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Abstract: Forest thermal environments and health-related factors have a significant impact on user
experience and physical benefits. Therefore, it is important to study changes in the thermal environment
and health-related factors in recreational forests. Clustered bamboo forests have unique structures
featuring high canopy density and extensive understory spaces suitable for recreational activities.
However, there is no relevant report on the recreational use of these forests. This study investigated
seasonal characteristics in the thermal comfort and health-related factors in two clustered bamboo
forests in Southwest China. Microenvironmental parameters and health-related factors (negative air
oxygen ions (NAI), airborne particulate matter, airborne microorganisms, and biogenic volatile organic
compounds (BVOCs)) were measured in four seasons. The microenvironmental parameters were
converted into a physiological equivalent temperature (PET) for each period. The results showed that
(1) most of the time, the thermal comfort, air particle, NAI, and bacteria concentrations in the two
bamboo forests were superior to the controls and met the standard for recreational activities; (2) thermal
comfort environments and health-related factors levels varied between two bamboo forests; and (3) the
most abundant compounds in the two bamboo forests in each season were leaf alcohol and 2-hexenal.
The two clustered bamboo forests provided a comfortable thermal environment and had clean air and
bactericidal abilities in all seasons. The forests emitted BVOCs with fresh grass and leaf fragrances,
helping to alleviate the sense of depression among visitors. The results confirm that clustered bamboo
forests can provide suitable recreational conditions. The results can be used to guide the management of
recreational forests and provide support for the development of bamboo forests.

Keywords: thermal environment; physiological equivalent temperature (PET); health-related factors;
biogenic volatile organic compounds (BVOCs); clustered bamboo forest

1. Introduction

Numerous studies have shown that exposure to nature can promote physical and
mental health [1-3]. In Asia, forest recreation activities such as forest bathing are a common
choice for people seeking to get closer to nature. Forests provide comfortable temperatures,
clean air, and natural scents. A good forest environment and the right time of year can
enhance the benefits of forest activities and the well-being of users [4,5]. The thermal
environment of a forest has a significant impact on the user experience. Forests influence
microclimate due to their spatial coverage and effect on enclosure [6], which creates a
unique thermal environment inside the forest. Physiological equivalent temperature (PET)
was proposed by Hoppe to evaluate human thermal perception based on the Munich energy
balance model for individuals [7]. The advantage of PET is that the calculation integrates
several elements, including climate parameters, body parameters, clothing, activity, and
environmental factors, and therefore, it is widely used in the study of thermal comfort
in green spaces. Studies have shown that forests play an important role in cooling and
improving thermal comfort, with higher tree cover usually being cooler [8], and that PET
under trees is approximately 10 °C lower than that of lawns [9].
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A beneficial forest environment has excellent health benefits for the human body.
Forests can provide clean air and space for recreational activities [10]. Some trees can also
improve human immunity and prevent and treat diseases by releasing and volatilizing
beneficial substances [11-13]. Therefore, many scholars have conducted numerous studies
on forest health-related factors, including air cleanliness and biogenic volatile organic
compounds (BVOCs), which were also called phytoncides in some studies [14]. Negative
air oxygen ions (NAI) inhibit the growth of viruses and bacteria and are palliative in the
adjunctive treatment of diseases [15,16] and help in the treatment of respiratory, circulatory,
and digestive disorders [17]. NAI concentrations in forests are almost twice as high as
those in other types of environments [18]. Atmospheric particulate matter (PM) is a major
air pollutant that poses a significant risk to human health. Particulate pollutants are
classified into three types according to their aerodynamic equivalent particle size: total
suspended particulate (TSP), coarse PM10 (2.5-10 um), and fine PM2.5 (0.1-2.5 um) [19].
An increase in tree cover can lead to a 10% reduction in PM concentrations [20], and a
further study by Nowak [21] found a significant reduction in airborne PM concentrations
with decreasing mixed layer height. BVOCs are low-boiling-point and volatile small-
molecule compounds produced by plants through secondary metabolism, and BVOCs
released by plants in forests can cause pleasant and comfortable feelings in humans and
animals [22,23]. There are also aromatic BVOCs that can lower blood pressure and improve
mood [24,25]. A number of studies have shown that trees can reduce or kill airborne
microorganisms by releasing BVOCs to resist the invasion, growth, and reproduction of
pathogenic microorganisms [26,27]. However, some BVOCs, such as isoprene, can also
cause potential air pollution [28,29].

