 3.62 0.43 2076.18 1225.43 334.59 5.46 1.29

D
D1 0.50 2.00 6.00 2.00 3.00 3.00 0.05 2.22 0.45 3983.52 3983.52 759.19 11.98 1.13
D2 0.70 1.50 8.00 2.00 3.00 3.00 0.01 2.51 0.47 9601.71 9601.71 551.88 13.02 1.08
D3 0.60 1.50 7.00 3.00 2.00 3.00 0.06 2.93 0.57 2598.56 2144.26 401.21 6.73 1.14

In Garden B, the average spatial area is 1162.11 m2, with an average accessible grass-
land area of 789.66 m2. The average spatial enclosure degree is 3.35, and the average spatial
shape coefficient is 1.19. The average length of the nearest pathway to the entrance/exit
is 126.13 m. The middle and lower layers feature plants from the Rhododendron and Acer,
creating a plant landscape for enjoying rhododendrons in spring and red leaves in autumn.
For Plot B1, the upper layer consists of Liquidambar taiwaniana (R = 4.067; H = 0.645). For
Plot B2, the upper layer includes Altingia gracilipes, Yulania denudata, and Liquidambar taiwa-
niana (R = 4.134; H = 0.683). For Plot B3, the upper layer features Sapindus Saponaria and
Liquidambar taiwaniana (R = 3.248; H = 0.583). The canopy closure decreases successively
across plots while accessible lawn area increases. D/H values are close, indicating a strong
sense of spatial enclosure similar to Garden A.

In Garden C, the average spatial area is 1699.45 m2, with an average accessible grass-
land area of 1205.60 m2. The average spatial enclosure degree is 5.51, and the average spatial
shape coefficient is 1.16. The average length of the nearest pathway to the entrance/exit
is 291.26 m. For Plot C1, the community structure is Elaeocarpus glabripetalus—Prunus
mume + Acer palmatum + Illicium henryi—Camellia japonica + Ophiopogon bodinieri (R = 1.602;
H = 0.252). For Plot C2, the community structure is Elaeocarpus glabripetalus + Magnolia
soulangeana—Prunus mume + Michelia figo + Ilex hylonoma var. glabra—Ophiopogon bodinieri
(R = 1.548; H = 0.176). For Plot C3, the community structure is Liquidambar taiwaniana
+ Pinus elliottii + Magnolia soulangeana—Prunus mume + Michelia figo + Acer palmatum +
Podocarpus macrophyllus—Rhododendron × pulchrum + Ophiopogon bodinieri + Hedera nepalen-
sis var. sinensis + Trachelospermum jasminoides (R = 3.617; H = 0.426).The D/H values for all
plots are close and greater than 5, indicating open spatial configurations.

In Garden D, the average spatial area is 5394.60 m2, with an average accessible grass-
land area of 5243.16 m2. The average spatial enclosure degree is 10.58, and the average spa-
tial shape coefficient is 1.12. The average length of the nearest pathway to the entrance/exit
is 570.76 m. For Plot D1, the plant community structure is Sapindus saponaria—Prunus
mume ‘Danban Xing’ + Prunus conradinae + Prunus serrulate var. lannesiana —Camellia uraku
(R = 2.222; H = 0.449). For Plot D2, the plant community structure is Ginkgo biloba + Sapindus
saponaria—Eriobotrya japonica + Pseudocydonia sinensis + Malus halliana—Rosa chinensis +
Chaenomeles cathayensis + Chaenomeles speciosa (R = 2.511; H = 0.471). For Plot D3, the
community structure is Elaeocarpus glabripetalus + Cryptomeria japonica—Prunus salicina +
Eriobotrya japonica + Pyrus pyrifolia + Prunus ‘Yoko’—Photinia serratifolia + Camellia japonica +
Rhaphiolepis umbellate + Liriope spicata (R = 2.928; H = 0.572). D/H values for Plots D1 and
D2 are both greater than 10, suggesting broad visibility and a spacious feel.
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3.2. Analysis of Visitor Behavior Characteristics
3.2.1. Distribution of Visitor Numbers

