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Abstract: Soil temperature plays an important role in soil respiration, which is related to the atmo-
spheric carbon cycle. In addition to its own physical and chemical properties, soil temperature is also
influenced by external environmental factors, including plants. Therefore, it is relevant to explore
the relationship between plant characteristics and soil temperature. This study was conducted in
Hangzhou, China. The influence of canopy structural characteristics of bamboo communities on
soil temperature was investigated in detail by means of field measurements. In summer, the canopy
structure of bamboo communities reduced the soil temperature by up to 3.0–3.8 ◦C, 2.4–3.4 ◦C,
and 2.3–3.0 ◦C at 5 cm, 10 cm, and 20 cm, respectively. In winter, the canopy structure of bamboo
communities increased soil temperature by up to 0.1–0.4 ◦C, 0.1–0.6 ◦C, and 0.2–0.7 ◦C at 5 cm,
10 cm, and 20 cm, respectively. The leaf area index and canopy cover significantly affected the soil
temperature, while the effect of the sky view factor was minimal compared to other factors. We
also discovered that soil temperatures at different depths interact and are influenced by the air
temperature. These findings provide a more reasonable bamboo canopy plan to improve the urban
environment effectively.
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1. Introduction

With rapid urbanization and the expansion of urban areas, the atmospheric CO2
content of greenhouse gases has dramatically increased due to the impact of human
activities, leading to global warming [1–5]. Global warming is an abnormal climatic
phenomenon and a serious environmental problem; thus, it has become the focus of research
in global climatology and ecology. Global warming not only increases the occurrence of
natural disasters, but also leads to an increase in the prevalence and severity of infectious
diseases [6–11]. The most effective measure to combat global climate change is to control
carbon emissions. The world’s soils, which serve as a large reservoir of reactive carbon
and an important source of atmospheric carbon dioxide, have an organic carbon storage of
approximately 1500 Pg C, which are essential for regulating the global carbon cycle and
minimizing the greenhouse effect [12–15]. Estimated at approximately 77 × 1015 gC/y,
soil respiration is the main process of carbon release in ecosystems [16]. Many studies
have proven that soil temperature (ST) is a vital factor in soil respiration and a feature
that significantly affects biological events and guides physical and chemical processes in
soil [17–22].

Previous studies show that soil temperature is affected by various factors such as
time, meteorological conditions, soil depth, soil type, land cover type, precipitation, and
topography [23–28]. However, its surrounding environment also has a significant influence,
especially the plants above. Many studies have revealed that vegetation is crucial in the
temporal and spatial changes in soil heat [26,29]. Hashimoto et al. investigated how
vegetation changes ST and discovered that the annual mean ST at depths of 0.5 m, 1.0 m,
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2.0 m, and 3.0 m increased by approximately 2.2 ◦C, 2.0 ◦C, 1.7 ◦C, and 1.4 ◦C, respectively,
after clear-cutting. He reported that the maximum ST also increased by approximately
3.2 ◦C, 3.0 ◦C, 2.2 ◦C, and 1.8 ◦C, respectively [30]. Ni et al. compared the ST of tree-covered
flat ground, grass-covered ground, and bare flat ground for reference based on an ST of
0.35–2.3 m. The results showed that the ST of tree-covered flat ground was always lower
than its air temperature (AT) and the bare flat ground’s ST. In addition, due to the existence
of tree crowns, the ST fluctuation of tree-covered flat ground (18.5–31.1 ◦C) is smaller than
that of bare soil (19–38.7 ◦C) [31]. In addition, there were scholars who discovered that plant
coverage and the leaf area index (LAI) significantly affected ST. Throughout the growing
season, compared with sites with a low LAI, sites with a high LAI had STs that were 7 ◦C
lower and surface temperatures that were 6 ◦C lower [32]. Few detailed attempts have been
made to directly understand the internal relationship between the correlation factors of
plants and ST, such as the LAI, canopy coverage (CC), and sky view factor (SVF). However,
few studies have been conducted from the different seasonal perspectives of summer and
winter; previous studies focused mainly on summer.

Bamboo is a distinct plant type in subtropical and tropical areas, with more than
70 genera and 1200 species in the world, mainly distributed in tropical and subtropical
regions. China is the country with the richest bamboo resources, ranking first in the
world in terms of bamboo species, bamboo area, and bamboo accumulation. At present,
China has more than 500 bamboo species in 39 genera and an area of over 500 million
hectares, accounting for a quarter of the world’s bamboo area [33–35]. As bamboo has the
characteristics of fast growth, high yield, strong adaptability, and rich cultural connotation,
it has been widely utilized in the construction of urban and rural green spaces in recent
years. Research on soil erosion control, water conservation, land rehabilitation, carbon
sequestration, and sustainable materials for a green building construction based on bamboo
has gradually attracted the attention of scholars worldwide [36,37]. In addition, the research
on the thermal comfort of bamboo stands has increased in recent years, and some correlation
function models have also been developed [38]. More studies on the diurnal variation in
the ST of bamboo communities in urban green spaces and the effects of community canopy
structure are thus necessary.

Given the above issues, to provide insights into ameliorating the urban bamboo
landscape using planning and design strategies, in the present work, we analyzed the
daily variation characteristics of soil temperature in different bamboo communities and
compared the differences in soil temperature in different communities, from which we
explored the influence of canopy structure characteristics (LAI, CC, and SVF) of bamboo
communities on soil temperature changes. The objectives of this study were (1) to determine
the daily variation characteristics of AT and ST at different depths in different bamboo
communities; (2) to determine the correlations between the ST of different bamboo species
and the community canopy structure; and (3) to determine the change rule of the ST of
bamboo under the influence of the community canopy structure in different seasons. Thus,
we explored the main factors that cause differences among bamboo communities.

2. Materials and Methods
2.1. Study Area

Hangzhou (29◦11′–30◦33′ N, 118◦21′–120◦30′ E), the capital of Zhejiang Province, is
situated in the Yangtze River delta, and is of type Cfa in the Köppen–Geiger climatic
division [39]. Hangzhou has a monsoon climate with hot summers and cold winters. In
Hangzhou, the annual average temperature is 16.5 ◦C, and the average annual precipitation
is 1454.6 mm, most of which falls in summer. July is the hottest month, with a mean
AT above 28.4 ◦C, and January is the coldest month, with a mean AT below 4.3 ◦C. The
predominant wind direction in summer is southeast to northwest, and the reverse occurs
during winter.