Clustered bamboo forests are a class of forests with a unique standing structure
caused by the gathering of bamboo culms into clumps. They are characterized by high
canopy density and height under branches, so there is ample free space under the forest
canopy, making it suitable for recreational activities. The health benefits of a variety of
forests [30,31] and several types of scattered bamboo forests [32,33] have been studied
by many researchers. Meanwhile, the thermal environment of the forest has a significant
impact on the visitor’s experience, and the microenvironment of the forest varies by site.
Differences in tree species or structure in a forest can alter the microclimate and, thus,
the level of thermal comfort [34-36]. However, there are no reports on thermal comfort
and health-related factors in the same forest. Southwest China is a typical mixed bamboo
area [37,38] with a favorable climate. Bamboo forests are widely distributed as a valuable
resource for timber and food. At the same time, a large number of local residents and
foreign tourists visit the area every year for recreation, healthcare, and tourism activities.

The aim of this study was to investigate the thermal environments and health-related
factors related to the special stand structure of clustered bamboo forests. The research was
conducted in two locally distributed clustered bamboo forests in four seasons. This study
aims to determine the levels of thermal perception and health-related factors in all seasons,
as well as seasonal patterns of these factors in clustered bamboo forests, to evaluate the
thermal comfort and health benefits of bamboo forests.

This study aims to answer the following questions:

(1)  Are the health-related factors and thermal environment of clustered bamboo forests
positive?

(2) Are there differences in the thermal environment and health-related factors in two
clustered bamboo forests?

2. Materials and Methods
2.1. Study Area and Materials

The study area is located in the Chengdu Plain region in southwestern China, which
belongs to the subtropical monsoonal humid climate zone, with four distinct warm and
humid seasons, an average annual temperature of 16.1 °C, an average annual rainfall of
1200-1600 mm, and an average annual sunshine duration of 825.7-1202.9 h [39]. Therefore,
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the region has suitable climatic conditions for forest recreation activities. The Chengdu
Plain has a developed socio-economy and a long history of bamboo tourism, with two
types of typical clustered bamboo forests: Neosinocalamus affinis (Rendle) Keng f. and
Dendrocalamus latiflorus Munro.

N. affinis (NA) forms a medium-sized clump of bamboo with a pole height of 5-10 m
and a diameter at breast height (DBH) of 5-8 cm and is distributed at an elevation of less
than 1000 m.

D. latiflorus (DL) forms a large clump with a pole height of 18-25 m and a DBH of
15-24 cm and is distributed at an elevation of less than 500 m.

The NA bamboo forest selected for the study is located in Guihua town, Pengzhou
city (103°48'03-103°48'12" E, 31°04'44"-31°05'29" N, elevation 704 m). The area of the
NA forest is 83.4 ha, the plantation density is 625 clumps/ha with 25 plants/clump, the
pole height is 8.12 &+ 0.64 m, the DBH is 6.02 &= 0.51 cm, the height under the branches is
3.194 0.25 m, and the canopy density (the ratio of the vertical projection of the canopy to
the area of the forest) is 0.94.

The DL bamboo forest selected for the study is located in Dahua town, Meishan city
(104°10'60"-104°11'17" E, 30°06'24""-30°06'39" N, elevation 430 m). The area of the DL
forest is 25.8 ha, the plantation density is 750 clumps/ha with 15 plants/clump, the pole
height is 20.93 + 1.12 m, the DBH is 16.24 £ 0.92 cm, the height under the branches is
6.51 £ 0.37 m, and the canopy density is 0.87.

The two bamboo forests are suburban forests with more than 15 years of afforestation,
close to towns, and covered by convenient transportation. Residents of nearby towns
and cities are their main visitors. Both bamboo forests are pure forests with a simple and
uniform plant community structure. The trees in the middle and upper parts are mostly
bamboo, and the ground is covered with a large amount of litterfall, while the lower layer
is sparsely planted (Figure 1).

We selected a control near each of the two bamboo forests. The controls were located in
the township near the bamboo forests, which had similar weather conditions to the bamboo
forests and offered catering and lodging services for foreign tourists. We established the
control in an open square in the township, which was a popular spot for local residents to
engage in outdoor activities, providing a reference to the recreational environment outside
the bamboo forest for the experiment. After comparing the two control sites, we chose the
control in Dahua town (104°9’15” E, 30°05'06” N, elevation 413 m) as the final experimental
control, as control sites should be chosen close to the bamboo forest and have similar
transport conditions. The final control point details were as follows: it was located in an
open square in the township, unobstructed by buildings, close to a main road, and 3 km
away from the bamboo forest.

