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Abstract: Soundscape plays a positive, health-related role in urban forests, and there is a competitive
allocation of cognitive resources between soundscapes and lightscapes. This study aimed to explore
the relationship between perceived loudness sensitivity and brightness in urban forests through eye
opening and closure. Questionnaires and measuring equipment were used to gather soundscape
and lightscape information at 44 observation sites in urban forested areas. Diurnal variations,
Pearson’s correlations, and formula derivations were then used to analyze the relationship between
perception sensitivity and how perceived loudness sensitivity was influenced by lightscape. Our
results suggested that soundscape variation plays a role in audio–visual perception in urban forests.
Our findings also showed a gap in perception sensitivity between loudness and brightness, which
conducted two opposite conditions bounded by 1.24 dBA. Furthermore, we found that the effect of
brightness on perceived loudness sensitivity was limited if variations of brightness were sequential
and weak. This can facilitate the understanding of individual perception to soundscape and lightscape
in urban forests when proposing suitable design plans.
Keywords: soundscape; urban forest; lightscape; cognitive sensitivity

1. Introduction
Urban forests contribute to healthy environments for the public in high-density cities [1,2].
Forested areas provide health benefits to individuals through the stimulation of sensorium, such as
smell, vision, and hearing [3,4]. Health benefits of urban forests include improved cardiopulmonary
function, reduced mortality in stroke patients, reduced obesity rates, and so on [5–7]. The studies of
quieter and more positive environments have shown they prevent negative health effects related to
noise, such as sleep disorders with awakenings [8], learning impairment [9,10], hypertension ischemic
heart disease [11], and annoyance [12]. Also, soundscapes play a positive health-related role in
urban areas, especially natural soundscapes in urban forests, which could increase health levels of
individuals [13–15]. Perceived soundscape occurrences contribute to enhanced connections between
soundscape and other perceptions in urban areas [16,17]. These factors demonstrate that soundscapes
are not only the result of energy, but also the activators of health in urban forests. Due to the presence
of various plants growing in the vertical axis, which conduct various light and shadow conditions,
lightscape is a potential driver that affects soundscape in urban forests [18,19].
There are an increasing number of studies concerning audiovisual perception in urban areas, such
as audiovisual interactions between soundscape and landscape perception [17,20–22], soundscape
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assessment [23], and improving the quality of life in a place [24]. Perceiving various soundscape
benefits pleasantness during limited tour time, suggesting that individuals may allocate more sensory
attention to hearing [16,25,26]. The allocation of cognitive resources depends on enduring disposition
and momentary intentions in cognitive allocation policy [27,28]. Visual and auditory senses occupy the
primary cognition in urban environments, suggesting that soundscape and lightscape may conduct
competitive allocation of cognitive resources [29–32]. For the allocation of cognitive resources, sensory
sensitivity is a potential driver to explore, as it may contribute to understanding perceptive patterns of
individuals in urban forests [33–35]. Individuals are sensitive to the environment, which modulates
their behavioral visual sensitivity and neural responses with visual stimuli of different intensity [36,37].
Also, sensory cells response to sound vibration, contributing to auditory sensation and the sensitivity
of sensory fibers [38,39].
Several studies have contributed to the research on perceived soundscapes in urban forests, such
as the differences between coniferous and broad-leaved forests, as well as the uncertainty of perceived
occurrences, cognitive persistence, and space visualization [15,16,29,40,41]. Unfortunately, there is a
research gap concerning perceived soundscape sensitivity, representing the variation intensity of a
perceived soundscape, in urban forests. Auditory attention fluctuates when eyes are opened and closed,
especially during a state of relaxation [42]. Eye closure reduces memory attenuation caused by auditory
distraction, contributing to enhancement of the auditory attention [43]. Therefore, a majority of visual
attention drops and only a small amount of static visual attention remains when eyes are closed [44].
To control the effects of visual attention on hearing, eye opening and closure contributes to perceived
loudness and brightness in urban forests. Thus, this study aims to (1) observe the diurnal variation of
the soundscape and lightscape in urban forests when eyes are opened and closed, respectively, and (2)
explore the relationship between perceived loudness sensitivity and brightness in urban forests when
eyes are opened and closed.
2. Methodology
2.1. Study Area
Our study was conducted in Vancouver, British Columbia, Canada, in three urban forested areas:
Pacific Spirit Park (8,740,000 m2 ), Stanley Park (4,049,000 m2 ), and Queen Elizabeth Park (528,000 m2 ).
Pacific Spirit Park (PP) is located on the University of British Columbia’s Endowment Lands, and there
are many winding paths and gentle rolling hills containing woody debris. Stanley Park (SP) is a
world-renowned urban forested area located on a peninsula at the northwestern side of downtown
Vancouver, with well-maintained paved and dirt paths. Queen Elizabeth Park (QP) is located in the
geographic center of Vancouver, and contains gorgeously landscaped quarry gardens, an arboretum
with a collection of exotic and native trees, renowned sculptures scattered throughout the park,
and several recreational sites (e.g., tennis, lawn bowling, and pitch and putt). The values of the forest
coverage in PP, SP, and QP are 85.81%, 65.43%, and 51.33%, respectively, representing common urban
forested areas. Overall, the urban forested areas have a high level of forest cover, potential sources of
natural sounds, and obvious conditions for light and shadow, which is suitable for soundscape and
lightscape research.
Forty-four sites were selected in PP, SP, and QP. Based on the different sizes of the urban forest
areas, 18 sample sites were chosen in PP, 15 in SP, and 11 in QP (See Figure 1). We selected observation
sites with various landscape areas (e.g., visitor paths, junctions, lakeside, etc.), so participants could be
exposed to a variety of soundscapes and lightscapes. The forested spaces of observation sites included
open, semi-open, and closed spaces, so that the variation range of crown density was 11.5% to 93.2% in
these observation sites. To remove the obvious perceived soundscape sensitivity in urban forests when
eyes were opened and closed, the presence of plants in the vertical spaces was made a requirement at
each site.

