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Abstract

Due to rapid urbanization over the past five decades, there has been growing interest
in the role of biodiversity in supporting human well-being. While previous research
highlights the role of landscape biodiversity in psychological restoration, the pathway
linking visual and auditory cues to perceived biodiversity—and subsequently to restora-
tive outcomes—remains poorly understood. This study explores how visual and auditory
stimuli influence human perception, including perceived biodiversity, preference, and
restorative effects, within environments that maintain a consistent level of ecological biodi-
versity. This study constructed 16 hypothetical environments by combining three visual
factors (species evenness, vegetation height, and plant color) with one auditory factor
(presence or absence of natural sound), holding actual biodiversity constant. By comparing
results from ANOVA and mixed-effect modeling, our analysis revealed important contrasts
between the direct and indirect effects of visual and auditory features on perceived biodi-
versity and restoration. Plant height and natural sound consistently demonstrated direct
positive effects on restorative outcomes. In contrast, plant color and species evenness influ-
enced restoration indirectly, mediated through perceived biodiversity. The mixed-effect
model indicated a partial mediation pathway between landscape features and restorative
effects—an effect not observed in the ANOVA analysis. Surprisingly, species evenness
was not directly associated with restorative outcomes, but was indirectly linked via per-
ceived biodiversity. Similarly, while color enhanced biodiversity perception, it did not
directly improve mental restoration and, under some conditions, may even contribute to
overstimulation. These findings suggest that the restorative benefits of nature arise not only
from the ecological composition of landscapes but also from how biodiversity is perceived.
Designers and planners should consider not only biodiversity itself, but also how it is
presented and perceived through multisensory experiences.

Keywords: restorative environments; urban green space; auditory—visual stimuli; preference;
urban landscapes

1. Introduction

In recent decades, scholarship has investigated how urban green space can contribute
to restorative benefits for individuals. Restorative environments are natural settings that
facilitate recovery from mental fatigue in an effortless manner [1]. In a wider context,
restorative benefits include mental, emotional, cognitive, and physiological well-being.
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Numerous studies have found that the quantity of urban green space plays a pivotal
role in the amelioration of mental health problems through stress reduction [2], social
interactions [3], physical activities [4], preference [5], and thermal comfort [6]. In other
words, the more green space, the greater the restorative benefits. However, few studies
have examined what characteristics of urban green space maximize the benefits of nature
for human well-being beyond its quantity [7,8].

A nascent yet expanding body of research on restorative landscape investigates the
relationship between urban green space biodiversity and mental well-being. There is
growing evidence for the positive relationship between species richness and restorative
benefits [9-12]. Green spaces with high biodiversity promote a sense of soft fascination
and beauty, allowing people to fall into a state of involuntary attention [1,13,14] Further-
more, greater biodiversity environments lead to a reduction in brain activity, facilitating
relaxation and attention compared to lower-biodiversity environments [15]. According
to Kaplan and Kaplan’s preference matrix landscape visual complexity (e.g., diversity,
richness) determines the preference of landscape scenes [1], indicating the main factor of
restorative potential [16]. Along with visual perception, a biodiverse environment can
provide people with natural sounds from bird and insect songs, which also deepens the
restoration effect [11].

Though biodiversity appears to be a crucial indicator of mental well-being, it is
perceived biodiversity—the degree to which individuals subjectively interpret the richness
of species—that may play a more pivotal role in affecting mental restoration than the actual
(objective) level of biodiversity. Thus, understanding how people perceive biodiversity is
critical for designing restorative environments that enhance cognitive and psychological
experiences. Research such as Schebella et al.’s study shows that perceived biodiversity is a
better predictor of subjective well-being benefits than objective measures of biodiversity [17].
While there was no relationship between actual biodiversity (e.g., plant and animal species
richness) and psychological well-being, perceived biodiversity by green space users is
positively associated with enhanced well-being [18]. Rozario et al. (2024) note that an
increase in perceived biodiversity in forests was positively associated with short-term
mental health and well-being outcomes [19]. However, this study found no significant
relationship between actual biodiversity (specifically tree species richness) and mental
well-being. Fisher et al. also note that people are more likely to feel enhanced well-being if
they perceive a place as biodiverse, regardless of its actual degree of biodiversity [20].

To amplify the benefits of nature, it is essential to understand which landscape char-
acteristics influence perceived biodiversity. Visual cues constitute a significant factor in
determining the perception of biodiversity. Perceived plant species richness is the most
widely used indicator for the visual assessment of perceived biodiversity. In other words,
it refers to how many plant species people can perceive within green spaces. Since a
higher number of plant species is associated with higher visual complexity [21], vegetation
features (e.g., height) play a significant role in the ability to perceive biodiversity [22].
Along with these visual cues, auditory cues contribute to perceived biodiversity. Realistic
natural sounds (e.g., birdsongs) can increase perceived biodiversity compared to soundless
environments [23].

While much scholarly attention has focused on the beneficial effects of biodiversity on
mental well-being, the relationships between visual and auditory cues, perceived biodiver-
sity, and restorative effects remain unclear. In particular, the pathway linking visual and
auditory cues to perceived biodiversity—and subsequently to restorative benefits—has yet
to be fully understood. Illuminating this relationship is crucial, as environmental percep-
tion may be as influential as the environment itself. Understanding which landscape design
features evoke a sense of biodiversity (i.e., perceived biodiversity) could, in turn, maxi-
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mize restorative benefits. Perceived biodiversity is positively related to mental well-being
and health, and this relationship may be mediated by psychological restoration [24,25].
Visual cues related to structural forest attributes are potentially associated with perceived
biodiversity, which is linked to short-term mental health and well-being outcomes [19].

1.1. Literature Review
1.1.1. Visual Cues for Perceived Biodiversity and Psychological Response

Vegetation evenness can be assessed by the degree to which abundance is evenly
distributed among the different species within a community [26]. Given the same degree of
species richness, perceived species richness can be influenced by species evenness—that
is, how evenly individuals are distributed among species within an ecosystem. In this
respect, species evenness, rather than species richness alone, may play a more significant
role in the appreciation of biodiversity [27]. Moreover, vegetation height contributes to
visual complexity and is thus related to perceived biodiversity [21], while taller vegetation
can increase the perception of naturalness [28]. Plant color may also contribute to the
perception of biodiversity. Grose (2012) concludes that detailed information derived from
the color diversity of plants supports the understanding of visual biodiversity [29].

The visual presence of plants is a crucial factor in the perception of visual landscape
quality, such as aesthetic elements in landscape design [30,31]. Aesthetically pleasing
visual stimuli have a potential tension- and stress-reducing effect [32]. From a design
perspective, the composition of plants is the main component that determines the overall
aesthetic of a landscape [30]. People demonstrate a preference for greater species evenness
over lower species evenness [27,33], as well as for visually diverse and heterogeneous
landscapes [34,35]. Another important visual component of landscape that affects psycho-
logical responses is landscape color [33]. Given that higher hue variation promotes visual
fixation [36], plant color impacts the visual characteristics of a landscape and stimulates
the human sensory system [37]. Furthermore, plant colors are related to psychological
relaxation as they promote positive feelings such as comfort, calmness, and naturalness [38].
Plant height also contributes to the psychological benefits derived from landscapes. Kuper
(2017) demonstrated that tree height is positively associated with restorative potential [39].
People are also more likely to prefer taller plants compared to shorter ones [40].