Our hypotheses are as follows: both clustered bamboo forests have a comfortable
thermal environment and good health-related factors but have varied thermal environments
and health-related factors in different seasons.

2.2. Measurement

The study area has four distinct seasons. Therefore, microenvironmental parameters
were measured in the two bamboo forests and the control during each of the four seasons
in this study. Measurements were conducted in both 2019 and 2021, with January, April,
August, and November selected as representative months for winter, spring, summer, and
autumn, respectively [40]. Measurements were taken on 2 days in each representative
month with clear, stable weather. Considering the large variation in daylight hours in
the study area during the four seasons, the measurement time of the four seasons was
set uniformly from 7:00 to 19:00 to ensure that the measurement time was generally after
sunrise and before sunset. During these two days, staff conducted measurements every
2 h for each microenvironmental parameter (including solar radiation, wind velocity,
temperature, and relative humidity) and air cleanliness (including negative air oxygen ions,



Forests 2023, 14, 1894

40f19

air microbial, and particulate matter concentration). Each measurement lasted 10 min, and
the average value was taken as the result of that period.
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Figure 1. The location and the bamboo forests: (A) Neosinocalamus affinis forest; (B) Dendrocalamus
latiflorus forest.

Since the study forests were pure forests, four sample plots were established in each
bamboo forest, and the mean values of each parameter from the four sample plots were
used to reflect the microenvironment and air quality within the forest. These four plots
represented static and dynamic recreational spaces in the bamboo forest, as visitors mainly
moved around in these two types of spaces. All the sample plots were located more
than 50 m from the edge of the bamboo forest and more than 30 m from the river. The
two static recreation sample plots were established more than 15 m away from the forest
trail, and the dynamic two were established next to the forest trail. Three stations were
set up in each sample plot, and each station was separated by 15 m. The mean values
obtained from the three stations were used as the results for the sample plot at that time,
and each measurement was repeated three times. Three stations spaced 15 m apart were
also established in the control plot; the measurement method used was the same as that
applied in the bamboo forest. All the measurements were taken at a height of 1.5 m.

The bamboo forest BVOCs were measured at the same time as described below.
Healthy undamaged leaves of two bamboo species (10 g each) were collected at 9:00 a.m.
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on the day of measurement, transported immediately to the laboratory for testing, and
preserved at 4 °C to keep them fresh. Both bamboo forests were about 70 km away from
the laboratory, with a 2 h drive. The collected leaves included a homogeneous mixture of
upper, middle, and lower leaves from three 2-year-old bamboo plants on the sunny leeward
side of the sample sites.

2.3. Instrumentation and Calculation

The KESTREL weather meter NK5500 (USA) was used to detect temperature and hu-
midity, the Huayi anemometer PM6252B (Beijing, China) was used to measure wind velocity,
and the solar power meter TES-1333R (Taiwan, China) was used to measure solar radiation.

Based on the measured temperature, relative humidity, wind speed, and solar radiation
intensity, the PET values were calculated for each period at each site using RayMan software
by the Meteorological Institute at Freiburg University, and the corresponding thermal
comfort perceptions were derived from the model intervals of PET thermal sensation and
physiological stress levels. The overall physiological indexes were set as follows: male;
35 years old; height, 175 cm; weight, 75 kg; average metabolic rate, 80 W. According to the
local climate and dress, the thermal resistance of clothing was 0.8 clo in spring and autumn,
0.5 clo in summer, and 2.0 clo in winter.

PM suspended in the air was detected by a portable laser dust detector JCF-5C (Qingdao,
China), which monitored TSP, PM10, and PM2.5 with a sampling flow rate of 2 L/min. Before
the measurement, the instrument correction coefficient was calibrated using the classical
weighing method. Negative air ions were detected by a DCXX M&C Technology 22 Air
Negative Ion Detector IMH12 (Beijing, China) with a sampling rate of one value per second.