This study was conducted in Bamboo Culture Park in the southwestern region of
Lin’an district, Hangzhou, which encompasses a total area of 70 ha (Figure 1). The main
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plants are members of the Bambusoideae, including 20 genera and 120 species of bamboo
(consisting of different varieties). There are multiple pure forest communities of single
bamboo species, which is a good place to explore the ecological benefits of different bamboo
species. The soil type in this park consists mainly of paddy soil [40]. According to the
application status of bamboo in East China, we selected 9 sample sites of the most common
bamboo communities and set the control check (CK) site in unshaded lawn. Detailed
parameters of bamboo communities are shown in Table 1. Their areas exceeded 900 m2

and their ages were similar. The distance to each edge of the community was greater than
15 m, the distance from the water bodies was greater than 30 m, and the distance from the
road was greater than 15 m. To eliminate the interference of other environmental factors,
the sample community was selected in the same area adjacent to the other area, and the
analyzed bamboo communities comprised a single species. The clearing of dead leaves
and other fallen objects could reduce the impact of respiration on the ST. The surface of
the soils was exposed, no weeds were present, and the soil moisture contents of each area
were equal.
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Figure 1. Map of the study area and measurement sites.

2.2. Field Measurements

The AT was measured at a distance of 1.5 m above the ground with a humidity/temperature
sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 ◦C/±10–95%). The ST was
measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 ◦C/±0.3%)
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView
2.1 SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the
LAI, SVF, and CC of the plant communities. As the bamboos we investigated belong to
evergreen plants, the canopy parameters in winter and summer are consistent by default.

All monitoring was carried out on continuous test days with clear sky, no wind,
and similar basic weather conditions (AT, wind velocity, and air quality) in summer
(25–27 July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteo-
rological factors, such as cloudiness, precipitation, and wind. Temperature measurements
were conducted once every two hours from 8:00 to 18:00 every day and continuously for
three days. The measurement points were set in the center of each community, and another
four readings in the cardinal directions were collected at a distance of 5 m from the center
point in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the
communities were obtained by averaging the measured data at each measurement point.
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The ST and AT were measured using the same instruments and methods at the control (CK)
site in the unshaded lawn.

Table 1. Morphological indicators, canopy structure data, and photos of bamboo communities.
AH: average height (m); DBH: diameter at breast height (cm); PD: planting density (T·m−2), T: tree;
LAI: leaf area index; CC: canopy coverage (%); SVF: sky view factor (%).

Bamboo Communities Morphological Indicators Canopy Structure Fish-Eye
PhotosAH DBH PD LAI CC SVF

Atmosphere 2023, 14, x FOR PEER REVIEW 3 of 17 
 

 

predominant wind direction in summer is southeast to northwest, and the reverse occurs 
during winter. 

This study was conducted in Bamboo Culture Park in the southwestern region of 
Lin’an district, Hangzhou, which encompasses a total area of 70 ha (Figure 1). The main 
plants are members of the Bambusoideae, including 20 genera and 120 species of bamboo 
(consisting of different varieties). There are multiple pure forest communities of single 
bamboo species, which is a good place to explore the ecological benefits of different bam-
boo species. The soil type in this park consists mainly of paddy soil [40]. According to the 
application status of bamboo in East China, we selected 9 sample sites of the most com-
mon bamboo communities and set the control check (CK) site in unshaded lawn. Detailed 
parameters of bamboo communities are shown in Table 1. Their areas exceeded 900 m2 
and their ages were similar. The distance to each edge of the community was greater than 
15 m, the distance from the water bodies was greater than 30 m, and the distance from the 
road was greater than 15 m. To eliminate the interference of other environmental factors, 
the sample community was selected in the same area adjacent to the other area, and the 
analyzed bamboo communities comprised a single species. The clearing of dead leaves 
and other fallen objects could reduce the impact of respiration on the ST. The surface of 
the soils was exposed, no weeds were present, and the soil moisture contents of each area 
were equal. 

 
Figure 1. Map of the study area and measurement sites. 

Table 1. Morphological indicators, canopy structure data, and photos of bamboo communities. AH: 
average height (m); DBH: diameter at breast height (cm); PD: planting density (T·m−2), T: tree; LAI: 
leaf area index; CC: canopy coverage (%); SVF: sky view factor (%). 

Bamboo Communities 

Morphological Indicators Canopy Structure 
Fish-Eye 
Photos AH DBH PD LAI CC SVF 

 

Phyllostachys praecox 

‘Prevernalis’ (PP) 
4.5 4.2 3.5 1.60 74.3 17.8 

 

Phyllostachys praecox
‘Prevernalis’ (PP) 4.5 4.2 3.5 1.60 74.3 17.8

Atmosphere 2023, 14, x FOR PEER REVIEW 3 of 17 
 

 

predominant wind direction in summer is southeast to northwest, and the reverse occurs 
during winter. 

This study was conducted in Bamboo Culture Park in the southwestern region of 
Lin’an district, Hangzhou, which encompasses a total area of 70 ha (Figure 1). The main 
plants are members of the Bambusoideae, including 20 genera and 120 species of bamboo 
(consisting of different varieties). There are multiple pure forest communities of single 
bamboo species, which is a good place to explore the ecological benefits of different bam-
boo species. The soil type in this park consists mainly of paddy soil [40]. According to the 
application status of bamboo in East China, we selected 9 sample sites of the most com-
mon bamboo communities and set the control check (CK) site in unshaded lawn. Detailed 
parameters of bamboo communities are shown in Table 1. Their areas exceeded 900 m2 
and their ages were similar. The distance to each edge of the community was greater than 
15 m, the distance from the water bodies was greater than 30 m, and the distance from the 
road was greater than 15 m. To eliminate the interference of other environmental factors, 
the sample community was selected in the same area adjacent to the other area, and the 
analyzed bamboo communities comprised a single species. The clearing of dead leaves 
and other fallen objects could reduce the impact of respiration on the ST. The surface of 
the soils was exposed, no weeds were present, and the soil moisture contents of each area 
were equal. 

 
Figure 1. Map of the study area and measurement sites. 

Table 1. Morphological indicators, canopy structure data, and photos of bamboo communities. AH: 
average height (m); DBH: diameter at breast height (cm); PD: planting density (T·m−2), T: tree; LAI: 
leaf area index; CC: canopy coverage (%); SVF: sky view factor (%). 