Figure 4 illustrates the temporal variations in the number of visitors across various
specialized gardens and plots. Each stacked bar in this chart represents data for both
weekends and weekdays, progressing from left to right to correspond to various specialized
gardens and plots across different months in spring. Generally, Garden A and Garden
B show an increasing trend in visitor numbers, while Garden C and Garden D exhibit
a decreasing trend. On weekends, the number of visitors is generally higher than on
weekdays. From February to early March, Garden C is in its main viewing period, with
a significantly higher number of visitors compared to other specialized gardens. Among
them, Plot C1 has the highest number of visitors. In mid-March, as the Prunus mume
completely withers, the number of visitors to Garden C sharply declines. Meanwhile,
in Garden D, with Prunus salicina, Pyrus pyrifolia, Malus spectabilis, Prunus serrulata, and
other Rosaceae plants blooming, the number of visitors is significantly higher than in other
specialized gardens.

Figure 4. Temporal changes in visitor numbers. (a) Visitor numbers of plots; (b) Visitor numbers of
gardens.

Figure 5 presents the temporal variations in visitor density and spatial usage intensity
for each specialized garden and plot. Generally, the indicators on weekends are higher
than on weekdays and show the same changing trend. Garden A and Garden B show an
increasing trend, while Garden C and Garden D exhibit a decreasing trend. In February
and March, Garden C has the highest indicators, with Plot C1 having the highest. In April,
Garden B has the highest indicators, with Plot B3 having the highest. Although Garden
D has the highest number of visitors due to its large area, both visitor density and spatial
usage intensity are the lowest.

Figure 5. Temporal changes of visitor density and space use intensity. (a) The indicators of plots;
(b) The indicators of gardens.
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3.2.2. Distribution of Visitor Age Composition

Figure 6 illustrates the proportion of visitors in different age groups for each special-
ized garden and plot. Generally, in spring, the majority of visitors in specialized gardens are
young and middle-aged individuals, accounting for over 65% of the total visitors. The next
most prominent group is children and teenagers, constituting 5% to 25% of the total visitors,
while the elderly make up around 2%. In April, Garden D exhibits a unique distribution in
the age composition of visitors. Due to frequent spring activities, children and teenagers
constitute over 50% of the total visitors, surpassing the number of young and middle-aged
individuals. This is especially concentrated in Plot D2, where over 80% of Garden D’s total
child visitors gather.

Figure 6. Number of visitors of different age groups. (a) Number of visitors of different age groups
in plots; (b) Number of visitors of different age groups in gardens.

Figure 7 illustrates the temporal variations in the diversity of age groups for each
specialized garden and plot. In February, Garden C exhibits the highest diversity of age
composition. In March, Garden D shows the highest diversity, and in April, Garden B
demonstrates the highest diversity. It is evident that the diversity of age groups for each
specialized garden peaks during its main viewing period. This suggests that specialized gar-
dens can cater to a broader range of age groups during these peak viewing periods, whereas
during non-viewing periods, they are more favored by specific age groups of visitors.

Figure 7. Diversity of age groups.
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3.2.3. Distribution of Visitor Activity Types

Figure 8 presents the common activity types in specialized gardens during spring,
along with the participation of visitors of different genders and age groups. Observing the
common activity types in each specialized garden, visitors in Garden A predominantly
gather around Plot A2, engaging primarily in activities such as sitting and picnicking. In
Garden B, visitors are mostly concentrated around Plot B3, participating in activities like
photography and scenic appreciation. Garden C attracts visitors mainly to Plot C1, where a
diverse range of activities such as sitting, picnicking, chatting, and photography take place.
Visitors to Garden D tend to concentrate around Plot D2, engaging in activities such as
games, kite flying, and ball sports. The survey indicates that in specialized gardens during
spring, female visitors aged 18–40 are the main visitors, engaging primarily in activities
such as sitting, chatting, picnicking, and photography, falling under the categories of leisure
and relaxation and sightseeing and touring.