Airborne microorganisms were collected by the JWL-IIE (Qingdao, China), an impact
air microbial sampler with a sampling flow rate setting of 20 L /min. After 24 h of incubation
in the laboratory, airborne bacteria and fungi were detected separately using a colony
counter [41]. The airborne microbial content (cfu/m?) was calculated using Equation (1):

number of plate colonies x 1000

Microbial content = . .
flow rate X sampling time

M

The BVOC tests were conducted in the laboratory. Bamboo leaves collected from
the above sample sites were cut and mixed well, weighed to 2 g each, and placed in
a 20 mL headspace extraction vial, which was sealed and allowed to stand for 30 min.
Detection was performed by headspace solid-phase microextraction—gas chromatography
(SPME) [42]. Then, the SPME syringe was inserted into the vial, and the fiber tip (model
50/30 pum DVB/CAR/PDMS (Supelco, Bellefonte, PA, USA)) was pushed out of the syringe.
Headspace extraction was performed in a water bath at 60 °C for 45 min. Then, the
fiber tip was inserted into the GC injector of the QP2010 PLUS gas chromatograph-mass
spectrometer (Shimadzu, Japan) and desorbed for 10 min, while the gas in the empty
extraction bottle was adsorbed as a blank control. Two test replicates were performed for
each bamboo leaf.

Calculation of volatile organic compounds was performed as follows: 1 pL each of
n-alkane mixed standard samples C5s-Cg and Cg—Cyy were obtained and analyzed according
to the same procedure used for the bamboo leaves. The retention time of each component was
recorded, and the linear retention index (LRI) of each component was calculated as follows:

LRI, = 100n + 100(Tyx — Ty,)/ (Tp41 — Tn)] ©)

where ty, t;, and t,,41 are the peak retention times of the components to be analyzed and the
components with carbon atom numbers between n and n+1 (t; <ty < t;+1), respectively. The
NIST08.LIB library was used to perform tandem searches of the obtained mass spectra, and
the retention index characterization method was used to assist the mass spectral searches.
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The relative content of each component of BVOCs in each sample was calculated based on
the peak area normalization method of the total ion flow chromatographic peaks:

peak area of components to be measured

sum of all peak areas % 100% )

Relative content =

2.4. Data Analysis

Based on the measured microenvironmental data, PET values were calculated using
RayMan 1.2 for each site to visualize the thermal comfort results. Subsequently, we per-
formed statistical analysis using SPSS 20.0. After determining that the data conform to a
normal distribution, an analysis of variance (ANOVA) was used to compare the differences
in health-related factors between different forests and seasons. Graphs were organized and
plotted using Origin 18.0 and Photoshop.

3. Results
3.1. Dynamic Change Characteristics of Thermal Comfort

The thermal comfort of the two bamboo forests and the town open space was plotted
for all seasons based on the calculated physiological equivalent temperature (PET) values
(Figure 2). Except in winter, the PET of the control was much higher than that of the
two bamboo forests, indicating that the two bamboo forests both had a cooler thermal
environment. Moreover, the PET of the N. affinis (NA) forest was mostly lower than those of
the D. latiflorus (DL) forest during the same period, indicating that the cooling ability of the
NA forest was higher than that of the DL bamboo forest. In spring, summer, and autumn,
the thermal comfort of the two bamboo forests was mostly in the range of “slightly cool”,
“comfortable”, and “slightly hot” during the day, indicating that the area was suitable for
recreational activities. As shown in Figure 2, the heat stress in the two bamboo forests was
weaker than that in the control in spring and summer. However, in autumn and winter, the
cold stress was stronger in the NA forest than in the control and the DL bamboo forest. This
suggests that the effect of the two bamboo forests on thermal comfort was not consistent
throughout different seasons.

Spring Summer
NA NA
o o m
7:.00 9:00 11:00 13:00 15:00 17:00 19:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00
Autumn| Winter
NA NA
DL DL
Town Town
7:00 9:00 11:00 13:00 15:00 17:00 19:00 7:00 9:00 11:00 13:00 15:00 17:00 19:00
Very clod Clod Cool Slightly warm Hot Very hot
Thermal Perception
e 1 5 T s 5 5 fa Py B

Figure 2. Diurnal variation in thermal comfort in four seasons in two bamboo forests: (NA)
Neosinocalamus affinis forest; (DL) Dendrocalamus latiflorus forest.
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3.2. Dynamic Change Characteristics of Air Cleanliness
3.2.1. Seasonal Dynamic Change

The total suspended particulate (TSP) concentrations were significantly lower
(p < 0.05) in all four seasons in the NA bamboo forest and DL forest than in the con-
trol in all four seasons (Figure 3A). The TSP concentrations in both bamboo forests were
significantly lower in spring and summer than in autumn and winter (p < 0.05). It is note-
worthy that the TSP concentrations in the NA forest were significantly lower than those
in the DL forest in all seasons (p < 0.05). The seasonal differences and seasonal variation
in coarse particulate matter (PM10) and fine particulate matter (PM2.5) between the two
bamboo forests were consistent with those of the TSP (Figure 3B,C).