1.1.2. The Auditory-Visual Cues for Perceived Biodiversity and Psychological Responses

Another noteworthy observation in environmental psychology is that the integration
of auditory and visual stimuli plays a pivotal role in psychological responses. As the
interactions between visual and auditory create an essential influence on perception [41],
multisensory information can complement and reinforce them [42,43]. Growing evidence
reveals the effect of nature’s multisensory stimuli on cognitive and psychological well-being.
Although natural sounds such as birdsong, wind, and water are typically considered more
pleasant by people [44,45], birdsong is especially noted as the most effective for mental
restoration among these natural sounds [46]. Birdsongs and calls have been associated
with restorative effects, including stress recovery and attention restoration [47]. Realistic
nature sounds can enhance perceived biodiversity, indicating that people are more likely
to perceive greater biodiversity with the presence of both visual and sound stimuli [23].
Further, the combination of auditory and visual stimuli significantly enhances psychological
restoration (e.g., stress recovery, emotion, cognitive well-being) and aesthetic preference
compared to visual stimulation alone [11,41,42,46].

1.2. Research Gaps and Questions

To the best of our knowledge, no studies have verified how perceived biodiversity
may act as a mediator between environmental features and restorative benefits while
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controlling for the level of biodiversity. Our study seeks to fill this gap by constructing
hypothetical environments with controlled conditions (e.g., equivalent biodiversity levels
across all environmental exposures). This study attempts to answer the following research
questions: (1) What visual elements of the landscape (e.g., species evenness, height, color)
have an impact on perceived biodiversity and restorative effects? (2) Do auditory cues
(e.g., birdsong) continue to affect these perceptions when visual stimuli are also present?
(3) Does the perception of biodiversity mediate the relationship between visual-auditory
features and restorative effects?

2. Methods
2.1. Research Design

This study employed a posttest-only, randomized, 2 x 2 x 2 factorial experiment
design to examine the restorative effects of three visual factors and an auditory factor on
psychological well-being. A total of eight environments were constructed using combina-
tions of species evenness (two levels: low, high), height (two levels: low, high), and color
(two levels: monotone, colorful) (see Table 1). We designed a hypothetical urban green
space using the educational version of Twinmotion 2020 (see Figures 1 and 2). Measuring
30 square meters, virtual green spaces are filled with trees and perennials. Non-plant
elements that potentially influence participants” psychology were excluded (e.g., people,
animals, man-made objects). The ambiance settings—season, weather, and time—remained
default: summer, clear sky with sunlight, and mid-morning time. To control biodiversity,
all eight hypothetical environments contained 5 species, including the Katsura tree, Nikko
Fir, Japanese white larch, Japanese walnut, and Amur cork tree. Tree species not commonly
found in Kansas areas were intentionally selected since the participants’ familiarity with
certain tree species may influence the perception of biodiversity (i.e., greater familiarity
with certain species may increase recognition ability). Two levels of species evenness were
computed using Shannon’s diversity index—Equation (1)—and Shannon’s equitability
index—Equation (2) —resulting in low evenness (0.3327) and high evenness (0.4362) (see
Tables 2 and 3), respectively. Two levels of plant height were measured and averaged using
data from 40 trees. The average height of the low plant species was 5.03 m, while the aver-
age height of the high plant species was 10.09 m (see Supplementary Materials). The height
difference was approximately twofold, making it easily perceptible to participants. Two
color levels were determined based on the number of flower colors, using three different
flower species. This study did not use tree foliage color, as the selected tree species only
exhibited yellow fall foliage, offering limited color variation. Moreover, the greenery of
trees significantly affects restorative effects; we did not use the foliage color of trees in the
experimental setting. The monotone-color environment featured only purple flowers, while
the colorful environment included a combination of three colors: yellow, red, and white.

H=-Y"  Plnp 1)

Ey = —H/Ln(S) )

The height of the trees was controlled by Twinmotion. Two flower color conditions
were designed: one using monochromatic colors (i.e., a single color) and the other using a
variety of colors (e.g., three different colors). This study employed two sound conditions
in each of the eight different environments: with and without sound. We added nature
sounds to the simulation using sound effects from Twinmotion, employing birdsongs
as the primary natural sound effect in a scene representing a typical urban green space
encountered in daily life.
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Table 1. Factorial experimental design; evenness (2 levels) x height (2 levels) x color (2 levels) with
auditory cues.

Visual Cues Auditory Cues
Scenario -
Evenness Height Color
Scenario #1 Low Low Monotone No sound
Scenario #2 Low Low Colorful No sound
Scenario #3 Low High Monotone No sound
Scenario #4 Low High Colorful No sound
Scenario #5 High Low Monotone No sound
Scenario #6 High Low Colorful No sound
Scenario #7 High High Monotone No sound
Scenario #8 High High Colorful No sound
Scenario #9 Low Low Monotone Sound
Scenario #10 Low Low Colorful Sound
Scenario #11 Low High Monotone Sound
Scenario #12 Low High Colorful Sound
Scenario #13 High Low Monotone Sound
Scenario #14 High Low Colorful Sound
Scenario #15 High High Monotone Sound
Scenario #16 High High Colorful Sound
EH/HL/CC
EL/HL/CM
EH/HH/CM

EL/HL/CC

EL/HH/CM

EL/HH/CC

EL: Evenness (Low), EH: Evenness (High)
HL: Height (Low), HH: Height (High)
CM: Color (Monotone), CC: Color (Colorful)

Figure 1. Bird’s eye view of eight different environment settings.

EH/HH/CM

EH/HH/CC EH/HL/CM EH/HL/CC

Figure 2. Panorama view of eight environmental conditions at eye level.
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Table 2. The results of the calculation of species evenness (low).

Name Num pP; Inp; P; Inp; Shannon’s Equitability (EH)
Katsura Tree 24 0.6 —0.51083 —0.3065
Nikko Fir 4 0.1 —2.30259 —0.23026
Japanese White Larch 4 0.1 —2.30259 —0.23026 0.332765
Japanese Walnut 4 0.1 —2.30259 —0.23026 :
Amur Cork Tree 4 0.1 —2.30259 —0.23026
Total 40 1 1.227529
Table 3. The results of the calculation of species evenness (high).
Name Num pP; Inp; P; Inp; Shannon’s Equitability (EH)
Katsura Tree 8 0.2 —1.60944 —0.32189
Nikko Fir 8 0.2 —1.60944 —0.32189
Japanese White Larch 8 0.2 —1.60944 —0.32189 0.436295
Japanese Walnut 8 0.2 —1.60944 —0.32189 ’
Amur Cork Tree 8 0.2 —1.60944 —0.32189
Total 40 1 1.609438

2.2. Study Subject

A total of 64 participants recruited from Kansas State University participated in this
study. We recruited participants through flyers on the campus. Participants received a USD
10 e-gift card as compensation for participating in this research. The study sample size was
calculated using G*power version 3.1.9.7 [48]. This software performs various statistical
tests such as t-tests, F-tests, x2 tests, and z-tests for determining sample size. The results
indicated that a sample size of 25 was required for this study (effect size f = 0.25, « err prob-
ability = 0.05, and power (1- err probability) = 0.8). Our sample size meets this criterion.
Among the 64 participants, 29 out of 64 students were male; 48.4% of participants were
current undergraduate students and 31.3% were graduate students; 62% of participants
were employed and 37.5% were unemployed; 62.5% of participants” household income
ranged from USD 10,000 to USD 29,999. Most participants responded that they were not
married. The average age of respondents was 24. This study was approved by the Kansas
State University Institutional Review Board (IRB), under approval number IRB-10934.