Bamboo Communities 

Morphological Indicators Canopy Structure 
Fish-Eye 
Photos AH DBH PD LAI CC SVF 

 

Phyllostachys praecox 

‘Prevernalis’ (PP) 
4.5 4.2 3.5 1.60 74.3 17.8 

 

Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 17 
 

 

 

Phyllostachys aureosulcata 

‘Spectabilis’ (PAS) 5.3 2.0 9.2 1.35 68.2 20.4 

 

 

Phyllostachys nigra (PN) 4.7 1.1 9.2 1.15 62.0 30.2 

 

 

Sinobambusa tootsik var.  
laeta (ST) 5.0 1.8 15.8 2.61 85.1 14.5 

 

 

Indosasa gigantea (IG) 7.4 3.8 6.8 1.67 76.6 22.3 

 

 

Phyllostachys bambusoides f. 

lacrima-deae (PB) 7.0 3.0 6.0 1.66 73.5 18.1 

 

 

Oligostachyum lubricum (OL) 3.7 0.8 15.2 1.47 72.8 21.3 

 

 

Pseudosasa amabilis (PA) 5.0 1.9 21.0 2.32 86.7 14.5 

 

 

Phyllostachys heterocycla 

‘Pubescens’ (PH) 
8.9 8.3 2.0 1.33 72.3 26.3 

 

 

Unshaded lawn (CK) / / / 0.49 91.0 76.0 / 

2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 

Phyllostachys aureosulcata
‘Spectabilis’ (PAS) 5.3 2.0 9.2 1.35 68.2 20.4

Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 17 
 

 

 

Phyllostachys aureosulcata 

‘Spectabilis’ (PAS) 5.3 2.0 9.2 1.35 68.2 20.4 

 

 

Phyllostachys nigra (PN) 4.7 1.1 9.2 1.15 62.0 30.2 

 

 

Sinobambusa tootsik var.  
laeta (ST) 5.0 1.8 15.8 2.61 85.1 14.5 

 

 

Indosasa gigantea (IG) 7.4 3.8 6.8 1.67 76.6 22.3 

 

 

Phyllostachys bambusoides f. 

lacrima-deae (PB) 7.0 3.0 6.0 1.66 73.5 18.1 

 

 

Oligostachyum lubricum (OL) 3.7 0.8 15.2 1.47 72.8 21.3 

 

 

Pseudosasa amabilis (PA) 5.0 1.9 21.0 2.32 86.7 14.5 

 

 

Phyllostachys heterocycla 

‘Pubescens’ (PH) 
8.9 8.3 2.0 1.33 72.3 26.3 

 

 

Unshaded lawn (CK) / / / 0.49 91.0 76.0 / 

2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 

Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 17 
 

 

 

Phyllostachys aureosulcata 

‘Spectabilis’ (PAS) 5.3 2.0 9.2 1.35 68.2 20.4 

 

 

Phyllostachys nigra (PN) 4.7 1.1 9.2 1.15 62.0 30.2 

 

 

Sinobambusa tootsik var.  
laeta (ST) 5.0 1.8 15.8 2.61 85.1 14.5 

 

 

Indosasa gigantea (IG) 7.4 3.8 6.8 1.67 76.6 22.3 

 

 

Phyllostachys bambusoides f. 

lacrima-deae (PB) 7.0 3.0 6.0 1.66 73.5 18.1 

 

 

Oligostachyum lubricum (OL) 3.7 0.8 15.2 1.47 72.8 21.3 

 

 

Pseudosasa amabilis (PA) 5.0 1.9 21.0 2.32 86.7 14.5 

 

 

Phyllostachys heterocycla 

‘Pubescens’ (PH) 
8.9 8.3 2.0 1.33 72.3 26.3 

 

 

Unshaded lawn (CK) / / / 0.49 91.0 76.0 / 

2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 

Phyllostachys nigra (PN) 4.7 1.1 9.2 1.15 62.0 30.2

Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 17 
 

 

 

Phyllostachys aureosulcata 

‘Spectabilis’ (PAS) 5.3 2.0 9.2 1.35 68.2 20.4 

 

 

Phyllostachys nigra (PN) 4.7 1.1 9.2 1.15 62.0 30.2 

 

 

Sinobambusa tootsik var.  
laeta (ST) 5.0 1.8 15.8 2.61 85.1 14.5 

 

 

Indosasa gigantea (IG) 7.4 3.8 6.8 1.67 76.6 22.3 

 

 

Phyllostachys bambusoides f. 

lacrima-deae (PB) 7.0 3.0 6.0 1.66 73.5 18.1 

 

 

Oligostachyum lubricum (OL) 3.7 0.8 15.2 1.47 72.8 21.3 

 

 

Pseudosasa amabilis (PA) 5.0 1.9 21.0 2.32 86.7 14.5 

 

 

Phyllostachys heterocycla 

‘Pubescens’ (PH) 
8.9 8.3 2.0 1.33 72.3 26.3 

 

 

Unshaded lawn (CK) / / / 0.49 91.0 76.0 / 

2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 

Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 17 
 

 

 

Phyllostachys aureosulcata 

‘Spectabilis’ (PAS) 5.3 2.0 9.2 1.35 68.2 20.4 

 

 

Phyllostachys nigra (PN) 4.7 1.1 9.2 1.15 62.0 30.2 

 

 

Sinobambusa tootsik var.  
laeta (ST) 5.0 1.8 15.8 2.61 85.1 14.5 

 

 

Indosasa gigantea (IG) 7.4 3.8 6.8 1.67 76.6 22.3 

 

 

Phyllostachys bambusoides f. 

lacrima-deae (PB) 7.0 3.0 6.0 1.66 73.5 18.1 

 

 

Oligostachyum lubricum (OL) 3.7 0.8 15.2 1.47 72.8 21.3 

 

 

Pseudosasa amabilis (PA) 5.0 1.9 21.0 2.32 86.7 14.5 

 

 

Phyllostachys heterocycla 

‘Pubescens’ (PH) 
8.9 8.3 2.0 1.33 72.3 26.3 

 

 

Unshaded lawn (CK) / / / 0.49 91.0 76.0 / 

2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 

Sinobambusa tootsikvar.
laeta (ST) 5.0 1.8 15.8 2.61 85.1 14.5

Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 17 
 

 

 

Phyllostachys aureosulcata 

‘Spectabilis’ (PAS) 5.3 2.0 9.2 1.35 68.2 20.4 

 

 

Phyllostachys nigra (PN) 4.7 1.1 9.2 1.15 62.0 30.2 

 

 

Sinobambusa tootsik var.  
laeta (ST) 5.0 1.8 15.8 2.61 85.1 14.5 

 