The negative air oxygen ion (NAI) concentrations in both bamboo forests were
higher than 1000 ions/cm? in all four seasons, which met the World Health Organization
(WHO) fresh air standard and indicated good recreational opportunities and health effects
(Figure 3D). Except in summer, the NAI concentrations were significantly higher in both
bamboo forests than in the control (p < 0.05). The NAI concentrations were significantly
higher in the DL forest than in the control and NA forest in spring and summer (p < 0.05),
while in autumn and winter, it was the NAI concentrations in the NA forest that were
significantly higher than the DL forest and the control (p < 0.05).

Airborne bacterial levels were significantly lower (p < 0.05) in both bamboo forests
than in town open spaces in all seasons, indicating that bamboo forests have a significant
bactericidal effect (Figure 3E). The airborne bacterial content was significantly lower in
summer and autumn (p < 0.05) than in spring and winter in the NA forest, while that in
autumn was significantly lower (p < 0.05) than that in the other three seasons in the DL
forest. The airborne bacterial content of the NA forest was significantly lower than that
of the DL forest in summer (p < 0.05), but the opposite was true in winter. There was no
significant difference between the other two seasons. The airborne fungal content in the
bamboo forest was very different from the airborne bacterial content (Figure 3F), with
only the summer airborne fungal content of both bamboo forests being significantly lower
(p < 0.05) than that of the town open space. In spring and winter, the airborne fungal
content in the bamboo forests was significantly higher (p < 0.05) than that in the control.
However, the airborne fungal content of the NA forest was significantly lower than that of
the DL forest in spring, summer, and autumn (p < 0.05).

3.2.2. Daily Dynamic Change in PM2.5 and NAI

PM2.5 and NAI are the most relevant of the studied parameters to human recreation
and health effects. Therefore, the daily dynamics of PM2.5 and NAI were analyzed. Com-
bined with the current Environmental Air Quality Standards (GB3095-2012) issued by
China, the daily dynamic changes in PM2.5 were plotted (Figure 4). The daily dynamics
of PM2.5 were flat in spring and summer in both bamboo forests, fluctuated in autumn
and winter, with an overall decreasing trend during the day in autumn, and followed
a “V” shape in winter. The lowest value of PM2.5 in the daytime was mostly observed
between 11:00 and 13:00. The PM2.5 concentrations in the NA forest were lower than
those in the town open space during the recreation time in each season and below the
primary concentration limits (35 ug/m?3) of GB3095-2012. The PM2.5 concentrations in the
DL forest were below the primary concentration limits during all time periods except for
9:00 in winter and below the control most of the time. It is important to note that PM2.5
concentrations of the control were also below the primary concentration limit most of the
time, except during the winter.
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Figure 4. Diurnal variation in PM2.5 in four seasons in two kinds of clustered bamboo forests:
(A) spring; (B) summer; (C) autumn; (D) winter; (PM2.5) fine particulate matter concentration;
(NA) Neosinocalamus affinis forest; (DL) Dendrocalamus latiflorus forest. The red line is the primary
concentration limits of PM2.5 concentration in the recreation area.

The daily dynamic changes in NAI are shown in Figure 5. The daily dynamics of
the NAI concentration in the two bamboo forests were consistent in spring and summer,
showing a trend of first decreasing and then increasing. In contrast, the trends in winter
were the same in both bamboo forests, showing an increase followed by a decrease. The
NAI concentrations in both bamboo forests were higher than 1000 ions/cm?® in all the
periods in the NA forest. The NAI concentrations in the DL forest were also higher than
1000 ions/cm? in all the time periods except for 7:00~11:00 in winter, meeting the WHO
fresh air standard. It is worth mentioning that summer and autumn NAI concentrations in
the control were higher than the WHO fresh air standard, reflecting favorable recreational
conditions in the study area.
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Figure 5. Diurnal changes in the NAI concentrations in four seasons in two kinds of clustered bamboo
forests: (A) spring; (B) summer; (C) autumn; (D) winter; (NAI) negative air oxygen ion concentration;
(NA) Neosinocalamus affinis forest; (DL) Dendrocalamus latiflorus forest. The red line shows the minimum
standard required by the WHO for the concentration of negative oxygen ions in fresh air.