Forests 2020, 11, x FOR PEER REVIEW

3 of 14

forests2020,
when
eyes
Forests
11, 1242

were opened and closed, the presence of plants in the vertical spaces was made
a
3 of 14
requirement at each site.

Figure 1.
1. Aerial
Aerial photo
photo of
of Pacific
Pacific Spirit
Spirit Park
Park (PP),
(PP), Stanley
Stanley Park
Park (SP),
Figure
(SP), and
and Queen
Queen Elizabeth
Elizabeth Park
Park (QP).
(QP).

The
environmental conditions
conditions at
at each
each site
site were
were measured
measuredfor
for55min
minin
inPP,
PP, SP
SP and
and QP,
QP,
The acoustic
acoustic environmental
including
L
,
L
,
L
,
L
,
L
,
and
L
–L
.
The
L
is
the
A-weighted
equivalent,
continuous
Amax
Ceq
including LAeq
Aeq, LAmin
Amin, LAmax
, L1010
, L9090
, and LCeq
–LAeqAeq
. The LAeqAeq
is the A-weighted equivalent, continuous
sound
level,
measured
in
decibels.
L
and
L
representminimum
minimum and
and maximum
maximum instantaneous
instantaneous
Amin
Amax
sound level, measured in decibels. LAmin and LAmax represent
sound
pressure
levels,
respectively.
L
and
L
,
which
are
statistical
levels,
represent
the sound
90
sound pressure levels, respectively. L10 10
and L90, which
are statistical levels, represent the sound
level
level
exceeded
for
10%
and
90%
of
the
time,
respectively.
L
–L
,
which
is
low-frequency
content,
Ceq
Aeq
exceeded for 10% and 90% of the time, respectively. LCeq–LAeq, which is low-frequency content,
represents
and L Aeq.. The
The measured
measured L
LAeq
values ranged
ranged from
from 47.2
47.2 dBA
dBA to
Aeq values
represents the
the difference
difference between
betweenLLCeq
Ceq and LAeq
to
58.0
dBA.
Measured
L
and
L
ranged
from
31.9
dBA
to
51.5
dBA,
and
57.0
dBA
to
76.5
dBA,
Amaxranged from 31.9 dBA to 51.5 dBA, and 57.0 dBA to 76.5 dBA,
58.0 dBA. Measured LAmin
Amin and LAmax
respectively.
The measured
measured LL1010 and
and LL9090ranged
rangedfrom
from40.2
40.2dB
dBto
to 68.2
68.2 dB,
dB, and
and 34.6
34.6 dB
dB to
to 62.3
62.3 dB,
dB,
respectively. The
respectively.
Thus,
we
found
that
the
L
interval
partially
coincided
with
other
indexes,
which
Aeq
respectively. Thus, we found that the LAeq interval partially coincided with other indexes, which
suggested
potentialindex
indexfor
forour
ourstudy.
study.InInadditional,
additional,
measured
L–L
–Lranged
6.2todB
to
CeqAeq
Aeq ranged
suggested aa potential
measured
LCeq
fromfrom
6.2 dB
14.4
14.4
dB. dB.
2.2. Soundscape and Lightscape Information
2.2. Soundscape and Lightscape Information
Questionnaires and measuring equipment were used to gather soundscape and lightscape
Questionnaires and measuring equipment were used to gather soundscape and lightscape
information in urban forested areas. These are effective methods supported by technical standards and
information in urban forested areas. These are effective methods supported by technical standards
previous studies [17,29,45–49].
and previous studies [17,29,45–49].
For the questionnaire methodology, data was collected through a two-part questionnaire conducted
For the questionnaire methodology, data was collected through a two-part questionnaire
with participants when their eyes were opened and closed in different tests. Previous studies have
conducted with participants when their eyes were opened and closed in different tests. Previous
shown that perceived loudness and brightness can directly reflect how individuals feel about acoustical
studies have shown that perceived loudness and brightness can directly reflect how individuals feel
and visual environments, and the subjective errors of these indicators are stable and acceptable in
about acoustical and visual environments, and the subjective errors of these indicators are stable and
psychological cognition [29,50,51]. Thus, these indicators were adopted to measure the perception of
acceptable in psychological cognition [29,50,51]. Thus, these indicators were adopted to measure the