 

Indosasa gigantea (IG) 7.4 3.8 6.8 1.67 76.6 22.3 

 

 

Phyllostachys bambusoides f. 

lacrima-deae (PB) 7.0 3.0 6.0 1.66 73.5 18.1 

 

 

Oligostachyum lubricum (OL) 3.7 0.8 15.2 1.47 72.8 21.3 

 

 

Pseudosasa amabilis (PA) 5.0 1.9 21.0 2.32 86.7 14.5 

 

 

Phyllostachys heterocycla 

‘Pubescens’ (PH) 
8.9 8.3 2.0 1.33 72.3 26.3 

 

 

Unshaded lawn (CK) / / / 0.49 91.0 76.0 / 

2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.2. Field Measurements 
The AT was measured at a distance of 1.5 m above the ground with a humidity/tem-

perature sensor (Tes-1365, Taipei, Taiwan; TA/RH accuracy = ±0.5 °C/±10–95%). The ST 
was measured using a thermometer (Tes-1310, Taipei, Taiwan; ST accuracy = ±1 °C/±0.3%) 
(recording depths of 5 cm, 10 cm, and 20 cm). In addition, we utilized the HemiView 2.1 
SR5 plant canopy analysis system (Delta-T Devices Ltd., Burwell, UK) to measure the LAI, 
SVF, and CC of the plant communities. As the bamboos we investigated belong to ever-
green plants, the canopy parameters in winter and summer are consistent by default. 

All monitoring was carried out on continuous test days with clear sky, no wind, and 
similar basic weather conditions (AT, wind velocity, and air quality) in summer (25–27 
July 2017) and winter (8–10 December 2017) to avoid the potential impact of meteorolog-
ical factors, such as cloudiness, precipitation, and wind. Temperature measurements were 
conducted once every two hours from 8:00 to 18:00 every day and continuously for three 
days. The measurement points were set in the center of each community, and another four 
readings in the cardinal directions were collected at a distance of 5 m from the center point 
in the east, south, west, and north directions. The ST, AT, LAI, CC, and SVF of the com-
munities were obtained by averaging the measured data at each measurement point. The 
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2.3. Data Analysis

To analyze and compare the parameters of the different plant communities at different
dates and different times, it is necessary to standardize the AT and ST concentrations with
the following methods:

Airtemperaturedifference (◦C) : deltaAT = ATCK − ATsp (1)

Soiltemperaturedifference (◦C) : deltaST = STCK − STsp (2)

Soiltemperaturechangerate : deltaSTsp% =
(
STCK − STsp

)
/STCK × 100% (3)

where CK represents control sites in the unshaded lawn and sp represents sampling sites in
the community.

One-way analysis of variance (ANOVA) was performed to test the comparison of
AT and ST between experimental groups and the CK, and multiple comparisons were
made using the LSD method. Coefficients of variation and daily average means of canopy
structural characteristics (LAI, CC, and SVF) and ST (ST5, ST10, and ST20) were analyzed
using ANOVA tests. Significant ANOVAs (p < 0.05) were followed by the LSD multiple
comparison test (p < 0.05) to perform multiple comparisons of means. A simple linear
regression was further developed to examine the relationship and trend between different
depths of ST (recording depths of 5 cm, 10 cm, and 20 cm) and AT, LAI, CC, and SVF.
Multivariate regression analysis was employed to quantify the relative contributions of
different canopy structural characteristics to ST (ST5, ST10, and ST20) at different times in
summer and winter.

All statistical analyses were performed using SPSS 27.0.1 software; p values < 0.05
were regarded as statistically significant.

3. Results
3.1. Air Temperature

During summer daytime, from the data shown in Figure 2 and Table 2, compared
with the CK, in the unshaded lawn, the nine experimental groups all had lower AT, which
was especially evident during the highest-temperature period of the day (12:00–14:00).
During the observation time, the AT of the nine bamboo communities and the CK showed
unimodal variation, which increased but then decreased. Among the nine experimental
groups, the average deltaAT ranged from 1.5 to 2.6 ◦C, with a mean of 2.0 ◦C. The maximum
deltaAT was obtained in group PA, and the lowest average deltaAT was in group PN.
The average daily temperature of the nine bamboo communities followed the order of
PN > PAS/PH > OL > PB > PP/IG > ST > PA. The average temperature at 14:00 followed
the order of PN > PAS > PH > OL > PP > PB > IG > ST > PA, while the cooling rate followed
the order of PA > ST > IG > PP > PB > OL > PH > PAS > PN.

Atmosphere 2023, 14, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 2. The diurnal variation in the AT of the different communities in summer (a) and winter (b). 

The results of the one-way ANOVA of the daily average AT of the different bamboo 
communities and the CK in a day (Figure 3) showed that there was a significant difference 
in the daily average temperature between the bamboo communities and the CK during 
summer (LSD multiple comparison, p < 0.01) and in winter; only ST and PA have signifi-
cant heat preservation functions in winter compared to CK. The results indicate that the 
bamboo communities have a significant cooling effect in summer and a certain heat 
preservation function in winter. Overall, the thermal performance difference in summer 
was clearly higher than that in winter. 

 
Figure 3. The average daily AT of the different bamboo communities and the CK in summer (a) and 
winter (b). The letters above the columns are multiple comparisons between the different commu-
nities (Tukey significant difference test; different letters mean significant differences, p < 0.01). 

Table 2. Comparison of AT and ST in the different communities in summer. 

Temperature PP PAS PN ST IG PB OL PA PH CK 

AT/°C 

X 36.2 36.6 36.8 35.9 36.2 36.3 36.4 35.7 36.6 38.3 
α 38.8 39.2 39.4 38.2 38.3 38.7 39.0 38.1 39.1 40.9 
β1 2.1 1.7 1.5 2.4 2.1 2.0 1.9 2.6 1.7 / 
γ 5.5 4.4 4.0 6.4 5.7 5.2 5.1 6.8 4.7 / 

ST5/°C 

X 27.6 27.5 27.5 26.9 27.4 27.4 27.7 27.0 27.6 30.7 
α 28.0 28.1 28.1 27.4 28.0 28.0 28.2 27.5 28.0 31.8 
β2 3.1 3.2 3.2 3.8 3.3 3.3 3.0 3.7 3.1 / 
γ 10.0 10.3 10.3 12.3 10.5 10.5 9.6 11.9 9.9 / 

