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Abstract: In this study, the physiological and thermal responses of 54 healthy elderly adults during
horticultural activities with various intensities (low, moderate, and high) in three typical open spaces
were investigated through meteorological measurements, questionnaires, and physiological moni-
toring. Physiological equivalent temperature (PET), blood pressure, heart rate, oxygen saturation,
and ear canal temperature were used as physiological evaluation indices. The results showed that:
(1) the proportional changes before and after thermal sensation vote (TSV) and thermal comfort vote
(TCV) activities were positively correlated with the spatial characteristics and metabolic levels of
outdoor activities in summer; (2) physiological indices were almost constant during low-intensity
horticultural activities and significantly different before and after moderate-intensity and vigorous-
intensity horticultural activities; (3) when the intensity of horticultural activities changed from low to
moderate, the neutral PET (NPET) decreased to 25.29 and 26.82 ◦C, respectively, whereas the NPET
increased to 23.97 ◦C during vigorous intensity; (4) heart rate (HR) and diastolic blood pressure (SBP)
were positively correlated with metabolic rate for the elderly; (5) a moderate sky view factor space
was more suitable for the elderly to participate in during outdoor horticultural activities in summer.

Keywords: outdoor thermal comfort (OTC); elderly; horticultural activities; physiological equivalent
temperature (PET); bioclimatic design

1. Introduction

By 2050, the proportion of the global elderly population will double from 12% in
2015 [1], and the rate of aging of the global population is increasing at an unprecedented
rate [2]. Chronic and non-communicable physical diseases such as cardiovascular dis-
eases, osteoporosis, diabetes, and neurodegenerative diseases are more prevalent in the
elderly population [3–6], which have a significant negative impact on their quality of
life [7,8]. According to the WHO’s report (2010), regular physical activity can significantly
reduce the risk of disease and provide a variety of health benefits for the elderly [9], and
previous studies have revealed that outdoor spaces can be effective in improving sleep
quality, enhancing well-being, and reducing physical diseases by providing the elderly with
a variety of physical activities [10,11]. The quality of outdoor space can influence not only
the motivation of the elderly to engage in outdoor activities [12,13] but also the type and
quantity of their activities, and thermal comfort has drawn attention from researchers as
an important factor in evaluating the quality of outdoor space [14,15]. Therefore, creating
high-quality outdoor thermal comfort conditions is crucial for the elderly to take part in
various outdoor activities.

Horticultural activity is increasingly gaining popularity as an outdoor activity to
enhance the physical and mental health of the elderly. It not only improves the socialization
and participation of the elderly in outdoor activities [16,17], but also has a significant
impact on their physiological relief [18–20]. It mostly reflects an increase in cognitive
ability [21], physical flexibility, and hand-eye coordination [22–24], as well as a decline in
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chronic diseases including cardiovascular disease and obesity [25]. Additionally, studies
have revealed that elderly people who engage in horticultural activities have significantly
lower systolic and diastolic blood pressure, higher HDL cholesterol concentrations (HDL
cholesterol helps to reduce the risk of cardiovascular disease), and lower concentrations
of the oxidative stress product RAGE, which is linked to aging-related diseases such as
cardiovascular disease, diabetes, and various inflammatory conditions [26]. Therefore,
it is urgent to determine the physiological relieving effect of horticultural activities on
the elderly.