2.3. Research Procedure

All participants signed up for a research appointment, with one or two participants
in each hour block. The experiment took place in a virtual reality (VR) laboratory in the
College of Architecture at Kansas State University. VR was employed in this study because
it offers a more immersive user experience and greater environmental realism compared
to traditional technologies, such as 2D monitor displays. The laboratory space was a
quiet room separated from nearby classrooms, which minimized external influences and
disturbances. Two VIVE PRO head-mount displays (HMDs), each with Dual AMOLED
3.5” screens with 2880 x 1600-pixel resolution (1440 x 1600 pixels per eye), were used. The
HMD was equipped with a High-Res Soundstage, enabling users to experience immersive
sound effects. A VIVE Wireless Adapter was used to connect to desktop computers
without a physical cable, so that participants were free to move around (360 degrees) in the
simulation wirelessly (see Figure 3).
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Figure 3. Lab experiment example. Participants wearing HMDs were seated at the desk to complete
the experiment.

After explaining the research purpose and aims to participants, we asked them to sign
an informed consent form (see Figure 4). Participants were then randomly assigned to
either no-sound or sound conditions and exposed to eight combinations of environments,
varying by evenness (2 levels), height (2 levels), and color (2 levels). Sound and no-sound
conditions were used as a blocking factor to examine how visual-only and auditory—visual
environments differently influence perception and restorative effects. The sequence of
simulated conditions (i.e., sound or no sound) was determined by whichever environment
they encountered first, followed by the other settings. The order of simulations was
randomized for each participant to ensure counterbalancing and to minimize the effects of
order-related confounding variables. Then, participants took a five-minute break between
sequences of sound and no-sound sessions to minimize mental fatigue. They were then
exposed to 8 combinations of environments under the alternate sound conditions. Within
both sound and no-sound conditions, the eight different environments (evenness, height,
and color) were randomly presented without any specific sequence. In total, participants
were exposed to 16 different environmental conditions, resulting from the combination
of sound presence (2 levels) x evenness (2 levels) x height (2 levels) x color (2 levels).
Based on previous studies [23,49,50], our experiment adopted a simulation runtime of one
minute, which is a minimum duration of environmental exposure to observe changes in
psychological response. After each one-minute simulation, participants removed the VR
headset and completed questionnaires (e.g., perceived biodiversity, restorative effect, and
preference) using the online survey platform Qualtrics. Participants entered their Qualtrics
survey responses using an iPad tablet. At the end of the survey, we also inquired about
their demographic information (e.g., socioeconomic status). The mean time to conduct this
research experiment was 45.18 min ranging from 28.71 min to 106.1 min.
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Sound or No Sound

1. Introduction 2. VR simulation
3. Survey
- Research instruction ) 8 Environments
- IRB consent form - Evenness (2 Level)
- VR device testing - Height (2 Level)
- Color (2 Level)

- Perceived Biodiversity
- Restorative Effect
- Preference

4. Break
5 minutes

Sound or No Sound

7. Survey 6. Survey 5. VR simulation
8 Environments

- Evenness (2 Level)

- Height (2 Level)

- Color (2 Level)

- Demographic «€—- Perceived Biodiversity
information - Restorative Effect
- Preference

Figure 4. Flow chart of research experiment.

2.4. Data and Variables

Measurements of perceived biodiversity were derived from the Biodiversity Experi-
ence Index (BEI) [51]. The following question was most relevant to our research settings:
“Imagine you are in the projected scene, please select a scale for each item according to your
perception (1 = not at all’ to 5 = “very much’) regarding (1) Plant richness, (2) Wildness,
(3) Variety.” We asked about their preference regarding each simulated environment by ask-
ing, “How much do you like this environment? (1 = ‘not at all’ to 5 = “very much’)”. Using
the short-version Revised Restoration Scale [52], this study assessed perceived restorative
outcomes regarding emotional, physiological, cognitive, and behavioral perception via the
following question: “Imagine you are in the projected scene; please select a scale for each
item according to your perception (1 = ‘totally disagree’ to 9 = ‘totally agree’)”.

2.5. Statistical Analysis

This study conducted a repeated-measures ANOVA to assess the mean difference
between repeated observations of selected visual actors and evaluate their interaction
effects. We also report the partial eta squared (2) to verify the effect size of each variable.
Since all factors had two levels, our study did not consider post hoc tests (e.g., Tukey test).
Furthermore, a paired t-test was conducted to compare the effects of sound on selected
environmental factors (with sound versus without sound). We calculated effect size using
Cohen’s d [53]; the values indicate small (0.2), medium (0.5), and large (0.8) effect sizes.
All analyses were performed using the statistical software IBM SPSS 28. Lastly, this study
also examined whether perceived biodiversity might act as a mediating factor between
perceived biodiversity and mental restoration. Due to the structure of repeated-measure
data—each participant was exposed to 16 environments—the nested data violates the as-
sumption of independence. Thus, this study employed a mixed-effect model, which allows
for the inclusion of random intercepts to account for individual differences in baseline
responses across participants, while estimating fixed effects (e.g., environmental features).
To examine mediation effects, Baron and Kenny (1986) mentioned that three separate regres-
sion steps need to be tested: (1) regress the mediator on the independent variable (indepen-
dent variable — mediator); (2) regress the dependent variable on the independent variable
(independent variable — dependent variable); (3) regress both the dependent variable
and independent variable on the mediator (independent variable + mediator — dependent
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variable) [54]. The mixed-effect model analysis was conducted using the “Ime4” package
in R studio 4.2.1 [55].

3. Results
3.1. The Effects of Visual Intervention on Psychological Responses

This study performed a repeated-measures ANOVA analysis to examine the effect
of the three main factors—evenness (2 levels), height (2 levels), and color (2 levels)—on

psychological responses and their interaction effects on each visual-only environment,
along with the corresponding descriptive statistics (see Table 4 and Figure 5).

Table 4. Descriptive statistics for perceived biodiversity, restorative effect, and preference by
8 different environmental settings.

Evenness Height Color

Low High Low High Monotone Colorful

Perceived Biodiversity

3.564 (0.084) 3.509 (0.088) 3.332(0.095) 3.741(0.081) 3.289(0.084) 3.784 (0.095)

Res]’;;’fzacttwe 5.181(0.143) 5.197 (0.136) 4.921 (0.146) 5.456 (0.138) 5.149 (0.143)  5.229 (0.139)
Preference 3.629 (0.090) 3.566 (0.085) 3.348 (0.093) 3.848 (0.090) 3.543(0.091) 3.652 (0.090)
Notes: values are mean (min: 1; max: 9), with standard deviations inside parentheses.
> 6.00 6.00 6.00 400
é é 5.00 500 S00 | 5 300
E g E
g 2
& 400 | 400 400 | 200 |
® Low High o CM CC . Low High e Low High e CM CC e Low High e Low High e CM CC
Height COLOR EVENESS HEIGHT COLOR EVENESS HEIGHT COLOR

Figure 5. The average scores of perceived biodiversity, restorative effect, and preference.

The results indicated that plant height had a significant main effect on respondents’
perceived biodiversity: F(1,63) = 46.318, p < 0.001, n2 = 0.424 (see Table 5). Perceived
biodiversity was higher in environments with tall plants in comparison to shorter ones. The
effect of plant color on perceived biodiversity was significant: F(1,63) = 51.806, p < 0.001,
12 =0.451. A higher degree of perceived biodiversity was found in more colorful envi-
ronments. There was a significant interaction effect between plant height and plant color:
F (1,63) =5.437, p = 0.023, 12 = 0.079.

The findings revealed that there was a significant effect of plant height on restorative
outcomes: F(1,63) = 30.028, p < 0.001, n2 = 0.323. The environment with taller plants had a
higher degree of restorative outcomes as opposed to shorter plants. There was a significant
interaction effect between plant height and plant color: F(1,63) = 6.439, p = 0.014, n2 = 0.093.