soundscape and lightscape in our two-part questionnaire (See Figure S1).
perception of soundscape and lightscape in our two-part questionnaire (See Figure S1).
The first part of the questionnaire, tested when eyes were opened, included the perceived loudness
The first part of the questionnaire, tested when eyes were opened, included the perceived
of soundscape and perceived brightness of lightscape, represented respectively by ss,o and sl . The second
loudness of soundscape and perceived brightness of lightscape, represented respectively by ss,o and
part, tested during eye closure, only included the perceived loudness of soundscape, represented by
sl. The second part, tested during eye closure, only included the perceived loudness of soundscape,
ss,c . Furthermore, a five-point ordinal scale was adopted [37,45] for the soundscape and lightscape
represented by ss,c. Furthermore, a five-point ordinal scale was adopted [37,45] for the soundscape
information. The scale of perceived loudness included strongly loud (+5), slightly loud (+4), neither
and lightscape information. The scale of perceived loudness included strongly loud (+5), slightly loud
loud nor quiet (+3), slightly quiet (+2), and strongly quiet (+1). The scale of perceived brightness
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Sunny days during the period of May 2019 to July 2019, not including holidays, were selected
Sunny days during the period of May 2019 to July 2019, not including holidays, were selected for
for the investigative conditions. The survey included six time periods: 8:00 to 10:00, 10:00 to 12:00,
the investigative conditions. The survey included six time periods: 8:00 to 10:00, 10:00 to 12:00, 12:00 to
12:00 to 14:00, 14:00 to 16:00, 16:00 to 18:00, and 18:00 to 20:00. In total, the survey spanned 41 days.
14:00, 14:00 to 16:00, 16:00 to 18:00, and 18:00 to 20:00. In total, the survey spanned 41 days.
LAeq,5min, UI, and sound recording (binaural, 96 kHz sampling rate and 24-bit resolution) were
LAeq,5min , UI, and sound recording (binaural, 96 kHz sampling rate and 24-bit resolution) were
measured
using Type 1 sound level meters (AWA6228+), digital audiotape recorders (Sony PCMmeasured using Type 1 sound level meters (AWA6228+), digital audiotape recorders (Sony PCM-D100,
D100, Minato, Tokyo, Japan), and lux meters (PM6612, Shenzhen, China), respectively, during the
Minato, Tokyo, Japan), and lux meters (PM6612, Shenzhen, China), respectively, during the survey.
survey. Then we calculated the mean value of ss,o, sl, Δss,c, LAeq,5min, and UI, as well as the loudness of
Then we calculated the mean value of ss,o , sl , ∆ss,c , LAeq,5min , and UI, as well as the loudness of
psychoacoustics (LO), based on International Organization for Standardization (ISO) 532B
psychoacoustics (LO), based on International Organization for Standardization (ISO) 532B (DIN45631).
(DIN45631). Furthermore, repeated tests were required to be independent and discontinuous at each
Furthermore, repeated tests were required to be independent and discontinuous at each site and time
site and time period, suggesting that each repeated test was conducted on a different day, which
period, suggesting that each repeated test was conducted on a different day, which helped avoid a
helped avoid a disturbance of cognitive soundscape and lightscape at the same site and time period.
disturbance of cognitive soundscape and lightscape at the same site and time period. For statistical
For statistical analysis, data fitting, data visualization, and Pearson’s correlation coefficients were
analysis, data fitting, data visualization, and Pearson’s correlation coefficients were carried out in SPSS
carried out in SPSS 21.0, OriginPro 2017, and MATLAB R2018a.
21.0, OriginPro 2017, and MATLAB R2018a.
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0.502 *
0.502
0.365 **
0.288*
0.365
0.253
0.288
1.000
0.253
0.858 **
1.000
0.858 **