Previous studies have shown differences in physical and mental health alleviation
effects of horticultural activities on the elderly [27]. Participants were in a better emo-
tional state when transplanting plants compared to soil-filling gardening activities [28],
and there were differences in the cognitive level and emotional state of older adults in
several gardening activities, such as flower arrangement, transplanting, leaf cleaning, and
sowing [29]. Different levels of horticultural activities result in varying metabolic rates [30],
and different metabolic rates may contribute to variations in physiological indices (e.g., ear
canal temperature, blood pressure (BP), and heart rate (HR)) [27,29], thereby affecting
individual thermal responses [31,32]. Tu et al. found that various horticultural activities
result in distinct physiological and mental states [27]. Some studies pointed that volunteers
had better emotional states while transplanting plants (flowering and non-flowering pan-
sies) compared to soil filling, and that transplanted flowering plants had higher positive
emotions than non-flowering plants [28]. Furthermore, it was noticed that, among the
horticultural activities of flower arrangement, transplanting, leaf cleaning, and sowing, the
activities of flower arrangement, transplanting, and leaf cleaning had a better positive effect
on the volunteer’s emotional states, whereas transplanting, leaf cleaning, and sowing were
more effective at boosting the cognitive level of the elderly [29]. However, most previous
studies have focused on the effects of horticultural activities on the physical and mental
health of the elderly, but few studies have established the relationship between horticultural
activities and the thermal responses of the elderly, and there is a lack of research on the
effects of horticultural activity intensities on the physical activities and thermal responses
of the elderly.

In this study, three different intensities of horticultural activities (flower arrangement,
transplanting and planting, and laying crushed stone) were selected in an urban park
in Xi’an, China. Using physical measurements (temperature (Ta), humidity (RH), wind
speed (Va), solar radiation (G), etc.), physiological measurements (blood pressure, HR, ear
canal temperature, oxygen saturation (SpO2)), and questionnaires, the physiological and
thermal responses of the elderly when participating in different intensities of horticultural
activities were investigated. The main primary aims of this study were to: (1) investigate
physiological responses to varying levels of horticultural activity in the space; (2) determine
the impact of various activity intensities in the space on the thermal responses of the elderly;
(3) propose bioclimatic design strategies based on the characteristics of physiological and
thermal responses. Our findings were conducive to encouraging the elderly to actively
participate in horticultural activities and safeguarding their physical and mental health,
and provided theoretical guidelines for the selection of outdoor horticultural activities for
the elderly in summer.

2. Methods
2.1. Study Area

According to Koppen’s climate classification, Xi’an is located at the boundary between
a semi-arid (BSk) and humid subtropical climate (Cwa) area [33]. The study area has
a humid subtropical climate, with hot and humid summers and cold and dry winters.
During the period 2010–2019, the temperature (Ta) in Xi’an reached a maximum of 39.1 and
a minimum of −8.4 ◦C according to meteorological data. The maximum monthly mean Ta
occurred in July (28.07 ◦C) and the minimum in January (0.49 ◦C), and the annual mean
relative humidity (RH) ranged from 53.11 to 73.83% [34].
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The field survey was conducted in an urban park in Xi’an, China (108◦5′35′′ E,
34◦16′4′′ N). The park covers approximately 5.73 hectares and has rich outdoor activ-
ity space types (such as open squares, landscape pavilions, boulevards, lakes, etc.). This
urban park is an ideal place to study the thermal responses and physiological effects of
different intensities of horticultural activities on the elderly in outdoor open spaces, as it
attracts a considerable number of residents, including a large proportion of senior citizens.
Three open spaces with different spatial characteristics and typical activities were selected
based on the accessibility and frequency of usage by the elderly: open square, tree shade
space, and pavilion shade space (Figure 1). We took fish-eye photos of the study area
and then input them into the software (Rayman) to calculate the SVF for each measured
site (Table 1).
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Figure 1. Site locations and measured spaces.

Table 1. Descriptions of the three open spaces.

Spaces Main Characteristics Fish-Eye Photos

Open Square (OS)

Hard-material-paved square. The south side is
near the lake, the periphery of both east and west
sides has street trees and resting seats, and the

north side is adjacent to the park road.
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SVF = 0.472

Tree shade space (TS)

Located at the intersection of the park road,
surrounded by street trees, with a shrub garden
and small square in the northwest, trees planted

densely in the northeast, and compound
mixed-plant communities in the south.
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Table 1. Cont.