The results demonstrated that there was a significant influence of plant height on
preference: F(1,63) = 51.922, p < 0.001, n2 = 0.452. Taller plant environments indicated
greater preference effects compared to shorter plant environments. We also found that
there was a significant main effect of color on respondents’ preference: F(1,63) = 84.483,
p <0.001, n2 = 0.573. The various-color environments were more preferred compared to
monotone-color environments. There was a significant interaction effect between plant
evenness and height: F(1,63) = 4.492, p = 0.038, N2 = 0.067 (see Table 5).
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Table 5. Results of the repeated-measures ANOVA for perceived biodiversity, restorative effect,
and preference.

Partial Eta

Variables Interaction ss;llr;r‘;fs df Mean Squares F p-Value Squared
. AT Evenness 0.383 1 0.383 1.404 0.240 0.022
Perceived Biodiversity Height 21397 1 21397 46318  <0.001 *** 0.424
Color 31.337 1 31.337 51.806 <0.001 *** 0.451
Evenness x Height 1.125 1 1.125 3.679 0.060 0.055
Evenness x Color 0.195 1 0.195 1.188 0.280 0.019
Height x Color 0.834 1 0.834 5.437 0.023 ** 0.079
Evenness x Height x Color 0.087 1 0.087 0.650 0.423 0.010
Restorative Evenness 0.033 1 0.033 0.040 0.841 0.001
Effect Height 36.591 1 36.591 30.028 <0.001 *** 0.323
Color 0.811 1 0.811 0.807 0.372 0.013
Evenness x Height 1.953 1 1.953 2.796 0.099 0.042
Evenness x Color 0.935 1 0.935 2.415 0.125 0.037
Height x Color 2.876 1 2.876 6.439 0.014 ** 0.093
Evenness x Height x Color 0.007 1 0.007 0.015 0.904 0.000
Preference Evenness 0.587 1 0.587 1.357 0.248 0.021
Height 28.438 1 28.438 51.922 <0.001 *** 0.452
Color 35.420 1 35.420 84.483 <0.001 *** 0.573
Evenness x Height 1.253 1 1.253 4.492 0.038 ** 0.067
Evenness x Color 0.313 1 0.313 2.098 0.152 0.032
Height x Color 1.253 1 1.253 7.791 0.007 *** 0.110
Evenness x Height x Color 0.008 1 0.008 0.056 0.813 0.001

** Significant at the 5% level. *** Significant at the 1% level.

3.2. The Effects of the Auditory Intervention on Psychological Responses

The results of the paired t-test demonstrated a statistically significant difference be-
tween the mean scores of psychological responses in the sound and no-sound environments
(see Figure 6). A paired-sample t-test showed a t-statistic of —3.810, with df = 63 (p < 0.001).
The sound environment had a higher mean score in perceived biodiversity (M = 3.740,
SD = 0.632) than environments without sound (M = 3.536, SD = 0.662). The effect size,
as measured by Cohen’s d, was d = —0.476, indicating a medium effect (see Table 6). A
paired-sample t-test exhibited a t-statistic of —4.580, with df = 63 (p < 0.001). The sound
environments had higher mean restorative outcomes (M = 5.614, SD = 0.890) than the envi-
ronments with no sound (M = 5.188, SD = 1.069). The effect size, as measured by Cohen’s
d, was d = —0.572, indicating a medium effect. A paired-sample t-test appeared with a
t-statistic of —5.226, with df = 63 (p < 0.001). The mean preference score was significantly
greater in the sound environments (M = 3.867, SD = 0.557) compared to environments
with no sound (M = 3.597, SD = 0.557). The effect size, as measured by Cohen’s d, was
d = —0.653, indicating a medium effect (see Table 6).

5.00 | 700 5.00 |

-
I=}
o

4.00 |

3.00 |

Restorative Effect
Preference

Perceived Blodiversity

g
o
=]

200 |

1.00 3.00 1.00

punos

w
o
c
3
%

punos opn
punos opn
punos oN

punos

Figure 6. Comparison of sound and no-sound environments on perceived biodiversity, restorative
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Table 6. Paired t-test results for psychological responses in environments with and without sound.

95% Confidence
Interval of
the Difference
Std. P
Mean SD Error Lower Upper t df p-Value Col(lien s
Mean
. g . No Sound 3.536 0.662 0.082 _
Perceived Biodiversity Sound 3.740 0.632 0.079 —0.311 —0.097 —3.810 63 <0.001 —0.476
Restorative No Sound 5.188 1.069 0.133 -
Effoct Sound 5.614 0.890 0111 —0.610 —0.239 —4.580 63 <0.001 —0.572
NoSound  3.597 0.640 0.080
Preference Sound 3.867 0.557 0.069 -0.372 —0.166 —5.226 63 <0.001 —0.653
*** Significant at the 1% level. SD is the standard deviation.
3.3. The Mediating Effects of the Perceived Biodiversity Between Environment Features and
Restorative Effects
Linear mixed-effect models were created to examine how visual and auditory features
influence perceived biodiversity and restorative effects (see Table 7). Random intercepts for
participants were included to account for the repeated-measures design (e.g., 16 repeated
environmental exposures). Additionally, we investigated whether perceived biodiversity
serves as a potential mediator between auditory—visual stimuli and restorative effects. The
intraclass correlation coefficients (ICCs) in all three models indicated substantial variability
between participants. The ICCs, ranging from 0.34 to 0.51, were considered to reflect
moderate to high variability between participants, supporting the inclusion of random
effects. Model 1 tested the impact of visual and auditory features on perceived biodiversity.
The results indicated significant positive effects of the sound condition (b = 0.20, p < 0.001),
height (b = 0.44, p < 0.001), and color (b = 0.51, p < 0.001). Model 2 verified how visual
and auditory features affect restorative effects. The results showed that sound (b = 0.43,
p < 0.001) and taller vegetation (b = 0.74, p < 0.001) significantly improved restorative effects.
Model 3 combined visual-auditory features and perceived biodiversity to examine the
potential mediation effect. Perceived biodiversity remained a strong predictor of restorative
effects (b = 0.74, p < 0.001). Sound (b = 0.27, p < 0.001), height (b = 0.41, p < 0.001), and
evenness (b = 0.12, p = 0.031) revealed significantly positive effects for restorative effects,
while color indicated a negative effect (b = —0.36, p < 0.001) (see Table 7).
Table 7. Results of mixed-effect models.
Model 1 Model 2 Model 3
Perceived Biodiversity Restorative Effects Restorative Effects
Predictors Est CI p Est CI p Est CI p
(Intercegt) 3.09 2.93-3.26 <0.001 *** 477 4.52-5.03 <0.001 *** 248 2.14-2.83 <0.001 ***
Soun 0.20 0.13-0.28 <0.001 *** 0.43 0.31-0.54 <0.001 *** 0.27 0.16-0.38 <0.001 ***
Evenness —0.06 —0.13-0.01 0.090 0.07 —0.04-0.19 0.222 0.12 0.01-0.23 0.031 **
Height 0.44 0.37-0.51 <0.001 *** 0.74 0.62-0.86 <0.001 *** 0.41 0.30-0.53 <0.001 ***
Color 0.51 0.44-0.58 <0.001 *** 0.02 —0.10-0.14 0.760 —0.36 —0.48--0.24 <0.001 ***
Perceived 0.74 0.65-0.83 <0.001 ***
Biodiversity
o2 0.33 0.94 0.78
Too 0.35 0.77 0.40
ICC 0.51 0.45 0.34
N 64 64 64
Observations 1024 1024 1024
Marginal
R?/Conditional 0.154/0.589 0.096/0.503 0.320/0.548
RZ

** Significant at the 5% level. *** Significant at the 1% level.

4. Discussion

Our findings revealed that the visual and auditory elements of the landscape impact
both cognitive evaluations and psychological responses. In particular, this study provides
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valuable insight into the distinction between the direct and indirect effects of environmental
features. The results of the mixed-effect models illustrate that a multisensory approach to
perceived biodiversity and restorative effects is critical for understanding the mechanisms
underlying mental restoration in biodiverse environments. Visual elements of the landscape
remain important predictors of perceived biodiversity, even when auditory factors are
taken into account.