Figure 8. Distribution of activity types. (a) Common activity types of gardens and plots in February;
(b) Common activity types of gardens and plots in March; (c) Common activity types of gardens and
plots in April; (d) Activity participation of visitors of different genders and ages in spring.

Figure 9 illustrates the temporal variations in the richness of activity type for each
specialized garden and plot. It is evident that the richness of activity type on weekends
generally surpasses that on weekdays. In February and March, Garden C exhibits the
highest richness of activity type, followed by Garden D, with Plot C1 and Plot D2 having
the highest richness, exceeding that of Garden A and Garden B by more than twice. In
April, Garden D attains the highest richness of activity type, with Plot D2 exhibiting the
highest richness, while the other specialized gardens exhibit similar levels.
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Figure 9. Richness of activity type. (a) Richness of activity type of plots; (b) Richness of activity type
of gardens.

3.3. Spatiotemporal Distribution Characteristics of Spatial Vitality
3.3.1. Temporal Distribution Characteristics

The temporal distribution characteristics of spatial vitality of specialized garden plant
landscapes during spring are primarily reflected in monthly variations. As indicated in
Table 4, overall, spatial vitality is higher on weekends than on weekdays. Garden A and
Garden B exhibit a monthly increasing trend in spatial vitality. Garden C experienced a
slight increase in spatial vitality in March, followed by a sharp decline in April. Meanwhile,
Garden D shows a decreasing trend in spatial vitality each month. In February and March,
the spatial vitality rankings, from high to low, are Garden C (1.801; 1.845), Garden D (1.271;
1.416), Garden A (0.330; 0.482) and Garden B (0.177; 0.373). The spatial vitality of Garden
C and Garden D is more than three times higher than that of Garden A and Garden B. In
April, Garden D achieves the highest spatial vitality with an index of 1.048, a slight decrease
from February to March. Following is Garden B, with a spatial vitality index of 0.796, more
than four times higher than in February and over twice as much as in March. Garden C
experiences a sharp decline in spatial vitality with an index of 0.561, slightly higher than
Garden A.

Table 4. Spatial vitality index of specialized garden and plots in spring.

Garden Plot
February March April −

SV
Weekdays Weekends Mean Weekdays Weekends Mean Weekdays Weekends Mean

A

A1 0.000 0.480 0.240 0.109 0.217 0.163 0.109 0.794 0.451 0.285
A2 0.468 0.797 0.632 0.744 1.168 0.956 0.000 1.396 0.698 0.762
A3 0.118 0.118 0.118 0.118 0.539 0.328 0.000 0.702 0.351 0.266
A 0.195 0.465 0.330 0.323 0.641 0.482 0.036 0.964 0.500 0.437

B

B1 0.128 0.128 0.128 0.000 0.141 0.070 0.623 0.599 0.611 0.270
B2 0.000 0.231 0.116 0.195 0.426 0.310 0.784 0.929 0.857 0.428
B3 0.000 0.572 0.286 0.841 0.638 0.739 0.800 1.044 0.922 0.649
B 0.043 0.311 0.177 0.345 0.402 0.373 0.736 0.857 0.796 0.449

C

C1 2.480 3.017 2.749 2.501 2.710 2.605 0.628 2.172 1.400 2.251
C2 0.912 1.498 1.205 1.759 1.314 1.537 0.000 0.338 0.169 0.970
C3 1.251 1.651 1.451 1.545 1.243 1.394 0.114 0.114 0.114 0.986
C 1.547 2.055 1.801 1.935 1.756 1.845 0.247 0.875 0.561 1.403

D

D1 1.178 1.665 1.422 0.949 1.391 1.170 0.408 1.759 1.084 1.225
D2 1.273 1.929 1.601 1.050 2.151 1.601 0.747 1.820 1.284 1.495
D3 0.997 1.452 1.225 1.003 1.081 1.042 0.311 1.245 0.778 1.015
D 1.149 1.682 1.416 1.000 1.541 1.271 0.489 1.608 1.048 1.245