Spaces Main Characteristics Fish-Eye Photos

Pavilion shade space
(PA)

A three-story concrete structure building,
situated on a small hill, surrounded by plants

dominated by trees and bordered by a park road
on the west side, with strong shading.
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2.2. Experimental Design
2.2.1. Types of Horticulture Activities

Based on the pre-test survey, three typical and highly practical gardening activities
with low, moderate, and high intensities were selected, namely flower arranging (low
intensity, Met = 1.7), transplanting and planting (moderate intensity, Met = 3), and laying
crushed stone (vigorous intensity, Met = 4.6) [30,35,36]. In order to ensure the smooth
running of the experiment, pre-experiments were conducted for all three horticultural
activities to determine the number of various materials (flowering materials, amount of
soil and laying crushed stone, etc.) required for the different horticultural activities within
the allotted time frame (Figure 2). These three activities were common and easy to carry
out in life, and most volunteers were familiar with them.
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Flower arrangement: volunteers were required to be seated, mainly using common
flowering plants such as carnations, Chinese roses, and roses of similar size and weight,
along with the green plant Eucalyptus, and were equipped with scissors and vases of the
same caliber size in advance. Before the horticultural activities began, the researcher taught
each volunteer the basic methods of flower arrangement so that they could complete their
tasks efficiently.

Transplanting and planting: volunteers were required to stand, stoop, and move in
a confined area. Flowering plants with a height and crown diameter of 30~40 cm were
selected for transplanting (ping pong chrysanthemum, aglaiaodorata, gardenia, bougainvil-
lea, azalea, jasmine, lilac, and hibiscus). The necessary tools for transplanting, such as soil,
transplanting pots, and shovels were also provided. Before transplanting, transplanting
procedures in detail were explained to volunteers.

Laying crushed stone: volunteers were required to move within a certain range in
the squatting place. Depending on their ability, the crushed stones (smooth surface) were
selected from 3 to 8 cm in diameter, and volunteers were asked to create their own words
and patterns with the stones or follow the reference examples (prepared in advance by the
researchers) within the allotted time.
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2.2.2. Experimental Procedures

The experiment was conducted on sunny days from 19 to 21 June 2022. A total
of 54 volunteers were randomly recruited in the park with different characteristics and
were randomly distributed to each measured site. A volunteer could only participate in
one gardening activity, with no repeat participation during trails. The experiment was
scheduled from 9:30–11:30 am and 2:30–4:30 pm according to the daily activity pattern of
the elderly.

Trails were divided into 6 groups, with each group having 18 individuals each day:
3 groups in the morning and 3 groups in the afternoon, each with 3 volunteers. Each group
of volunteers was led by the leader to three spaces to perform three types of horticultural
activities of low, moderate, and vigorous intensity, respectively. The order of horticultural
activities for each day of the experiment was randomly generated.

Each volunteer was accompanied by two leaders to each space and sat for 15 min to
adapt to the thermal environment (during this period, the leaders explained the details of
the horticultural activities and the precautions to the volunteers). After adapting to the
environment, the physiological parameters (blood pressure, blood oxygen, HR, ear canal
temperature) were measured and the first questionnaire was completed in approximately
5 min. The horticultural activities were then continued at a predetermined intensity
for 20 min. After the horticultural activities, the second measurement of physiological
parameters and the questionnaire were completed in 5 min (Figure 2).

2.2.3. Questionnaire Survey

Before and after horticultural activities for the elderly, various indices were measured
and collected using physical and mental measurements and questionnaires. The question-
naire was divided into three parts and all questionnaire information was approved by the
appropriate ethics committee.

In the first part, we collected personal information including gender, age, height,
weight, clothing insulation (clo), and metabolism. Among them, clothing insulation was as-
sessed using a list of clothing selected from ASHRAE Standard 55-2017 for the respondents’
clothing insulation [37]. The metabolic rates for different intensities of horticultural activi-
ties were determined by previous standards (flower arrangement: 1.7 Met, transplanting
and planting: 3 Met, laying crushed stone: 4.6 Met) [30,35,36] (Figure 3).