ST10/°C 

X 26.6 26.7 26.8 26.1 26.3 26.4 27.0 26.1 26.7 29.5 
α 27.0 27.3 27.2 26.4 26.7 26.8 27.3 26.4 27.0 30.3 
β2 2.9 2.8 2.7 3.4 3.2 3.1 2.5 3.4 2.8 / 
γ 9.7 9.4 9.0 11.5 10.7 10.4 8.3 11.4 9.6 / 

ST20/°C 

X 25.0 25.3 25.2 24.7 25.0 25.0 25.5 24.8 25.1 27.7 
α 25.1 25.5 25.3 24.8 25.2 25.2 25.8 24.9 25.2 28.2 
β2 2.7 2.4 2.5 3.0 2.7 2.7 2.2 2.9 2.6 / 
γ 9.9 8.6 9.3 10.9 9.9 10.0 8.1 10.8 9.7 / 

X: diurnal mean value; α: 14:00 mean value; α: 18:00 mean value; β1: air temperature difference; β2: 
soil temperature difference; γ: soil temperature changing rate (%). AT: air temperature; ST5: 5 cm 
depth of soil temperature; ST10: 10 cm depth of soil temperature; ST20: 20 cm depth of soil tempera-
ture. 

Figure 2. The diurnal variation in the AT of the different communities in summer (a) and winter (b).



Atmosphere 2023, 14, 445 6 of 17

Table 2. Comparison of AT and ST in the different communities in summer.

Temperature PP PAS PN ST IG PB OL PA PH CK

AT/◦C

X 36.2 36.6 36.8 35.9 36.2 36.3 36.4 35.7 36.6 38.3
α 38.8 39.2 39.4 38.2 38.3 38.7 39.0 38.1 39.1 40.9
β1 2.1 1.7 1.5 2.4 2.1 2.0 1.9 2.6 1.7 /
γ 5.5 4.4 4.0 6.4 5.7 5.2 5.1 6.8 4.7 /

ST5/◦C

X 27.6 27.5 27.5 26.9 27.4 27.4 27.7 27.0 27.6 30.7
α 28.0 28.1 28.1 27.4 28.0 28.0 28.2 27.5 28.0 31.8
β2 3.1 3.2 3.2 3.8 3.3 3.3 3.0 3.7 3.1 /
γ 10.0 10.3 10.3 12.3 10.5 10.5 9.6 11.9 9.9 /

ST10/◦C

X 26.6 26.7 26.8 26.1 26.3 26.4 27.0 26.1 26.7 29.5
α 27.0 27.3 27.2 26.4 26.7 26.8 27.3 26.4 27.0 30.3
β2 2.9 2.8 2.7 3.4 3.2 3.1 2.5 3.4 2.8 /
γ 9.7 9.4 9.0 11.5 10.7 10.4 8.3 11.4 9.6 /

ST20/◦C

X 25.0 25.3 25.2 24.7 25.0 25.0 25.5 24.8 25.1 27.7
α 25.1 25.5 25.3 24.8 25.2 25.2 25.8 24.9 25.2 28.2
β2 2.7 2.4 2.5 3.0 2.7 2.7 2.2 2.9 2.6 /
γ 9.9 8.6 9.3 10.9 9.9 10.0 8.1 10.8 9.7 /

X: diurnal mean value; α: 14:00 mean value; α: 18:00 mean value; β1: air temperature difference; β2: soil
temperature difference; γ: soil temperature changing rate (%). AT: air temperature; ST5: 5 cm depth of soil
temperature; ST10: 10 cm depth of soil temperature; ST20: 20 cm depth of soil temperature.

During the winter daytime (Figure 2 and Table 3), the AT of the CK group was initially
lower than that of the experimental groups, and then was slightly higher than that of
the experimental groups from 12:00 to 16:00. After sunset, the AT of the CK group was
gradually lower than that of the experimental groups. Similar to summer, the AT of all
groups showed a trend of rising and then falling. Among the nine experimental groups,
groups ST and PA had a maximum deltaAT of 0.5 ◦C and a minimum deltaAT (0 ◦C) in
area PAS. The average daily temperature of the nine bamboo communities followed the
order of ST/PA > PP/OL > IG/PB > PAS > PN > PH. The average temperature at 18:00
followed the order of PP > ST > PA > OL > IG > PAS/PN > PB > PH, while the height of
the temperature rise followed the order of ST > PA > PP/OL > PB > IG > PAS > PN > PH.

Table 3. Comparison of AT and ST in the different communities in winter.

Temperature PP PAS PN ST IG PB OL PA PH CK

AT/◦C

X 7.7 7.5 7.3 8.0 7.6 7.6 7.7 8.0 7.2 7.5
α 4.0 2.9 2.9 3.5 3.0 2.7 3.1 3.3 2.4 2.2
β1 0.2 0 0.2 0.5 0.1 0.1 0.2 0.5 0.3 /
γ 3.3 0.6 –2.4 7.2 1.5 1.7 3.3 7.0 –3.8 /

ST5/◦C

X 5.5 5.5 5.5 5.8 5.7 5.6 5.5 5.7 5.4 5.4
α 4.1 4.2 4.0 4.6 4.4 4.3 4.0 4.5 4.0 3.4
β2 0.1 0.1 0.1 0.4 0.3 0.2 0.1 0.3 0 /
γ 2.9 3.1 2.0 8.7 7.0 5.2 2.2 7.2 1.8 /

ST10/◦C

X 6.2 6.0 6.1 6.5 6.3 6.2 6.1 6.4 6.2 5.9
α 5.1 4.7 4.9 5.5 5.2 5.1 4.9 5.3 5.0 3.7
β2 0.3 0.1 0.2 0.6 0.4 0.3 0.2 0.5 0.3 /
γ 1.8 2.1 1.7 1.8 1.8 1.9 1.7 1.5 1.5 /

ST20/◦C

X 7.0 7.0 6.9 7.4 7.0 6.9 6.9 7.3 7.0 6.7
α 5.3 5.4 5.0 5.8 5.2 5.1 4.9 5.7 5.6 4.4
β2 0.3 0.3 0.2 0.7 0.3 0.2 0.2 0.6 0.3 /
γ 3.4 4.2 2.7 9.9 3.1 2.8 2.4 8.5 5.0 /