3.3.2. Spatial Distribution Characteristics

During spring, there exists variation in spatial vitality across different specialized
garden types and within the same garden type’s distinct landscape areas. Upon observing
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the Average Spatial Vitality Index (SV), it is evident that Garden C has the highest spatial
vitality. Specifically, Plot C1 is identified as a high-vitality area, with an average spatial
vitality index of 2.251, more than twice that of Plot C2 and Plot C3. Garden D followed
closely, with Plot D2 recognized as a high-vitality area, boasting an average spatial vitality
index of 1.495, higher than Plot D1 and Plot D3. Garden B demonstrates spatial vitality
comparable to Garden A, with average spatial vitality indices for all sites being less than
one and decreasing progressively from Plot B3 to Plot B1. Garden A exhibits the lowest
spatial vitality, with Plot A2 registering an average spatial vitality index of 0.762, more than
2.5 times that of Plot A1 and Plot A3.

3.4. Analysis of Spatial Vitality Differences

In order to explore the difference of spatial vitality of specialized garden plant land-
scapes in spring, a one-way analysis of variance (ANOVA) was conducted. The results
indicate significant differences in spatial vitality of specialized garden plant landscapes
(Table 5). Post-hoc tests further revealed pronounced differences, particularly between
Garden C and Garden A, as well as Garden B. Additionally, differences were observed
between Garden D and Garden A, along with Garden B (Table 6). These findings suggest
a potential connection between the distinct plant landscape space characteristics in each
specialized garden and the distribution of spatial vitality. Further analysis is required to
elucidate this relationship more comprehensively.

Table 5. Analysis of variance for spatial vitality.

Spatial
Vitality

Specialized Gardens (Mean ± Standard Deviation)
F p

A B C D

Spatial vitality
index 0.44 ± 0.33 0.45 ± 0.30 1.40 ± 0.70 1.24 ± 0.46 6.975 0.002 **

Note: ** indicates a significant difference at the 0.01 level.

Table 6. Post hoc tests for spatial vitality.

Spatial Vitality (I) Name (J) Name (I) Mean (J) Mean
Difference

(I–J)
p

Spatial
Vitality index

A B 0.437 0.449 −0.012 0.967
A C 0.437 1.403 −0.965 0.002 **
A D 0.437 1.245 −0.807 0.008 **
B C 0.449 1.403 −0.954 0.002 **
B D 0.449 1.245 −0.796 0.009 **
C D 1.403 1.245 0.158 0.572

Note: ** indicates a significant difference at the 0.01 level.

3.5. Correlation Analysis between Plant Landscape Characteristics and Spatial Vitality

Table 7 presents the results of the correlation analysis between 14 landscape variables
and spatial vitality. The results indicate significant correlations between spring-specialized
garden plant landscape spatial vitality and the ornamental period of specialized plants,
characteristics of plant viewing, accessible lawn area, spatial accessibility, and spatial
enclosure. Except for accessible lawn area, the correlation coefficients for other indicators
with spatial vitality index are all higher than 0.7, suggesting a very close positive correlation.
In other words, areas with prolonged specialized plant viewing periods, rich plant viewing
characteristics, larger accessible lawn areas, greater distance from entrances, and more open
and spacious landscape regions are more favored by visitors, resulting in higher spatial
vitality. Additionally, the analysis results indicate that there is no significant correlation
between indicators such as the proportion of specialized plants, color composition of
specialized plants, plant growth potential, types of plant community structure, and canopy
closure with spatial vitality. This suggests that the spatial vitality of each specialized garden
and plot during the spring season is not influenced by the aforementioned factors.
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Table 7. Correlation analysis between plant landscape space characteristics and spatial vitality.