The second part of the questionnaire was to investigate the thermal responses of volun-
teers. The thermal response was described by an ASHRAE 7-level scale, where the thermal
preference was expressed using a 3-level scale, thermal comfort was recorded by a 5-level
scale, and thermal acceptability voting was assessed using a 2-level scale (Figure 3).

The primary purpose of the third section of the questionnaire was to measure physio-
logical indices. Blood pressure (high and low pressure), SpO2, HR, and ear canal tempera-
ture were all averaged three times.

2.3. Measurements
2.3.1. Physiological Measurements

The main physiological parameters collected during the experiment were blood pres-
sure (SBP and DBP), HR, SpO2, and ear canal temperature. Blood pressure and HR were
measured using a smart bracelet (OMRON HEM-7211). The researcher wrapped the cuff
of the sphygmomanometer around the upper arm of the volunteer at the level of the
heart. The volunteers needed to sit up straight and relax during the measurement, and the
measurement could be completed approximately40 s after the start of the pressure. The
researchers were responsible for reading SBP, DBP, and pulse rate data. SpO2 is an impor-
tant physiological parameter of the respiratory cycle, representing the oxygen-carrying
capacity of hemoglobin, and was detected by an oximeter (PHILIPS DB12). The researcher
was responsible for clamping the pulse oximeter to the tip of the volunteer’s forefinger and
reading the oxygen data after approximately 6–8 s. We determined the ear canal tempera-
ture using an infrared ear thermometer (Thermo Scan*Infrared Ear Thermometer IRT6520,
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Kaz Europe Sàrl, Mexico). The researcher first set the instrument to the elderly use stage,
and then used the thermometer head to measure the infrared heat emitted by the cochlea
and surrounding tissues to obtain a temperature reading of the ear canal. Although many
studies have demonstrated that measuring human body temperature through the rectum
is the most accurate [38,39], applying this type of assessment is challenging. On the other
hand, numerous thermal comfort studies have shown that the ear canal temperature can
correctly reflect changes in the human body temperature [40,41]. Therefore, the ear canal
temperature was used to measure human body temperature in this experiment (Table 2).
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Table 2. Instruments information.

Instrumentation Parameter Range Accuracy

OMRON HEM–7211
Blood pressure 0–299 mmHg ±3 mmHg

Heart rate 40–180 bmp ±2 bmp
PHILIPS DB12 Blood oxygen saturation 35–100% ±2%

Braun Thermo Scan*Infrared Ear Thermometer IRT6520 Ear canal temperature 34–42.2 ◦C ±0.1 ◦C

HOBO onset U23-001
Air temperature −40–70 ◦C ±0.21 ◦C

Relative humidity 0–100% ±2.5%
Kestrel 5500 Wind speed 0–40 m/s 0.1 m/s

Delta OHM HD 2107.2 Globe temperature −30–120 ◦C ±0.25 ◦C
JTR05 Global radiation 0–2000 W/m2 ≤±2%

2.3.2. Meteorological Measurements

Meteorological data were obtained through field measurements correspondingly
with questionnaires. All instruments were set to record data every minute and were
uniformly installed at a height of 1.1 m above the ground. Daily measurements were taken
from 9:30 to 17:00. Air temperature (Ta), relative humidity (RH), wind speed (Va), solar
radiation (G), and black globe temperature (Tg) were measured in the field. Ta and RH
were recorded using a HOBO onset U23-001 logger (ONSET, Bourne, MA, USA) placed
in a solar radiation shield. Va was monitored using a Kestrel 5500 (Nielsen-kellerman
Co., Boothwyn, PA, USA). Tg was recorded by a Delta OHM HD 2107.2 (Delta OHM,
Milan, Italy) and G was measured by an automatic solar radiation logger (JTR05, Jinan,
China). The mean radiation temperature (Tmrt) was calculated according to the ISO7726
standard [42] (Table 2).

Tmrt = [
(
Tg + 273

)4
+

1.10× 108V0.6
a

εD0.4

(
Tg − Ta

)
]

1
4

− 273 (1)

where D is the globe diameter (D = 0.05 m) and ε is the emissivity (ε = 0.95).