3.3. Dynamic Characteristics of Volatile Organic Compounds
3.3.1. Composition and Contents of Volatile Organic Compounds across Four Seasons in
Two Types of Clustered Bamboo Forests

The analysis of the composition and relative contents of biogenic volatile organic
compounds (BVOCs) showed that eight types of BVOCs were emitted from the two bamboo
forests (Figure 6). The main volatile compounds were alcohols, aldehydes, esters, and
ketones. The highest relative contents of alcohols were found in all four seasons in the
two clustered bamboo forests. The relative contents of alcohols in the four seasons were
66.85% (spring), 61.70% (summer), 40.58% (autumn), and 53.90% (winter) in the NA forest
and 64.61% (spring), 43.04% (summer), 66.22% (autumn), and 48.5% (winter) in the DL
forest. The next most abundant compounds in the DL forest across the four seasons were
aldehydes, with relative contents of 26.51% (spring), 42.04% (summer), 25.86% (autumn),
and 19.72% (winter). The next most abundant compounds in the NA forest were alkanes
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(9.07%) and terpenes (10.37%) in the spring and summer and aldehydes in the autumn
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Figure 6. Composition of volatiles of the two bamboo species in four seasons: (NA) Neosinocalamus
affinis forest; (DL) Dendrocalamus latiflorus forest.

3.3.2. Seasonal Variation Patterns of Major Volatiles of Two Species of Clustered Bamboo

The main compounds (relative content >1%) common to the two bamboo species in
the four seasons are shown in Figure 7. The compound with the highest relative contents
in spring, summer, and winter in the NA forest was leaf alcohol (cis-3-Hexen-1-ol), while
in autumn, it was 2-hexenal (23.07%). In contrast, in the DL forest, leaf alcohol had the
highest relative content in all four seasons. The main compounds in the NA forest were
leaf alcohol, 2-hexenal, and oct-1-en-3-ol. However, the main compounds in the DL forest
were leaf alcohol, 2-hexenal, and trans-2-Hexen-1-ol. It was worth mentioning that we did
not detect isoprene in the two bamboo forests.

The mean relative contents of the major compounds were calculated for both bamboo
forests for all four seasons. The compound with the highest mean relative content for all
four seasons in both bamboo forests was leaf alcohol, with contents of 29.31% in the NA
forest and 29.85% in the DL forest. The compound with the next highest mean relative
content was oct-1-en-3-ol for the NA forest (11.49%) and 2-hexenal for the DL forest (20.69%).
It is noteworthy that 2-hexenal was also present in the emissions of NA forest, accounting
for 9.53% of the contents sampled.
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Figure 7. Comparison of the main volatiles of the two species of bamboo in different seasons:
(A) spring; (B) summer; (C) autumn; (D) winter; (NA) Neosinocalamus affinis forest; (DL) Dendrocalamus
latiflorus forest.

4. Discussion
4.1. Thermal Environment of Two Bamboo Forests and Their Effect on Thermal Comfort

According to the physiological equivalent temperature (PET) values corresponding
to the thermal comfort perception [43], the periods of “slightly cool”, “comfortable”, and
“slightly warm” conditions are suitable for recreational activities. We found that the two
clustered bamboo forests have a good thermal environment in spring and summer because
they exhibit significant cooling and humidifying effects [44] and can weaken solar radiation
and wind speed [45], so the thermal conditions of both forests are in a comfortable range.
Studies have shown that urban forests with an area greater than 3000 m? and a canopy
density greater than 0.4 can exert significant cooling and humidifying effects [46], and the
area and canopy density of the two bamboo forests used in our experiment were much
larger than assumed based on the results of previous studies; therefore, these forests could
exert good cooling effect.

However, in autumn and winter, the two bamboo forests had different effects on
thermal comfort. The PET values of the N. affinis (NA) forest showed that conditions were
much less “comfortable” in autumn and winter than in the control most of the time. This
is undoubtedly related to the high canopy density of the NA forest. In terms of thermal
comfort, denser and better-covered forest green spaces are not always preferred because of
the negative effects of shading in winter [47]. In contrast, the D. latiflorus (DL) bamboo forest
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had a more comfortable thermal environment in autumn and winter, showing mitigation
and stabilization of cold stress. Under the same conditions, these differences are necessarily
related to the structure of the two bamboo stands. On the one hand, the canopy density
of the NA forest is higher than that of the DL forest, causing the forest canopy to block a
large amount of solar radiation, so the temperature inside the forest is lower. On the other
hand, the more spacious understory allows for easier air movement and heat exchange
between the inside and outside of the forest [48]. This reminds us that, in addition to the
canopy density, the understory structure of the forest may also be an important factor
affecting the thermal comfort within the forest, which provides a direction for creating a
more comfortable forest thermal environment or renewing overly depressed forests.
Although few scholars have used PET to study the bamboo forest environment, a
comparison with the comfort indexes calculated for other forests [44,49] revealed consistent
findings in terms of daily and seasonal dynamics of temperature and humidity, solar
radiation, and wind speed. Therefore, we believe that our findings are reasonable.