Δsl
0.625 **
0.625
0.552****
0.599***
0.552
0.469**
0.599
0.858 **
0.469 *
1.000
0.858 **
1.000

* p < 0.05, ** p < 0.01.

Hierarchical cluster analysis (HCA) was used to analyze the relationship between variations of
Hierarchical cluster analysis (HCA) was used to analyze the relationship between variations of
soundscape and lightscape (See Figure 5). Three clusters were classified by HCA, including clusters A,
soundscape and lightscape (See Figure 5). Three clusters were classified by HCA, including clusters
B, and C. Further, the subjective and objective variations of soundscape and lightscape were respectively
A, B, and C. Further, the subjective and objective variations of soundscape and lightscape were
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relationship between Δss,c, Δss,o, and Δsl were obtained as follows:

Δs s ,o = Δs s ,c − 0.591Δsl + 0.018

(4)

where Δss,o and Δsl denote the difference of ss,o and sl between sequential time periods at the same
observation
sites when eyes were opened, respectively. Similarly, Δss,c denotes the difference 8ofofs14
s,c
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4. Discussion
In terms of perceived soundscape and lightscape in urban forests (see Figure 4), there was
contraction
complementation
distributions
of perception with eyes opened and
4.1. Diurnal and
Variation
Influencing the between
Perceived the
Soundscape
and Lightscape
LAeq,5min and UI values reflected the condition of sound and light environment in urban forests
(see Figure 3). This showed two different tendencies between LAeq,5min and UI, including a similar trend
and an opposite trend before and after 18:00, respectively. There was reduction in biological activities,
but rise in UI after 18:00, because of decreased illuminance leading to the continuous decrease of
illumination variation. Birdsong and the sounds of human activity, especially traffic noise, formed
the peak of LAeq,5min in the morning and at dusk, which suggests that daily biological activities are
significant drivers for soundscapes in urban forests [15,57]. Variations of illumination impacted the
comparison of light and shadow, which when relates to the UI, which reached a maximum in the
afternoon and a minimum in the morning and dusk [58]. Thus, UI reached extreme values at these
periods. Vegetarian and plant structures are potential drivers that may affect lightscape in urban
forests, contributing to shadows checkering with sunlight and shade throughout the day [59,60].
In terms of perceived soundscape and lightscape in urban forests (see Figure 4), there was
contraction and complementation between the distributions of perception with eyes opened and
closed. Figure 4a shows two distribution trends that individuals experienced of the perceived loudness
of a soundscape with eyes closed: one was clustered from slightly loud (+4) to strongly loud (+5)
between 6:00 to 8:00 and 18:00 to 20:00, and the other was clustered in neither loud nor quiet (+3)
from 9:00 to 17:00. As shown in Figure 4b, there was a similar distribution trend that clustered in
slightly loud (+4) between 18:00 to 20:00, when individuals experienced the perceived loudness of
the soundscape with eyes opened. The distributions of perception between 6:00 to 8:00 and 9:00 to
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17:00 were clustered by neither loud nor quiet (+3) to slightly loud (+4), and slightly quiet (+2) to
neither loud nor quiet (+3), respectively. These distributions were all around one point lower than the
previous values with eye closed, which suggests a decrease in perceived soundscape sensitivity when
individuals open their eyes. This was due to the allocation of cognitive resources to visual and auditory
senses, which depended on endured disposition and momentary intentions in cognitive allocation
policy [27,28]. From the perceived brightness of the lightscape with eyes opened in Figure 4c, there
were three trends: clustered in strongly bright (+5) from 9:00 to 15:00; clustered from neither bright nor
dark (+3) to slightly bright (+4) between 6:00 to 8:00 and 16:00 to 17:00; and clustered from slightly
dark (+2) to neither bright nor dark (+3) from 18:00 to 20:00. When Figures 3 and 4 are combined,