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14
−

SV

X1 1.000
X2 −0.377 1.000
X3 0.284 0.526 1.000
X4 0.093 −0.064 −0.239 1.000
X5 −0.564 0.747 ** 0.050 0.128 1.000
X6 −0.163 0.136 0.426 −0.419 0.000 1.000
X7 −0.372 −0.074 −0.563 0.430 0.296 −0.453 1.000
X8 0.074 0.214 0.690 * −0.320 −0.079 0.583 * −0.252 1.000
X9 0.281 0.155 0.807 ** −0.388 −0.276 0.648 * −0.517 0.923 ** 1.000
X10 0.004 0.162 −0.064 −0.075 0.158 −0.130 −0.322 −0.462 −0.399 1.000
X11 0.021 0.265 −0.057 0.041 0.296 −0.065 −0.350 −0.545 −0.441 0.888 ** 1.000
X12 −0.312 0.817 ** 0.297 −0.030 0.631 * −0.065 −0.245 −0.098 −0.126 0.531 0.643 * 1.000
X13 0.119 0.464 0.135 0.090 0.335 −0.065 −0.308 −0.406 −0.294 0.797 ** 0.923 ** 0.727 ** 1.000
X14 0.326 −0.302 −0.152 0.264 −0.296 0.065 0.126 0.224 0.140 0.000 −0.182 −0.371 −0.084 1.000
SV −0.193 0.817 ** 0.368 0.302 0.749 ** 0.000 −0.105 −0.119 −0.126 0.357 0.587 * 0.846 ** 0.713 ** −0.343 1.000

Note: * indicates a significant association at the level of 0.05 (two-tailed) and ** indicates a significant association
at the level of 0.01 (two-tailed).

4. Discussion

4.1. Spatiotemporal Distribution Characteristics of Spatial Vitality

During spring, there is a pronounced spatiotemporal fluctuation in the spatial vitality
of specialized garden plant landscapes. Temporally, the spatial vitality of Osmanthus
and Crape Myrtle Garden (A) and Acer and Rhododendron Garden (B) shows a monthly
increasing trend. In contrast, the spatial vitality of Lingfeng Tanmei (C) experiences a
slight initial rise followed by a rapid decline to approximately one-third of its initial
level. The Rosaceae Garden (D) exhibits a monthly decreasing trend. Spatially, the spatial
vitality ranks from high to low as follows: Lingfeng Tanmei, Rosaceae Garden, Acer and
Rhododendron Garden, and Osmanthus and Crape Myrtle Garden. The regions with the
highest spatial vitality are identified as Plot A2, Plot B3, Plot C1, and Plot D2, respectively.

The renowned tradition of appreciating plum blossoms, both in ancient and modern
times, attracts a large number of visitors and promotes various activities. During this
period, Lingfeng Tanmei exhibited the highest spatial vitality, with an overall enhancement
observed in the spatial vitality of other specialized gardens. It can be inferred that sea-
sonal flower exhibitions significantly captivate visitors, markedly elevating spatial vitality.
Research indicates that incorporating a moderate amount of cold-toned flowering plants
in urban greenery positively impacts the mental and physical health of the public [44].
Rahnema highlights that flowering plants influence visitors’ preferences and emotional
perceptions [45]. Ozer also asserts that vibrant flowering plants significantly stimulate
activities like photography and appreciation [46]. These findings align with the results of
this study.

In comparison to Lingfeng Tanmei, the specialized plants in Rosaceae Garden fail
to form a concentrated display during their flowering period. Additionally, some plants
exhibit suboptimal maintenance, leading to underutilized spaces. However, the Rosaceae
Garden secures the second-highest spatial vitality, likely attributed to its ample grassy
areas that cater to recreational and exercise activities such as games, kite-flying, and sports,
contributing substantially to spatial vitality enhancement. Previous research has confirmed
the attractiveness of grassy spaces to individuals and groups, fulfilling diverse functional
needs [47].