The findings of this study indicated that participants were more likely to perceive
higher biodiversity in environments with taller vegetation as compared to environments
with shorter vegetation. This result aligns with previous research showing that vegetation
height can serve as a reliable indicator of botanical richness [22]. Taller vegetation tends
to provide more favorable shelters and diverse ecological conditions for invertebrate
communities [56]. Another possible reason is that the height of trees plays a significant role
in the perception of naturalness, which is influenced by perceived biodiversity. The public
feels a strong sense of naturalness in environments with taller trees [28].

Contrary to our expectations, the results revealed no significant association between
species evenness and perceived biodiversity. These findings, supported by previous lit-
erature [22], might be explained by the possibility that plant evenness is not as strong
an indicator as plant color or height, or because the participants were neither skilled at
identifying nor particularly knowledgeable about plant species. It is also possible that
participants had difficulty perceiving differences in species evenness within the virtual
environment. The experimental setting was not as realistic as an actual site and did not
allow participants to freely navigate the space or closely examine the plants.

Participants were more likely to have higher perceived biodiversity when they were
in sound environments compared to no-sound environments. This aligns with previous
studies showing that natural sound can heighten perceived species richness [23]. One
possible assumption is that natural sounds (e.g., birdsongs) create the illusion of biodi-
versity, leading to the perception of greater ecological diversity at a site. Our finding also
provides evidence that natural sound is associated with people’s preferences [42,57,58], as
well as restorative effects [46,59,60]. Thus, exposure to nature through multisensory stimuli,
including both visual and auditory perception, can promote greater sensory awareness,
deepen immersion, and galvanize a stronger sense of nature [45].

Our study found strong evidence that perceived biodiversity partially mediates the
relationship between environmental features (both auditory and visual) and restorative
effects. Perceived biodiversity consistently demonstrated explanatory power across models.
In other words, it consistently emerged as a strong predictor, highlighting its role as a
key restorative mechanism. These findings support the idea that restorative effects may
be driven not only by the actual characteristics of environments (i.e., actual biodiversity)
but also by the extent to which people perceive environments as biodiverse. Considering
the mediation effect, higher species evenness and taller vegetation significantly enhance
perceived biodiversity, subsequently leading to greater restorative effects. Our findings
showed that environments with taller trees were more likely to produce greater restorative
effects. A possible explanation is that taller vegetation tends to have a larger canopy,
resulting in a greater amount of greenness. As with many previous studies, a dose of
greenness is positively related to restorative benefits [2,61,62]. Thus, taller vegetation could
lead to a greater restorative effect compared to shorter vegetation.

Contrary to our ANOVA findings, species evenness was positively associated with
restorative effects when accounting for the mediation effect of perceived biodiversity.
The mixed-effect model indicated a partial mediation pathway linking species evenness,
perceived biodiversity, and restorative effects. This suggests that the influence of species
evenness may be context-dependent, yet it still contributes to the perceptual mechanisms
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that support restorative outcomes. Although species evenness alone had minimal direct
influence, its interaction with other visual (e.g., vegetation height, color) and auditory
cues may enhance landscape complexity, thereby affecting how biodiversity is cognitively
constructed. This indirect effect can significantly contribute to the mechanisms underlying
restorative outcomes. While color showed a positive effect on perceived biodiversity
(Model 1) and in the ANOVA analysis, it had no direct effect on restoration (Model 2). In
fact, once perceived biodiversity was included in the model (Model 3), color exhibited a
negative effect on restorative outcomes. These contrasting results suggest that while color
may enhance the appreciation of biodiversity, a variety of hues and saturation levels could
potentially overstimulate visual perception, leading to mental fatigue.

Consistent with previous findings on restorative effects, our study indicated that
plant heights were positively associated with visual preference. This result is due to the
fact that taller plants are more likely to have a greater degree of greenness at eye level.
Existing literature illuminated that vegetation density is positively associated with the
level of preference [63—-65]. Colorful plants had a significant effect on the preferences of
participants. Lastly, plant evenness has nothing to do with people’s preferences; we found
no evidence that plant evenness was associated with preference. This may be due to the
fact that virtually created plants were not sufficiently realistic to enable participants to
accurately perceive plant evenness, resulting in no significant discrepancy in preferences
among participants.

5. Limitations and Implications

Our study had some limitations. First, our experiments were implemented in a
virtually created environment. No matter how realistic images can be in VR, the simulated
environments do not convey the same realism as in situ and on-site environments. The
HMD can potentially cause motion sickness, including dizziness and headaches caused by a
sensory mismatch between perceived motion in VR environments and physical stationarity
in the real world [66—-68]. Ideally, a future study could conduct an on-site experiment while
controlling all study variables. Second, this research only used subjective measurements of
psychological responses, using survey methods. Future studies should consider including
objectively measured physiological responses such as heart rate, skin-conductance level,
and salivary cortisol, along with subjective measurements. Third, our study did not
rigorously control the amount of vegetation, since taller vegetation generally has a higher
degree of greenness. However, it is worth investigating how this result varies when
controlling for a dose of greenness and vegetation height. Fourth, this research only adopts
two levels (low and high) in each factor (evenness, height, and color). To gain more
granular insights from this study, we recommend a three-level (or higher) research design
to identify linear effects between environmental factors and response variables. Using
multiple regression, future research can examine the associations between variables while
controlling for socioeconomic status. Although the binary comparison allows for clear
differentiation between two distinct environments, our study does not account for how
individual perceptions and knowledge may influence participants’ ability to discern these
differences. Future research should consider incorporating these individual factors into
the study design. Lastly, the individual visual characteristics of each plant species were
not considered in this study. However, unique visual features may influence psychological
responses and should be explored in future research.

The results of this study indicate that the physical characteristics of plants were associ-
ated with perceived species richness, preference, and restorative effects. These findings
supplement a larger body of ongoing issues “beyond just green” in landscape design and
planning. In practical terms, this study suggests that simply enhancing biodiversity in cities
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is not sufficient; to maximize the restorative benefits of nature, planners and designers must
ensure that biodiversity is visible, perceptible, and emotionally engaging. The findings
specifically highlight that green spaces with evenly distributed plant species can help the
public perceive biodiversity more clearly, resulting in greater restorative effects compared
to spaces dominated by only a few species. Landscape designers should also consider
incorporating a diverse color palette in vegetation, rather than relying on monochromatic
colors, especially in urban parks where green space is limited in high-density cities. In
doing so, people may perceive these environments as more biodiverse and experience
stronger restorative benefits. Additionally, taller vegetation may be more effective in en-
hancing perceived biodiversity and supporting mental well-being. Lastly, by providing
livable habitats for bird species, urban green spaces can foster richer natural soundscapes,
contributing to more stimulating and multisensory environments.