the findings suggest that perceived lightscape and the gap between the perceived soundscape when
eyes were opened and closed conducted similar performances at similar periods, which may be related
to the variations of LAeq,5min and UI. Perceived soundscape and lightscape may tend to be an endured
disposition in the cognition of a common landscape in urban forests [29,30]. However, diurnal variation
trends of soundscape and lightscape may not accurately reflect how perceived soundscape sensitivity
was impacted by perceived lightscape.
4.2. Relationship between the Sensitivity of Perceived Soundscape and Lightscape
Subjective and objective variations could indicate the cognitive sensitivity of vision and
hearing [61,62]. In both Table 1 and Figure 6, all psychological variations were significantly correlated
with all physical variations in soundscape and lightscape, respectively. In particular, ∆LAeq,5min , ∆LO,
and ∆sl all showed an ascendant performance when related to other parameters, which suggests that
soundscape variation played a role in audio–visual perception, and that the perceived lightscape may
be impacted by both soundscape and lightscape [29,63]. Figure 6a shows that there were two different
positive trends of perceived soundscape variations when eyes were opened and closed. There was
a gap between these variations when eyes were opened and closed, which supports our results that
diurnal variation trends were influenced by the allocation of cognitive resources. However, this gap
demonstrates two opposite tendencies, bounded by 1.24 dBA, which suggests that there were two
different competitive conditions for cognitive resources. The first competitive condition was when
∆LAeq,5min was less than 1.24 dBA; participants contributed little response to the soundscape when eyes
were opened. At this point, soundscape may only be an enhancer for visual perception, which has the
optimal position in the allocation of cognitive resources [64,65]. The second competitive condition
was when ∆LAeq,5min was more than 1.24 dBA; participants experienced an increased response to the
soundscape when eyes were opened. In this circumstance, the perceived soundscape when eyes
were opened may have contributed towards a balance with perceived lightscape in the allocation of
cognitive resources [66,67]. Additionally, Figure 6b showed that the variations of perceived lightscape
was limited under the influence of UI variations. There was a phenomenon where the perceived
lightscape variations tended to maintain at 1.0 when UI variations were more than 10%, which suggests
that a sequential and weak variation of lightscape only motivated the limited allocation of cognitive
resources. Thus, perceived soundscape sensitivity may be impacted by the allocation of cognitive
resources of lightscape and soundscape.
From the results of HCA in Figures 5 and 6, the observation sites of cluster C were mainly
distributed in dense forests, contributing a low ∆LAeq,5min , ∆ss,c , and ∆ss,o , due to the quietness of
these environments. The observation sites of cluster B were mainly distributed near traffic roads,
contributing a high ∆LAeq,5min , ∆ss,c , and ∆ss,o due to the noise of these environments. Also, there
was a stable positive relationship between ∆UI and ∆sl , and a 1.24 dBA threshold of ∆ss,c − ∆ss,o near
the boundary between cluster A and C, which suggests that visual sensitivity influenced auditory
sensitivity differently during sound level increases in urban forests. Additionally, the leaves of trees,
which absorb noise, contributed a lower LAeq,5min and ∆LAeq,5min in urban forests [16].
Based on the above results, we suggest that the cognitive resources of perceived lightscape are
mutative from the gap variation between perceived soundscape sensitivity when the eyes are open
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and closed. When Figure 6 (left) and (right) were combined, the findings indicated that the LAeq,5min
variations may contribute to two different relationships between ∆ss,c − ∆ss,o and ∆sl , when bounded
by 1.24 dBA (see Figure 7). The first condition, where LAeq,5min variations were less than 1.24 dBA,