4.2. Differences in Health-Related Factors between the Two Bamboo Forests

The airborne particulate matter content was influenced by the status of pollution in the
regional environment, and the pattern of seasonal variation in both bamboo forests showed
high particulate matter levels in winter and low particulate matter levels in summer,
followed by spring and autumn, which was consistent with most cities in China [50].
Additionally, the airborne suspended particulate matter concentrations in both bamboo
forests were significantly lower than those in the control, and the airborne particulate matter
concentrations in the NA forest were significantly lower than those in the DL forest in all
seasons, except for PM2.5 concentration in autumn. Tree dust retention is influenced by
canopy type, branch density, and foliage [51]. Due to the similarities in leaf size and external
morphology between the two bamboo species, we speculated that the higher degree of
canopy density, planting density, and lower under-branching height of NA bamboo forests
were the main reasons for their effectiveness in dust retention [52,53].

Negative ions are generated by forest trees through the ionization of the air by the
photoelectric effect formed by the discharge of the tips of the leaves and branches and the
photosynthesis of green plants. In this study, the negative oxygen ion contents of the two
bamboo forests were higher than that of the control plot, showing high in spring, summer,
and autumn and low in winter, which is consistent with studies in other forests [54,55]. The
negative oxygen ion concentration in the DL forest was significantly higher than that in the
NA forest in spring and summer, while the opposite was in autumn and winter. Compared
to previous studies, the NAI levels in our two bamboo forests were not as high as the
concentrations in other studies [54,56]. This may be due to the high canopy density of the two
bamboo forests, which prevented photosynthesis to some extent, resulting in fewer negative
oxygen ions [57]. Previous studies have also shown that the negative oxygen ions in the forest
decrease within a certain range when the canopy density is greater than 0.8 [58].

Previous studies have shown that forest greenery has a good inhibitory effect on bacterial
growth [59,60], which is consistent with the results of the present study. However, in the
present study, the airborne fungal levels in the winter and spring in the two bamboo forests
were higher than those in the control. Similar results have been found in other related
studies [61,62]. We speculate that this may be due to the fact that most airborne fungi originate
from plants [63] and soil [64] and the higher humidity [65] of the bamboo forests in spring and
winter. However, some relevant studies have shown that green areas can significantly reduce
the number of potentially pathogenic bacterial and fungal species [66]. Previous studies
have also reported that forests or meadows can provide some protection against allergies
and asthma [67]. However, given that fungal spores are an important cause of allergies and
asthma [68,69]. Hence, the impact of specific forest environments on respiratory diseases
remains a topic for further research. In conjunction with our study, we suggest that people
with a history of related diseases should consider avoiding visiting areas with abundant
greenery, such as forests, during the high-humidity season.
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Combining the current ambient air quality standards issued by China and WHO, we
found that the air quality in the forest met the appropriate recreational standards in all
seasons except winter when the air particle concentration and microbial content were high.
The suitable time periods for recreational activities in both bamboo forests are concentrated
in spring, summer, and autumn, while winter is not suitable for recreational activities.
The results from recreational forest studies in other regions echoed this. For example,
people were less willing to visit winter forests than in other seasons [70,71] or rated forest
benefits lower [72]. In the future, different recreational activities can be suggested within
the bamboo forests according to the suitable times and different needs of recreationists.
For example, outdoor sports with strong metabolic requirements are recommended for
spring and autumn because these periods are cooler; in summer, static recreational activities
such as meditation and yoga are recommended [73] to best take advantage of the healing
conditions of the bamboo forest at this time.