6. Conclusions

This research provides robust evidence on how visual and auditory cues in the land-
scape influence both cognitive and psychological responses, with notable contrasts between
direct and indirect effects. While plant height and natural sound showed consistent direct
effects on restorative outcomes, the visual cues such as plant color and evenness influenced
restoration indirectly through perceived biodiversity. Mixed-effect modeling demonstrated
a partial mediating effect between landscape features and restorative outcomes—an effect
not detected in the direct relationships found through ANOVA. Species evenness was
not directly related to restorative effects but was indirectly associated through perceived
biodiversity. Similarly, although color enhanced perceived biodiversity, it did not have a
direct effect on mental restoration and may even produce negative effects under certain
conditions. Our findings suggest that the restorative benefits of nature can be achieved not
only through the ecological qualities of a landscape but also through how people perceive
its biodiversity. Although many more factors contribute to landscape biodiversity, we
focused on those that people can easily perceive in their surrounding environments, as
such perceptions may be linked to psychological restoration and well-being. This study
also offers insights into landscape biodiversity that are relevant to professionals who design
landscape spaces. Based on our findings, we strongly recommend that landscape architects
and environmental designers incorporate rich, multisensory environments while ensuring
that ecological features are clearly perceivable through visual cues.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/ijerph22081267/s1. Table S1: Plant specification.

Author Contributions: Conceptualization, ]. H. and H.J K.; methodology, ].H., HJ. K. and M.M.L.A ;
formal analysis, ].H.; investigation, J.H.; data curation, J.H. and M.M.L.A.; writing—original draft,
J.H.; writing—review and editing, ].H., HJ.K. and M.M.L.A_; supervision, H.J.K; funding acquisition,
J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved by the Kansas State University
Institutional Review Board (IRB), under approval number IRB-10934.

Informed Consent Statement: Informed consent was obtained from all subjects participating in
this study.

Data Availability Statement: The datasets presented in this article are not readily available in order
to protect participant privacy and comply with institutional ethical guidelines.

Acknowledgments: This research was supported by the Arts, Humanities & Social Sciences Small
Grant Program at Kansas State University. We thank Jin Lee for giving us advice on statistical analysis.


https://www.mdpi.com/article/10.3390/ijerph22081267/s1
https://www.mdpi.com/article/10.3390/ijerph22081267/s1

Int. J. Environ. Res. Public Health 2025, 22, 1267 15 0f 17

During the preparation of this work, the authors used ChatGPT4 in order to improve the readability
and language of the manuscript. After using this tool, the authors reviewed and edited the content as
needed and take full responsibility for the content of the published article.

Conflicts of Interest: The authors have no financial disclosures to declare and no conflicts of interest

to report.

References

1. Kaplan, R.; Kaplan, S. The Experience of Nature: A Psychological Perspective; Cambridge University Press: New York, NY, USA, 1989.

2. Roe, ]JJ.; Thompson, C.W.; Aspinall, P.A.; Brewer, M.].; Duff, EI; Miller, D.; Mitchell, R.; Clow, A. Green space and stress:
Evidence from cortisol measures in deprived urban communities. Int. ]. Environ. Res. Public Health 2013, 10, 4086—4103. [CrossRef]
[PubMed]

3. Fan, Y, Das, K.V,; Chen, Q. Neighborhood green, social support, physical activity, and stress: Assessing the cumulative impact.
Health Place 2011, 17, 1202-1211. [CrossRef] [PubMed]

4. Qin, B,; Zhu, W.; Wang, J.; Peng, Y. Understanding the relationship between neighbourhood green space and mental wellbeing: A
case study of Beijing, China. Cities 2021, 109, 103039. [CrossRef]

5. Ulrich, R.S. Aesthetic and affective response to natural environment. In Behavior and the Natural Environment; Altman, I.,
Wohlwill, J.E,, Eds.; Springer: Boston, MA, USA, 1983; Volume 6, pp. 85-125. [CrossRef]

6. Klemm, W,; Heusinkveld, B.G.; Lenzholzer, S.; Jacobs, M.H.; Van Hove, B. Psychological and physical impact of urban green
spaces on outdoor thermal comfort during summertime in The Netherlands. Build. Environ. 2015, 83, 120-128. [CrossRef]

7. Ha,J,; Kim, H.J.; With, K.A. Urban green space alone is not enough: A landscape analysis linking the spatial distribution of urban
green space to mental health in the city of Chicago. Landsc. Urban Plan. 2022, 218, 104309. [CrossRef]

8. Methorst, J.; Bonn, A.; Marselle, M.; Bohning-Gaese, K.; Rehdanz, K. Species richness is positively related to mental health—A
study for Germany. Landsc. Urban Plan. 2021, 211, 104084. [CrossRef]

9. Carrus, G.; Scopelliti, M.; Lafortezza, R.; Colangelo, G.; Ferrini, F.; Salbitano, F.; Agrimi, M.; Portoghesi, L.; Semenzato, P;
Sanesi, G. Go greener, feel better? The positive effects of biodiversity on the well-being of individuals visiting urban and
peri-urban green areas. Landsc. Urban Plan. 2015, 134, 221-228. [CrossRef]

10.  Fuller, R.A,; Irvine, K.N.; Devine-Wright, P.; Warren, PH.; Gaston, K.J. Psychological benefits of greenspace increase with
biodiversity. Biol. Lett. 2007, 3, 390-394. [CrossRef]

11.  Ha, J.; Kim, H.J. The restorative effects of campus landscape biodiversity: Assessing visual and auditory perceptions among
university students. Urban For. Urban Green. 2021, 64, 127259. [CrossRef]

12.  Samus, A.; Freeman, C.; Dickinson, K.J.; van Heezik, Y. Relationships between nature connectedness, biodiversity of private
gardens, and mental well-being during the COVID-19 lockdown. Urban For. Urban Green. 2022, 69, 127519. [CrossRef]

13.  Cook, P.A.; Howarth, M.; Wheater, C.P. Biodiversity and health in the face of climate change: Implications for public health. In
Biodiversity and Health in the Face of Climate Change; Springer: Berlin/Heidelberg, Germany, 2019; pp. 251-281.

14. van den Berg, A.E.; Vlek, C.A.].; Coeterier, ].F. Group differences in the aesthetic evaluation of na-ture development plans: A
multilevel approach. J. Environ. Psychol. 1998, 18, 141-157. [CrossRef]

15.  Johansson, M.; Gyllin, M.; Witzell, J.; Kiiller, M. Does biological quality matter? Direct and reflected appraisal of biodiversity in
temperate deciduous broad-leaf forest. Urban For. Urban Green. 2014, 13, 28-37. [CrossRef]

16. Marselle, M.R. Theoretical Foundations of Biodiversity and Mental Well-Being Relationships. In Biodiversity and Health in the Face
of Climate Change; Marselle, M.R., Stadler, H.]., Korn, K.N., Irvine, A.B., Eds.; Springer International Publishing: Berlin/Heidelberg,
Germany, 2019; pp. 133-158.