The lower level of Acer and Rhododendron Garden predominantly features Rhodo-
dendron species with rich, vibrant colors during the flowering period, attracting visitors
for activities like photography and scenic appreciation. While there is an improvement
in spatial vitality, it remains lower than that of Lingfeng Tanmei and Rosaceae Garden,
possibly due to the shorter flowering period and comparatively lower promotional efforts.
Therefore, a suggestion is to consider conducting extensive and content-rich flower-related
promotional activities to prevent visitors from missing the optimal viewing period [11].
Osmanthus and Crape Myrtle Garden undergo minimal changes in its landscape during
spring, maintaining the lowest and most stable spatial vitality.
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4.2. Factors Associated with Spatial Vitality

In spring, there is a significant disparity in spatial vitality among different specialized
gardens, indicating an evident uneven distribution of visitor traffic. This phenomenon is
influenced by the inherent characteristics of the site [48,49]. The spatial vitality of each
specialized garden reaches its peak during its primary viewing period, signifying the
ability of these gardens to attract more visitors and stimulate various activities during
this time. Mao et al.’s research underscores the importance of the flowering period of
specialized plants as a critical determinant of visitor behavior, aligning with the findings of
this study [11].

Additionally, visitors tend to engage in various activities in plant landscape spaces that
offer rich viewing characteristics, ample access to lawns, greater distance from entrances,
and more open and spacious environments, resulting in higher spatial vitality. Interestingly,
indicators such as canopy closure, species richness, species diversity, and plant community
structure show no correlation with spatial vitality. However, Wang et al.’s investigation
into campus landscapes suggests that increasing vegetation coverage promotes recreational
activities [50]. Shanahan et al.’s research indicates that species richness and diversity
are crucial factors in attracting visitors to parks [51]. People also exhibit preferences for
different types of vegetation in green spaces. For instance, compared to tree-shrub-grass
composite woodland, individuals prefer single-layer woodland [52].

Furthermore, Ekkel et al.’s study demonstrates that accessibility is a significant factor in
increasing the frequency of green space use, with usage decreasing as distance increases [53].
Research by Mao and Liu on the behavior preference of plant landscapes in urban parks
suggests that plant landscape spaces with good accessibility are more conducive to visitor
participation [25]. However, in contrast to these conclusions, our study indicates that,
compared to urban park plant landscapes, visitors place more emphasis on the aesthetic
and functional characteristics of specialized plant landscapes rather than accessibility.

4.3. Improvement Strategies for Specialized Garden Plant Landscape Construction

Based on the age composition and activity distribution of visitors in specialized
gardens and plots during spring, it is advisable to consider the activity needs of different
age groups when planning and designing plant landscapes in specialized gardens. For
instance, in the spring, the predominant visitors in specialized garden plant landscape
spaces are females aged 18–40, engaging primarily in activities such as sitting, picnicking,
and photography. Therefore, designers should allocate suitable spaces for lingering, such as
shaded areas and lawns, and guide visitors’ sightlines through diverse plant arrangements
to facilitate better relaxation and scenic enjoyment. Furthermore, considering that children
often engage in games, kite-flying, and ball sports, increasing the area of lawns may be
beneficial. Additionally, recognizing that the elderly often participate in activities such as
Tai Chi and sitting, providing relatively private and quiet spaces for them is recommended.

Significant differences exist in spatial vitality among different specialized gardens
and within different landscape areas of the same specialized garden when examining
the spatiotemporal distribution characteristics of spatial vitality of specialized garden
plant landscapes during spring. It is recommended that the construction of specialized
gardens consider factors such as geographical location, historical and cultural features,
and visitor interests and needs to maximize the utilization of underutilized spaces and
comprehensively enhance spatial vitality. This approach helps avoid low-level redundant
construction, which could lead to the wastage of plant and spatial resources. In the case
of large-scale botanical gardens with multiple specialized gardens like the Hangzhou
Botanical Garden, efforts should be directed not only at enhancing the vitality of individual
specialized gardens but also at addressing the connections between these gardens.