X: diurnal mean value; α: 18:00 mean value; β1: air temperature difference; β2: soil temperature difference; γ: soil
temperature changing rate (%). AT: air temperature; ST5: 5 cm depth of soil temperature; ST10: 10 cm depth of soil
temperature; ST20: 20 cm depth of soil temperature.
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The results of the one-way ANOVA of the daily average AT of the different bamboo
communities and the CK in a day (Figure 3) showed that there was a significant difference
in the daily average temperature between the bamboo communities and the CK during
summer (LSD multiple comparison, p < 0.01) and in winter; only ST and PA have significant
heat preservation functions in winter compared to CK. The results indicate that the bamboo
communities have a significant cooling effect in summer and a certain heat preservation
function in winter. Overall, the thermal performance difference in summer was clearly
higher than that in winter.
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3.2. Soil Temperature

According to Figure 4a–c, the ST of the different bamboo communities and the CK
showed unimodal variation in summer and winter, in which the ascending speed was
fast and then slow. During the summer daytime (Table 2 and Figure 4a–c), from 08:00 to
18:00, the ST at different depths of the CK was significantly higher than that of the bamboo
communities. Therefore, each community had a cooling effect on the ST of the internal
environment, and different bamboo communities differed in their cooling effect. From 08:00
to 10:00, with an increase in the solar radiation intensity in the external environment, the ST
of the CK rapidly increased, whereas the ST in the bamboo communities slowly increased.
Until 10:00, the ST of the CK continuously increased and gradually peaked. However,
the time at which the highest temperature occurred varied by depth. At 5 cm depth, the
maximum ST occurred from 14:00 to 16:00, and as the depth increased, the ST exhibited
a significant lag effect. At 10 cm depth, the maximum ST occurred at approximately
16:00; at 20 cm depth, it occurred at approximately 18:00. Then, as the intensity of solar
radiation weakened, the ST of the CK and the bamboo communities gradually decreased in
growth rate, with that of the CK showing a greater decrease. Therefore, the cooling effect
correspondingly weakened significantly. In addition, the ST was lower than the AT during
most summer daytimes.

However, during the winter daytime (Table 3 and Figure 4a–c), the ST of the CK was
slightly higher than that of the bamboo community only at 12:00–14:00 and lower than
that of the bamboo community at other times. The ST of each community had a heat
preservation effect mostly during the period of low solar radiation, and the different plant
communities exhibited different heat preservation effects. Until 12:00–14:00, the ST of each
depth and the CK peaked. With a decrease in solar radiation, the ST of each community
and the CK also gradually decreased, while the CK exhibited a greater change.

The results of the ANOVA of the three daily average STs of the different bamboo
communities and the CK during summer and winter (Figure 5) indicated a significant
difference between the daily average ST (soil depths of 5 cm, 10 cm, and 20 cm) of the
communities and that of the CK (LSD multiple comparison test; p < 0.01). These results
show that the bamboo communities have a significant effect on the ST. However, this effect
is less as the soil deepens, and the impact is more significant in summer than in winter.
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Compared with that in the CK, the daytime mean deltaST at 5 cm soil depth in the
bamboo communities in summer ranged from 3.0 to 3.8 ◦C, with an average value of
3.3 ◦C, and the cooling rate ranged from 9.6 to 12.3%, with an average value of 10.6%.
Among the different bamboo communities, OL significantly differed from ST and PA.
The average ST at 5 cm depth of the nine bamboo communities followed the order of
OL > PH/PP > PAS/PN > PB/IG > PA > ST. The average temperature at 14:00 followed
the order of OL > PAS/PN > PP/IG/PB/PH > PA > ST, while the cooling rate followed the
order of ST > PA > IG/PB > PN/PAS > PP > PH > OL. In winter, the average deltaST ranged
from 0 to 0.4 ◦C, with an average value of 0.2 ◦C. Among all the experimental groups, ST, IG,
PB, and PA significantly differed from PH. The average ST at 5 cm depth of the nine bamboo
communities followed the order of ST > IG/PA > PB > PP/PAS/PN/OL > PH. The average
temperature at 18:00 followed the order of ST > PA > IG > PB > PAS > PP > PN/OL/PH,
while the height of temperature rise followed the order of ST > PA > IG > PB > PAS > PP >
OL > PN > PH.

For the 10 cm depth of soil, compared to the control group, the average daily cooling
intensity at 10 cm soil depth in the bamboo communities ranged from 2.5 to 3.4 ◦C in
summer, with an average value of 3.0 ◦C, and the cooling rate ranged from 8.3 to 11.5%,
with an average value of 10.0%. Among the different bamboo communities, OL had the
highest average ST at the 10 cm depth of the nine bamboo communities and significantly
differed from ST, IG, PB, and PA. Furthermore, PN was significantly different from ST and
PA, and PAS was significantly different from ST, which had the highest average temperature
at 14:00. In winter, the average deltaST ranged from 0.1 to 0.6 ◦C, with an average value
of 0.3 ◦C. Among all the experimental groups, ST and PA were highest at 18:00 and were
significantly different from PAS, PN, and OL.

In summer, the daily temperature of the 20 cm soil depth in the bamboo communities
ranged from 24.7 to 25.5 ◦C, with an average of 25.1 ◦C, and the temperature ranged from
8.1 to 10.9%, with an average of 9.7%. In winter, the average deltaST ranged from 0.2 to
0.7 ◦C, with an average value of 0.3 ◦C. Among all the experimental groups, ST and PA
significantly differed from PN and OL, which were the two communities with the lowest
average daily temperature and the average temperature at 18:00.

3.3. Influence of Air Temperature on Soil Temperature

The results of the correlation analysis showed that the effect of AT on ST was similar
across seasons, as shown in Figures 6 and 7. There is a significant positive correlation
between air temperature and soil temperature at different depths. There was also a corre-
lation between ST at different depths of the nine bamboo communities in summer. Both
ST at 5 cm depth and ST at 20 cm depth showed a strong positive relationship with ST at
10 cm depth (Figure 6a,c; r1 = 0.403, r2 = 0.435) and a positive relationship between ST at
5 cm depth and ST at 20 cm depth (Figure 6b; r = 0.623).