17.  Schebella, M.E; Weber, D.; Schultz, L.; Weinstein, P. The Wellbeing Benefits Associated with Perceived and Measured Biodiversity
in Australian Urban Green Spaces. Sustainability 2019, 11, 802. [CrossRef]

18. Dallimer, M.; Irvine, K.N.; Skinner, A.M.].; Davies, Z.G.; Rouquette, J.R.; Maltby, L.L.; Warren, PH.; Armsworth, P.R.; Gaston, K.J.
Biodiversity and the Feel-Good Factor: Understanding Associations between Self-Reported Human Well-being and Species
Richness. BioScience 2012, 62, 47-55. [CrossRef]

19. Rozario, K.; Oh, RR.Y,; Marselle, M.; Schroger, E.; Gillerot, L.; Ponette, Q.; Godbold, D.; Haluza, D.; Kilpi, K.; Miiller, D. The more
the merrier? Perceived forest biodiversity promotes short-term mental health and well-being—A multicentre study. People Nat.
2024, 6, 180-201. [CrossRef]

20. Fisher, ].C,; Irvine, K.N.; Bicknell, J.E.; Hayes, W.M.; Fernandes, D.; Mistry, ]J.; Davies, Z.G. Perceived biodiversity, sound,
naturalness and safety enhance the restorative quality and wellbeing benefits of green and blue space in a neotropical city. Sci.
Total Environ. 2021, 755, 143095. [CrossRef]

21. Young, C.; Hofmann, M.; Frey, D.; Moretti, M.; Bauer, N. Psychological restoration in urban gardens related to garden type,

biodiversity and garden-related stress. Landsc. Urban Plan. 2020, 198, 103777. [CrossRef]


https://doi.org/10.3390/ijerph10094086
https://www.ncbi.nlm.nih.gov/pubmed/24002726
https://doi.org/10.1016/j.healthplace.2011.08.008
https://www.ncbi.nlm.nih.gov/pubmed/21920795
https://doi.org/10.1016/j.cities.2020.103039
https://doi.org/10.1007/978-1-4613-3539-9_4
https://doi.org/10.1016/j.buildenv.2014.05.013
https://doi.org/10.1016/j.landurbplan.2021.104309
https://doi.org/10.1016/j.landurbplan.2021.104084
https://doi.org/10.1016/j.landurbplan.2014.10.022
https://doi.org/10.1098/rsbl.2007.0149
https://doi.org/10.1016/j.ufug.2021.127259
https://doi.org/10.1016/j.ufug.2022.127519
https://doi.org/10.1006/jevp.1998.0080
https://doi.org/10.1016/j.ufug.2013.10.009
https://doi.org/10.3390/su11030802
https://doi.org/10.1525/bio.2012.62.1.9
https://doi.org/10.1002/pan3.10564
https://doi.org/10.1016/j.scitotenv.2020.143095
https://doi.org/10.1016/j.landurbplan.2020.103777

Int. J. Environ. Res. Public Health 2025, 22, 1267 16 of 17

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Southon, G.E.; Jorgensen, A.; Dunnett, N.; Hoyle, H.; Evans, K.L. Perceived species-richness in urban green spaces: Cues, accuracy
and well-being impacts. Landsc. Urban Plan. 2018, 172, 1-10. [CrossRef]

Lindquist, M.; Maxim, B.; Proctor, J.; Dolins, F. The effect of audio fidelity and virtual reality on the perception of virtual
greenspace. Landsc. Urban Plan. 2020, 202, 103884. [CrossRef]

Ma, K.; Wu, L. Perceived biodiversity of public greenspace and mental well-being. Environ. Res. 2025, 269, 120878. [CrossRef]
Marselle, M.R ; Irvine, K.N.; Lorenzo-Arribas, A.; Warber, S.L. Does perceived restorativeness mediate the effects of perceived
biodiversity and perceived naturalness on emotional well-being following group walks in nature? J. Environ. Psychol. 2016,
46,217-232. [CrossRef]

Wilsey, B.J.; Potvin, C. Biodiversity and ecosystem functioning: Importance of species evenness in an old field. Ecology 2000,
81, 887-892. [CrossRef]

Lindemann-Matthies, P.; Junge, X.; Matthies, D. The influence of plant diversity on people’s perception and aesthetic appreciation
of grassland vegetation. Biol. Conserv. 2010, 143, 195-202. [CrossRef]

Lamb, R.; Purcell, A. Perception of naturalness in landscape and its relationship to vegetation structure. Landsc. Urban Plan. 1990,
19, 333-352. [CrossRef]

Grose, MLJ. Plant colour as a visual aspect of biological conservation. Biol. Conserv. 2012, 153, 159-163. [CrossRef]

Akhir, N.M.; Sakip, S.R.M.; Abbas, M.Y.; Othman, N.; Halim, D.K. Visual Landscape Quality Relationship towards Students’
Well-Being. Environ.-Behav. Proc. |. 2022, 7, 201-208. [CrossRef]

Yilmaz, S.; Ozgiiner, H.; Mumcu, S. An aesthetic approach to planting design in urban parks and greenspaces. Landsc. Res. 2017,
43,965-983. [CrossRef]

Grinde, B.; Patil, G.G. Biophilia: Does visual contact with nature impact on health and well-being? Int. |. Environ. Res. Public
Health 2009, 6, 2332-2343. [CrossRef]

Graves, R.A.; Pearson, S.M.; Turner, M.G. Species richness alone does not predict cultural ecosystem service value. Proc. Natl.
Acad. Sci. USA 2017, 114, 3774-3779. [CrossRef]

Dramstad, W.; Tveit, M.S.; Fjellstad, W.; Fry, G. Relationships between visual landscape preferences and map-based indicators of
landscape structure. Landsc. Urban Plan. 2006, 78, 465-474. [CrossRef]

Hands, D.E.; Brown, R.D. Enhancing visual preference of ecological rehabilitation sites. Landsc. Urban Plan. 2002, 58, 57-70.
[CrossRef]

Huang, A.S.-H,; Lin, Y.-]. The effect of landscape colour, complexity and preference on viewing behaviour. Landsc. Res. 2019,
45,214-227. [CrossRef]

Zhang, Z.; Qie, G.; Wang, C,; Jiang, S.; Li, X.; Li, M. Relationship between forest color characteristics and scenic beauty: Case
study analyzing pictures of mountainous forests at sloped positions in Jiuzhai Valley, China. Forests 2017, 8, 63. [CrossRef]
Kexiu, L.; Elsadek, M.; Liu, B.; Fujii, E. Foliage colors improve relaxation and emotional status of university students from
different countries. Heliyon 2021, 7, e06131. [CrossRef] [PubMed]

Kuper, R. Restorative potential, fascination, and extent for designed digital landscape models. Urban For. Urban Green. 2017,
28, 118-130. [CrossRef]

Southon, G.E.; Jorgensen, A.; Dunnett, N.; Hoyle, H.; Evans, K.L. Biodiverse perennial meadows have aesthetic value and increase
residents’ perceptions of site quality in urban green-space. Landsc. Urban Plan. 2017, 158, 105-118. [CrossRef]

Wang, R.; Zhao, J. A good sound in the right place: Exploring the effects of auditory-visual combinations on aesthetic preference.
Urban For. Urban Green. 2019, 43, 126356. [CrossRef]

Deng, L.; Luo, H.; Ma, J.; Huang, Z; Sun, L.-X,; Jiang, M.-Y.; Zhu, C.-Y.; Li, X. Effects of integration between visual stimuli and
auditory stimuli on restorative potential and aesthetic preference in urban green spaces. Urban For. Urban Green. 2020, 53, 126702.
[CrossRef]

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]

Bradley, M.M.; Lang, PJ. The International Affective Digitized Sounds (IADS-2): Affective Ratings of Sounds and Instruction Manual;
Technical Report B-3; University of Florida: Gainesville, FL, USA, 2007.