Previous studies of biogenic volatile organic compounds (BVOCs) have focused on
pine and cypress [74,75] and flowers [76,77], which emit BVOCs, including isoprene,
terpenoids, alkanes, ketones, acids, and aldehydes. In this study, the BVOCs from two
clustered bamboo forests were dynamically monitored and analyzed, and it was found that
the BVOCs from the clustered bamboo forests were mainly alcohols and aldehydes, with
leaf alcohol and 2-hexenal having high relative contents. Previous studies have shown that
there are differences between the BVOCs emitted by different plant species and vegetation
types [78]. The results of this paper also differed somewhat from those obtained for other
bamboo plants [29,79]. However, the lack of high levels of isoprene detected in the two
clustered bamboo forests may also be due to the different research methods used, as
previous results of solid-phase microextraction for BVOCs generally showed lower levels of
isoprene [76,80]. Although isoprene has little reported health benefits, it has previously been
reported as a volatile found in large quantities in bamboo plants [29]. The dependence of
isoprene emission on light and temperature has previously been reported [81]. In fact, most
BVOC emissions were temperature dependent [82], so BVOCs dissolved or stored in plant
cells can be collected by heating and microextraction of the headspace. However, isoprene
was formed through the methylerythritol 4-phosphate pathway in the leaf chloroplasts by
photosynthesis intermediates and was released immediately after production [81]. The
bamboo leaves in this study were kept at low temperatures and protected from light
during collection to laboratory analysis, which explains the non-detection of isoprene in
this study. Other researchers have also detected significant amounts of alcohol in moso
bamboo stands [83,84], which is similar to the results of the present study. There was little
difference in the types of BVOCs between the two clustered bamboo forests, probably
because both are clustered bamboo forests with similar distribution areas and are less
influenced by environmental factors [85]. The main components of BVOCs in the two
bamboo forests were leaf alcohol, 2-hexenal, oct-1-en-3-0l, and trans-2-Hexen-1-ol, which
are volatile essential oils with aromas of grass, lavender, or fruit. Among them, leaf alcohol,
3-hexenal, and 2-hexenal all have a grassy odor [86,87], and studies have shown that when
mixed together, these three can reduce the amplitude value of alpha waves in the human
brain, thus reducing the feeling of depression [88]; linalool was also detected in the two
bamboo groves, and this substance slows the heart rate and relieves tension [89]. This
suggests that the two clustered bamboo forests have good healing effects.

4.3. Limitations

Firstly, the thermal comfort of two bamboo forests was evaluated in this paper. Both
forests studied have a high degree of coverage, which blocks most of the solar radiation.
Therefore, in this instance, the back radiation from the ground was not taken into account.
However, for further study of forest thermal environments in the future, more environmen-
tal and radiation parameters need to be considered, as well as more powerful indicators,
such as UTCI, to evaluate and compare the thermal environments of different forests.
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Furthermore, while the recreational conditions of two recreational bamboo forests were
evaluated based on thermal comfort and multiple health-related factors, this paper primarily
focuses on their level and seasonal change patterns. In the future, individual indicators can
be further quantified, such as using headspace dynamic sampling to calculate the emissions
of beneficial BVOCs from different forests. On the other hand, it is important to consider
subjective surveys of a large number of visitor samples, which can be combined with the
measured data to synthesize the comprehensive recreational conditions of the forests.

5. Conclusions

In this paper, the temporal variation characteristics of thermal comfort and health-
related factors in two clustered bamboo forests, N. affinis forest and D. latiflorus forest, were
explored. The results of the study showed that the integrated heat index of the two bamboo
forests was within the comfort zone for most of the spring, summer, and autumn seasons,
with a comfortable thermal environment. The negative air oxygen ions and airborne
particulate matter concentrations in both bamboo forests met the clean air standard for all
four seasons, and airborne bacteria concentrations were lower than the control in all seasons.
The biogenic volatile organic compounds emitted from the two bamboo forests contained
a variety of health benefits. This supports the first part of the hypothesis that clustered
bamboo forests have a good thermal environment and health-related factors, except for
winter. The N. affinis forest showed positive thermal effect only in spring and summer but
negative thermal effect in autumn and winter, while the D. latiflorus forest showed positive
thermal effect in all seasons. The overall pattern of change in health-related factors in the
two bamboo forests was similar, but there were several differences in the health-related
factors of the two bamboo forests by one-way ANOVA. These support the second part
of the hypothesis that clustered bamboo forests have varied thermal environment and
health-related factors in different seasons.

Finally, this study complements the ecosystem service of bamboo forests, especially forest
thermal environment and forest health ecological services, and the results can provide a reference
for forest thermal environment management and recreational bamboo forest development.
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Nomenclature

PET physiological equivalent temperature (°C)
BVOCs Dbiogenic volatile organic compounds

NAI negative air oxygen ions (ions/cm?)

TSP total suspended particulate (ug/cm?)

PM10 coarse particulate matter (pg/cm3)
PM2.5 fine particulate matter (ug/cm?)

NA Neosinocalamus affivis (Rendle) Keng f
DL Dendrocalanaes latiflorus Munro

DBH diameter at breast height (cm)
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