During the daytime in winter, both ST at 5 cm depth and ST at 20 cm depth had a
positive relationship with AT (Figure 7d,f; r1 = 0.470, r2 = 0.405), and there was a significant
positive relationship between AT and ST at 10 cm depth (Figure 7e; r = 0.567). There was
also a correlation among the STs at different depths of the nine bamboo communities in
winter; both ST at 10 cm depth and ST at 20 cm depth showed a strong positive relationship
with ST at 5 cm depth (Figure 6) and a significant positive relationship between ST at 10 cm
depth and ST at 20 cm depth (Figure 6). The STs at different depths of the nine bamboo
communities were significantly correlated with each other in winter.
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3.4. Influence of Canopy Structural Characteristics on Soil Temperature

As shown in Figures 8 and 9, we utilized Pearson linear regression to explore the
relationship between bamboo canopy structure variables and ST at different depths in
summer and winter, and to reveal the effects of various canopy structure features on ST at
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different depths in nine bamboo communities in both seasons. During the summer daytime,
the daily average ST at 5 cm depth had a highly significant negative correlation with the
LAI (Figure 8a; r = −0.752) and CC (Figure 8d; r = −0.658), while the daily average ST had
significant positive correlation with the SVF (Figure 8g; r = 0.486). However, as the depth
increased to 10 and 20 cm, they still had significant correlations with LAI and CC, but the
correlation gradually decreased. When the soil depth reached 20 cm, the ST no longer had
a significant correlation with the SVF (Figure 8i; r = 0.315).
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However, during the winter daytime, the daily average ST at 5 cm depth had a highly
significant positive correlation with the LAI (Figure 9a; r = 0.770) and CC (Figure 9d;
r = 0.666), while the daily average ST had a significant negative correlation with the SVF
(Figure 9g; r = −0.507). Similar to summer, the daily average ST at both 10 cm depth
and 20 cm depth had a highly significant correlation with the LAI (Figure 9b,c; r1 = 0.786,
r2 = 0.541) and CC (Figure 9e,f; r1 = 0.673, r2 = 0.462). For the SVF, when the soil depth was
10 cm, it showed a significant negative correlation (Figure 9h; r = −0.436) but did not have
a significant correlation at 20 cm depth (Figure 8i; r = −0.331).

4. Discussion
4.1. Temperature Differences between the Communities

There were spatial differences in AT and ST in plant communities and unshaded
lawn. Such findings have also been reported in several previous studies [41–47]. The
results from our study indicated that, compared with the unshaded lawn, nine bamboo
communities had a temperature difference in summer and winter. We discovered that
during the summer daytime the AT and ST of the bamboo communities were lower than
those in the CK, indicating that the bamboo communities have a marked cooling effect
in summer. Compared with that in the CK, the average decrease in AT in the bamboo
communities was 2.0 ◦C, the average decrease in ST at a depth of 5 cm was 3.3 ◦C, the
average decrease in ST at a depth of 10 cm was 3.0 ◦C, and the average decrease in ST
at a depth of 20 cm was 2.6 ◦C. This result is consistent with some previous studies, for
example, in Minnesota, [32] Peters reported that non-bamboo communities can reduce the
AT and ST across the growing season. In Beijing, Qin et al. discovered that Populus tomentosa
communities can reduce the AT and have a significant cooling effect on calm sunny summer
days [48]. During the winter daytime, the AT and ST of the bamboo communities were
higher than those in the CK, indicating that the bamboo communities have a thermal
insulation effect in winter, but the difference is very small. However, the temperature
difference in summer is much higher than that in winter. This finding indicates that the
cooling effect of the plant canopy on the soil in summer is stronger than the insulating effect
of the plant canopy on the soil in winter. This difference may be attributed to the notion
that soil heat is initially derived mainly from solar radiation and is usually transferred
from the surface to the deeper layers. The temperature difference between the bamboo
communities and the CK in summer was mainly influenced by AT and soil moisture, while
in winter it was mainly influenced by AT due to lower soil moisture. Previous studies
have shown similar findings; for example, Xiao found that biological soil crusts (BSCs)
can decrease ST by up to 11.8 ◦C, 7.5 ◦C, 5.4 ◦C, and 3.2 ◦C at the surface, 5 cm, 15 cm,
and 30 cm, respectively, under hot and humid summer conditions and increase ST by up
to 1.2 ◦C, 1.2 ◦C, and 1.1 ◦C at 5 cm, 15 cm, and 30 cm, respectively, under cold and dry
winter conditions [49]. In addition, the stronger solar radiation intensity in summer than
in winter may also explain the difference. Furthermore, we also discovered that the STs
between the different bamboo communities were different, which may be attributed to
the different canopy structures of the bamboo communities. Many studies in different
plant communities support these findings [31,32,50]. In the nine bamboo communities
in this study, slowing soil respiration by lowering soil temperature was most effective in
summer for Sinobambusa tootsik var. laeta (ST) and in winter for Phyllostachys nigra (PN) and
Phyllostachys heterocycla ‘Pubescens’ (PH).

4.2. Effects of the Air Temperature on the Soil Temperature

We discovered that there was a significant relationship between AT and ST in summer
and winter. The R2 values were 0.162, 0.388, and 0.189 at depths of 5 cm, 10 cm, and 20 cm,
respectively, in summer and 0.221, 0.321, and 0.164, respectively, in winter. AT correlates
well with ST, as both are determined by the energy balance at the ground surface [28,50–52].
Some scholars have also reported that ST and AT have a strong correlation and have
established linear regression models that can calculate ST via AT [28,53–56]. In the present
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study, there was also a correlation between ST at different depths in the nine bamboo
communities in summer and winter. We found that compared with the influence of AT on
ST, there was a more obvious correlation between ST at different depths of the soil surface.

4.3. Effects of Canopy Structural Characteristics on Soil Temperature

Owing to the different structures of the bamboo community canopy, the ST of different
bamboo communities showed different changes. During the summer daytime, the structure
of the bamboo community canopy has a significant influence on the cooling effect. In the
three canopy structure indices of this study, the LAI and CC were significantly correlated
with the cooling intensity, indicating that these indices were the main factors affecting
the cooling effect of the urban environment. The canopy impedes solar radiation and
produces shade, while the plants can alter the temperature of the air under the crowns
via evapotranspiration (plant transpiration and soil evaporation). Evapotranspiration
increases the air humidity and is caused by the conversion of radiant energy to latent heat
energy, reducing sensible heat and thereby reducing the AT [57], ultimately reducing the
ST [28]. With respect to these indices, the adjustment of the LAI is the most important. The
ST variables showed strong responses to changes in the LAI during the daytime in the
summer. For every unit increase in LAI, the ST at 5 cm depth decreased by 0.48 ◦C, the
ST at 10 cm depth decreased by 0.55 ◦C, and the ST at 20 cm depth decreased by 0.43 ◦C.
The results of this study are the same as those of previous studies. For example, Peters
reported that for every unit increase in LAI, the ST at 10 cm depth decreased by 3.1 ◦C
at evergreen-dominated sites and by 1.2 ◦C at deciduous-dominated sites [32]. The ST
decreases with the increase in LAI, as the canopy has a good cooling effect on the soil. In
addition, we found that CC was also a good predictor of ST. AT is most affected by direct
beams of solar radiation penetrating a canopy at a given moment in time; this phenomenon
is mostly dependent on the extent and distribution of the canopy [32]. As a result, over the
range of CC from 0 to 100%, the ST was reduced by 2.71 ◦C (at 5 cm soil depth), 3.34 ◦C (at
10 cm depth), and 2.18 ◦C (at 20 cm depth). In contrast, compared with LAI and CC, the
SVF was not a good predictor of deep ST.