Ratcliffe, E. Sound and soundscape in restorative natural environments: A narrative literature review. Front. Psychol. 2021,
12, 570563. [CrossRef]

Zhao, J.; Xu, W.; Ye, L. Effects of auditory-visual combinations on perceived restorative potential of urban green space. Appl.
Acoust. 2018, 141, 169-177. [CrossRef]

Ratcliffe, E.; Gatersleben, B.; Sowden, P.T. Bird sounds and their contributions to perceived attention restoration and stress
recovery. J. Environ. Psychol. 2013, 36, 221-228. [CrossRef]

Faul, F; Erdfelder, E.; Lang, A.-G.; Buchner, A. G* Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175-191. [CrossRef] [PubMed]


https://doi.org/10.1016/j.landurbplan.2017.12.002
https://doi.org/10.1016/j.landurbplan.2020.103884
https://doi.org/10.1016/j.envres.2025.120878
https://doi.org/10.1016/j.jenvp.2016.04.008
https://doi.org/10.1890/0012-9658(2000)081[0887:BAEFIO]2.0.CO;2
https://doi.org/10.1016/j.biocon.2009.10.003
https://doi.org/10.1016/0169-2046(90)90041-Y
https://doi.org/10.1016/j.biocon.2012.05.008
https://doi.org/10.21834/ebpj.v7i19.3258
https://doi.org/10.1080/01426397.2017.1415313
https://doi.org/10.3390/ijerph6092332
https://doi.org/10.1073/pnas.1701370114
https://doi.org/10.1016/j.landurbplan.2005.12.006
https://doi.org/10.1016/S0169-2046(01)00240-7
https://doi.org/10.1080/01426397.2019.1593336
https://doi.org/10.3390/f8030063
https://doi.org/10.1016/j.heliyon.2021.e06131
https://www.ncbi.nlm.nih.gov/pubmed/33553766
https://doi.org/10.1016/j.ufug.2017.10.002
https://doi.org/10.1016/j.landurbplan.2016.08.003
https://doi.org/10.1016/j.ufug.2019.05.018
https://doi.org/10.1016/j.ufug.2020.126702
https://doi.org/10.1016/j.ufug.2017.11.002
https://doi.org/10.3389/fpsyg.2021.570563
https://doi.org/10.1016/j.apacoust.2018.07.001
https://doi.org/10.1016/j.jenvp.2013.08.004
https://doi.org/10.3758/BF03193146
https://www.ncbi.nlm.nih.gov/pubmed/17695343

Int. J. Environ. Res. Public Health 2025, 22, 1267 17 of 17

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Baumann, H.; Grét-Regamey, A. Exploring the interplay of urban form and greenery in residents” affective and cognitive
responses. Urban For. Urban Green. 2024, 101, 128553. [CrossRef]

Wang, Y.; Lu, S.; Xu, M.; Zhang, Y.; Xu, F. What influences stress reduction in urban forests: Environment types or personality
traits? Urban For. Urban Green. 2023, 92, 128187. [CrossRef]

Gyllin, M.; Grahn, P. A semantic model for assessing the experience of urban biodiversity. Urban For. Urban Green. 2005, 3, 149-161.
[CrossRef]

Han, K.-T. A reliable and valid self-rating measure of the restorative quality of natural environments. Landsc. Urban Plan. 2003,
64,209-232. [CrossRef]

Cohen, ]. Statistical Power Analysis for the Behavioral Sciences; Academic Press: Cambridge, MA, USA, 2013.

Baron, R.M.; Kenny, D.A. The moderator-mediator variable distinction in social psychological research: Conceptual, strategic,
and statistical considerations. J. Personal. Soc. Psychol. 1986, 51, 1173. [CrossRef]

Bates, D.; Michler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using Ime4. J. Stat. Softw. 2015, 67, 48. [CrossRef]
Norton, B.A.; Bending, G.D.; Clark, R.; Corstanje, R.; Dunnett, N.; Evans, K.L.; Grafius, D.R.; Gravestock, E.; Grice, S.M.;
Harris, J.A.; et al. Urban meadows as an alternative to short mown grassland: Effects of composition and height on biodiversity.
Ecol. Appl. 2019, 29, e01946. [CrossRef]

Fang, X.; Gao, T.; Hedblom, M.; Xu, N.; Xiang, Y.; Hu, M.; Chen, Y.; Qiu, L. Soundscape perceptions and preferences for different
groups of users in urban recreational forest parks. Forests 2021, 12, 468. [CrossRef]

Li, W,; Liu, Y. The influence of visual and auditory environments in parks on visitors” landscape preference, emotional state, and
perceived restorativeness. Humanit. Soc. Sci. Commun. 2024, 11, 1491. [CrossRef]

Uebel, K.; Marselle, M.; Dean, A.J.; Rhodes, J.R.; Bonn, A. Urban green space soundscapes and their perceived restorativeness.
People Nat. 2021, 3, 56-769. [CrossRef]

Zhang, T.; Liu, J.; Li, H. Restorative effects of multi-sensory perception in urban green space: A case study of urban park in
Guangzhou, China. Int. |. Environ. Res. Public Health 2019, 16, 4943. [CrossRef]

Jiang, B.; Chang, C.-Y.; Sullivan, W.C. A dose of nature: Tree cover, stress reduction, and gender differences. Landsc. Urban Plan.
2014, 132, 26-36. [CrossRef]

Olszewska-Guizzo, A.; Escoffier, N.; Chan, J.; Yok, T.P. Window View and the Brain: Effects of floor level and green cover on the
alpha and beta rhythms in a passive exposure eeg experiment. Int. J. Environ. Res. Public Health 2018, 15, 2358. [CrossRef]
Gerstenberg, T.; Hofmann, M. Perception and preference of trees: A psychological contribution to tree species selection in urban
areas. Urban For. Urban Green. 2016, 15, 103-111. [CrossRef]

Suppakittpaisarn, P; Jiang, B.; Slavenas, M.; Sullivan, W.C. Does density of green infrastructure predict preference? Urban For.
Urban Green. 2019, 40, 236-244. [CrossRef]

Jiang, B.; Larsen, L.; Deal, B.; Sullivan, W.C. A dose-response curve describing the relationship between tree cover density and
landscape preference. Landsc. Urban Plan. 2015, 139, 16-25. [CrossRef]

Caserman, P; Garcia-Agundez, A.; Zerban, A.G.; Gobel, S. Cybersickness in current-generation virtual reality head-mounted
displays: Systematic review and outlook. Virtual Real. 2021, 25, 1153-1170. [CrossRef]

Davis, S.; Nesbitt, K.; Nalivaiko, E. A systematic review of cybersickness. In Proceedings of the 2014 Conference on Interactive
Entertainment, Newcastle, Australia, 2 December 2014; pp. 1-9.

Ha, J.; Alrayyan, K.; Alam, M.M.L. Virtual reality technology for learning detailed design in landscape architecture. Discov. Educ.
2024, 3, 39. [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.


https://doi.org/10.1016/j.ufug.2024.128553
https://doi.org/10.1016/j.ufug.2023.128187
https://doi.org/10.1016/j.ufug.2005.04.004
https://doi.org/10.1016/S0169-2046(02)00241-4
https://doi.org/10.1037/0022-3514.51.6.1173
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1002/eap.1946
https://doi.org/10.3390/f12040468
https://doi.org/10.1057/s41599-024-04064-4
https://doi.org/10.1002/pan3.10215
https://doi.org/10.3390/ijerph16244943
https://doi.org/10.1016/j.landurbplan.2014.08.005
https://doi.org/10.3390/ijerph15112358
https://doi.org/10.1016/j.ufug.2015.12.004
https://doi.org/10.1016/j.ufug.2018.02.007
https://doi.org/10.1016/j.landurbplan.2015.02.018
https://doi.org/10.1007/s10055-021-00513-6
https://doi.org/10.1007/s44217-024-00123-9

	Introduction 
	Literature Review 
	Visual Cues for Perceived Biodiversity and Psychological Response 
	The Auditory–Visual Cues for Perceived Biodiversity and Psychological Responses 

	Research Gaps and Questions 

	Methods 
	Research Design 
	Study Subject 
	Research Procedure 
	Data and Variables 
	Statistical Analysis 

	Results 
	The Effects of Visual Intervention on Psychological Responses 
	The Effects of the Auditory Intervention on Psychological Responses 
	The Mediating Effects of the Perceived Biodiversity Between Environment Features and Restorative Effects 

	Discussion 
	Limitations and Implications 
	Conclusions 
	References