Considering the factors related to the spatial vitality of specialized garden plant land-
scapes during spring, it is crucial for the planning and design of specialized garden plant
landscapes to account for seasonal influences. It is essential to allocate and seamlessly
connect plants based on their viewing periods, creating specialized garden plant landscapes
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with distinctive features and personalities while providing year-round attractions. Addi-
tionally, the cultivation of plants with rich ornamental characteristics can attract visitor
attention and extend the viewing period of the plant landscape. Grassland spaces can fulfill
various functional needs of visitors; therefore, expanding accessible lawn areas may be
practical. The accessibility and enclosure of plant landscape spaces also influence visitor
behavior and distribution. Therefore, careful consideration of these factors is essential in
the planning and design of specialized plant landscapes. For specialized gardens with
overlapping viewing periods but significant differences in spatial vitality, strategies such as
organizing flower exhibitions and promoting floral events can attract visitors, guide the
flow of people, and foster a comprehensive and balanced improvement of spatial vitality
throughout the entire garden.

4.4. Limitations

This study has certain limitations. Firstly, the selected indicators for specialized
garden plant landscape spaces are primarily based on existing research on urban park plant
landscape spatial vitality, and further adjustments and refinements are needed to explore
potential factors specific to specialized garden plant landscape spatial vitality. Secondly,
despite the detailed information on individual social attributes, distribution, and behavior
obtained through traditional behavior observation methods, they are relatively time and
labor-intensive. The investigation into the relationship between plant landscape space
characteristics and spatial vitality is limited to correlation without further exploration
of other potential relationships between the two. Finally, seasonal variation is a crucial
aspect of plant landscape research, and the spatial dynamics formed during this period
can undergo significant changes in the short term. The study did not investigate spatial
vitality in other seasons, and the limitations of focusing on a single season may result
in non-significant outcomes for certain indicators, which nevertheless still hold value
for discussion.

5. Conclusions

With the vigorous development of specialized garden landscaping forms in urban
green spaces, the importance of creating specialized plant landscapes is increasing. Based
on the behavior characteristics of visitors, this study investigated the measurement and spa-
tiotemporal distribution patterns of spatial vitality of specialized garden plant landscapes
during spring and explored the associated landscape variables. The primary findings are
as follows:

1. The findings reveal a hierarchy of spatial vitality, with the order being Lingfeng Tan-
mei, Rosaceae Garden, Acer and Rhododendron Garden, and Osmanthus and Crape
Myrtle Garden. The spatial vitality of Lingfeng Tanmei experiences a slight increase
in the mid-term, followed by a sharp decline. Rosaceae Garden exhibits a monthly
decreasing trend in spatial vitality, whereas both Acer and Rhododendron Garden
and Osmanthus and Crape Myrtle Garden demonstrate a monthly increasing trend.

2. The ornamental period of specialized plants stands out as a pivotal determinant
of spatial vitality. Additionally, features such as characteristics of plant viewing,
accessible grassland area, spatial accessibility, and enclosure are associated with the
spatiotemporal distribution of spatial vitality.

3. The seasonal flower exhibitions and floral event promotions have a significant allure
for visitors and concurrently contribute to enhancing the spatial vitality of other
specialized gardens.

In future research, exploration and improvement can be undertaken in the following
aspects. Regarding indicator selection, consideration could be given to incorporating
additional indicators related to plant landscape space characteristics, such as the olfactory
features [54], acoustic characteristics [55], and thermal comfort [52]. In terms of method
selection, insights from studies on street and urban park spatial vitality can be leveraged to
identify other suitable quantifiable vitality indicators. Additionally, exploring the utilization
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of diverse data sources and investigating more convenient methods for data acquisition
and analysis is essential [56,57]. The integration of on-site observations with multiple data
sources should be further explored and refined, particularly when applied to the study
of small-scale spatial vitality. Finally, given the significant impact of seasonal variations
on plant landscape spatial vitality, conducting long-term field observations of visitor
behavior in specialized garden plant landscape spaces across different seasons would be
beneficial. This approach allows for a comprehensive analysis of the distribution patterns
and fluctuation trends of spatial vitality across various time dimensions and spatial scales.

In comparison to existing studies on the vitality of urban public spaces, this research
explores the distribution of vitality and related factors in small-scale spaces, specifically
focusing on plant landscape spaces. It emphasizes the significance of visitor engagement
in enhancing vitality. We believe these findings can assist planners and managers in con-
structing specialized plant landscapes that align with the preferences and needs of visitors.
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