In winter, compared with summer, the transpiration and evapotranspiration of solar
radiation heat through vegetation are greatly reduced, and the structure of the bamboo
community canopy has a significant influence on the insulation effect. With respect to these
indices, the adjustment of the LAI was the most important. The ST variables showed strong
responses to changes in the LAI during the daytime in winter. For every unit increase in
LAI, the ST at 5 cm depth increased by 0.24 ◦C, the ST at 10 cm depth increased by 0.32 ◦C,
and the ST at 20 cm depth increased by 0.30 ◦C. Over the range of CC from 0 to 100%, the
ST increased by 1.33 ◦C (at 5 cm soil depth), 1.73 ◦C (at 10 cm depth), and 1.64 ◦C (at 20 cm
depth). The SVF was also not a good predictor of ST at 20 cm depth in winter. Under cold
and dry winter conditions, elevated STs in the canopy of bamboo communities may be due
to the following: Since the heat flow in winter is mainly from the deeper warmer layer to
the surface colder layer, the covering effect of the bamboo canopy can prevent the heat
from flowing out of the soil to a certain extent [58,59]. During the period of strong solar
radiation in the daytime, the temperature may be lower than that of the lawn control group
due to the reduction in heat sources caused by the interception of solar radiation by the
bamboo canopy structure. This conclusion is consistent with the results from Xiao et al.,
who reported that by comparing sites without biological soil crusts, the daily mean ST in
sites with biological soil crusts increased up to 2.3 ◦C. It is possible to equate the biological
soil crusts here with the bamboo canopy in our study [49], but due to the difference in their
distance from the soil layer with more or less differences in the extent of influences.

In conclusion, this result may be because bamboo is an evergreen plant, and the canopy
structure will not change significantly in winter and summer, but the evaporation of soil
water would be weakened due to the significant reduction in winter temperature [60]. The
cooling effect in the daytime was less than the heat preservation effect of the plant canopy
on soil in winter.
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4.4. Relationship between Canopy Structure, Soil Temperature and Carbon Storage

The effect of bamboo canopy structure on ST can have important implications for
the carbon cycle. When the ST is between 0 and 40 ◦C, the soil respiration rate increases
exponentially with the increase in temperature [61]; in turn, soil respiration leads to carbon
emissions, which are affected by ST, showing that urban soil carbon emissions are affected
by plant canopy structure. The results of this study show that the canopy structure of
bamboo has a good cooling effect on ST in summer, and although the canopy structure of
bamboo has a certain thermal insulation effect on ST in winter, the temperature growth
range was small (ST at a depth of 5 cm increased 0–0.5 ◦C; ST at a depth of 10 cm increased
0.1–0.6 ◦C; ST at a depth of 20 cm increased 0.2–0.7 ◦C). From an overall perspective, the
carbon sequestration of the soil under the bamboo community was more significant in one
year [62,63]. These phenomena effectively maintain soil carbon storage capacity, which is
beneficial for maintaining global climate change; in particular, reducing the concentration of
atmospheric CO2 has important significance [64,65]. The results indicate that with respect
to the green infrastructure of the whole city, we should strengthen the use of bamboo.

5. Conclusions

Comparison of ST (recording depths of 5 cm, 10 cm and 20 cm) and AT in different
bamboo communities in Hangzhou Bamboo Culture Park and the influence of canopy
structure characteristics on ST in the nine bamboo communities in summer and winter were
investigated by field measurements. During the summer daytime, compared with those
in the CK, the differences in daily average AT and ST in the bamboo communities were
significant during summer and winter. The ST at a depth of 5 cm was reduced by 3.0–3.8 ◦C,
and the average ST was 3.3 ◦C. The ST at a depth of 10 cm decreased by 2.5–3.4 ◦C, and
the average ST was 3.0 ◦C. Furthermore, the ST decreased by 2.2–3.0 ◦C at 20 cm depth,
and the average ST was 2.6 ◦C. For winter, compared with those in the CK, the ST at a
depth of 5 cm was increased by 0–0.4 ◦C, and the average ST was 0.2 ◦C. The ST at a depth
of 10 cm increased by 0.1–0.6 ◦C, and the average ST was 0.3 ◦C. Furthermore, the ST
increased by 0.2–0.7 ◦C at 20 cm depth, and the average ST value was 0.3 ◦C. The cooling
effect of the bamboo canopy structure in summer was much greater than that in winter.
The ST difference responded differently to the variation in different canopy structural
characteristics of bamboo communities. Furthermore, the relative contribution of different
canopy structural characteristics, when they acted concurrently, explained the variation in
ST by season. The LAI and CC had a great influence in each situation. The SVF has some
reference significance in predicting shallow ST (at depths of 5 cm and 10 cm).

This paper focuses on the ST change in bamboo communities and its correlation
with the LAI, CC, and SVF in summer and winter. According to the results of this study,
Sinobambusa tootsik var. laeta (ST) has the strongest cooling capacity in summer but the
weakest thermal insulation capacity in winter. In contrast, Phyllostachys nigra (PN) and
Phyllostachys heterocycla ‘Pubescens’ (PH) have insignificant cooling capacity in summer
but stronger thermal insulation capacity in winter. These findings provide a scientific
basis for the selection of plant species for plant landscape design and ensure that the ST of
urban green spaces generally exhibits low values. According to the correlations between
canopy structure parameters and the ST of bamboo communities, the ST and temperature
reduction effects of bamboo communities can be evaluated by the determination of canopy
structure parameters.

Although our research was conducted in summer and winter, there was no comparison
between spring and autumn. Additionally, some other types of bamboo have not been
studied in this paper and can be expanded in subsequent research, such as ground cover
types. In addition to LAI, CC, and SVF, other factors can be further explored. Future
research may include comprehensive research on the soil surface temperature, which is
the most direct variable affected by the plant canopy structure, and the thermal comfort of
human body under the bamboo community can be explored.
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