was mostly in the afternoon, with the sustained lightscape being heightened during this period [68].
As supported by Equation (1), participants that experienced the lightscape in this condition showed
weak sensitivity to soundscape perception. Equation (2) suggests that a perceived lightscape may
enhance the perceived soundscape when eyes are open in the first condition, because perceived
lightscape sensitivity may occupy the main cognitive resources, while the perceived soundscape may
be a subsidiary cognition for the perceived lightscape, like a sense of background sound for visual
perception [69]. The second condition, where LAeq,5min variations were more than 1.24 dBA, was mostly
in the morning and dusk, with active biophonies (e.g., birdsongs) present [16,70]. As supported
by Equation (3), participants that experienced the soundscape in this condition produced a strong
sensitivity of soundscape perception. Equation (4) indicated that a perceived lightscape may weaken
a perceived soundscape when eyes are open in the second condition, because there is a competition
between the sensitivity to soundscapes and lightscapes in the allocation of limited cognitive resources,
which may be influenced by a cognitive allocation policy in the outside environment [30,32].
In general, perceived soundscapes and lightscapes may be contributed by endured disposition
in cognition, in order to distract from focused sensory attention, which then contributes to different
perceived soundscape and lightscape sensitivity in urban forests. Furthermore, through the comparison
of when eyes were open or closed, the equation results suggested that different LAeq,5min conditions
produce two relationships between perceived soundscape and lightscape sensitivity in urban forests.
These facilitate the understanding of human perception to soundscape and lightscape for landscape
architects and urban forests when proposing suitable design plans. For instance, we may appropriately
increase plant density and shade area of trees near a path where the perceived soundscape, like a
natural soundscape, is comfortable or pleasant, in order to decrease the visual competitiveness of
cognitive resources in urban forests. Again, we may also befittingly decrease the shade near a path
if the space is relatively tranquil or noisy, in order to promote increased visual competitiveness of
cognitive resources in urban forests.
Some limitations may be present in this research. Although we tried to eliminate visual stimuli by
closing the eyes, different levels of brightness can still be slightly perceived with eyes closed. Also,
we instructed participants to close their eyes for 20s to avoid the visual impact of short-term memory
before the test began, but the visual stimuli could still interfere with their judgment when participants
filled out their questionnaires. Further, the differences of temperature, humidity, and participants’
orientation may affect somatesthesia in different observation sites.
5. Conclusions
Soundscape and lightscape jointly function towards individuals’ perception in urban forests.
This study reveals that perceived soundscape sensitivity is influenced by that of lightscape in urban
forests. In terms of soundscape and lightscape drivers, our findings show that (1) the perceived
soundscape and lightscape tend to be endured dispositions in the cognition of the common landscape
in urban forests; (2) there is a gap in sensitivity between soundscape and lightscape, which conducts
two opposite competitive conditions of cognitive resources, bounded by 1.24 dBA; (3) sequential and
weak variations of lightscape only motivate the limited allocation of cognitive resources. For instance,
we can adjust the plant allocation in urban forests to change the vertical structure of vegetation and
openness, contributing to an optimal sensory environment. Furthermore, other potential drivers like
somatesthesia may be considered in future studies, in order to further explore soundscape patterns in
the competition for cognitive resources.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/12/1242/s1,
Figure S1: Soundscape and Lightscape Questionnaire.
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