2.4. Thermal Indices and Statistical Analysis

PET was selected as the thermal environment evaluation index for this study because
it allows for a comparative assessment of thermal comfort in various environments [43]. In
addition, it has the advantages of not relying on subjective evaluation results, being simple
to understand, and not being limited by climatic type area. In this study, Ta, RH, Va, Tmrt,
and respondents’ attributes (height, weight, age, gender, clothing insulation, and metabolic
rate) were input into the Rayman model to calculate the PET [44].

A series of data analyses were performed using SPSS 20.0 software based on the
volunteer information collected from the meteorological data measured in the field and
from the questionnaire.

3. Results
3.1. Descriptive Analysis
3.1.1. Attributes of Volunteers

Volunteers were recruited based on the following criteria: 60 years old or above, free of
chronic and psychological diseases such as dementia, cognitive disorder, depressive disor-
der, and anxiety disorder, and possessing clear verbal and cognitive abilities to understand
the questionnaire correctly and complete the experiment independently [29] (Table 3). All
volunteers had lived in the local area for more than one year, were familiar with the local
climate, could choose appropriate clothing based on the weather conditions, and could
objectively evaluate the outdoor thermal environment.
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Table 3. Respondents’ attribute.

Gender

Male 14(26%)
Female 40(74%)

Age Weight (kg)

Max 86.0 Max 96.0
Min 60.0 Min 44.0

Mean ± SD 66.6 ± 5.8 Mean ± SD 62.5 ± 10.6

Height (cm) Clothing insulation (Clo)

Max 180.0 Max 1.3
Min 156.0 Min 0.2

Mean ± SD 163.5 ± 5.8 Mean ± SD 0.5 ± 0.2

We also explored the relationship between individual factors and thermal sensation
using logistic regression. The results showed that gender, age, and BMI had no significant
effect on thermal sensation and only clothing insulation (estimate = −4.926, p < 0.005) had
a statistically significant difference on thermal comfort (Table 4).

Table 4. Ordinal logistic regression model regression estimates.

Model 1: Thermal Sensation Model 2: Thermal Comfort Model 3: Thermal Acceptability

Individual factors Estimate Sig Estimate Sig Estimate Sig
Age −0.012 0.787 −0.007 0.877 21.063 0.998
BMI −0.084 0.219 0.122 0.081 −0.024 0.884

Clothing insulation −0.795 0.593 −4.926 0.004 ** 0.384 0.418
Gender 0.576 0.354 −0.596 0.335 18.377 0.076

** Significant at the 0.01 level (two-tailed test). Notes: r2 > 0.099 = very strong influence, r2 > 0.066 = strong
influence, r2 > 0.033 = medium influence, and r2 < 0.033 = low influence.

3.1.2. Meteorological Parameters

The OS space had the highest mean Ta (33.8 ◦C) whereas the PA space had the lowest
mean Ta (31.7 ◦C), which was consistent with the classification of SVF. The PA space had the
lowest fluctuation in mean Ta, primarily because the sunlight was covered by the building
directly above this space and the trees around the area; hence, this space was minimally
affected by sunlight. OS and TS spaces had equal mean Ta variation, which was slightly
larger than the PA space. Both OS and TS spaces were open, and the temperature increased
under direct sunlight, mostly because neither space was affected by building shade, but
reduced when solar radiation decreased. Therefore, the daily temperature variation in OS
and TS spaces was greater than in the PA space (Table 5).

The mean RH was highest in the PA space, whereas it was lowest in the OS space. This
difference was the result of the spatial characteristics. The PA space was surrounded by
plants, which produced a large amount of water vapor through transpiration, and the low
SVF reduced the direct solar radiation, hence lowering water vapor loss. It was noteworthy
that, although the WS space was close to the water, this open space was not shaded by
trees or buildings, and was exposed to strong solar radiation and wind. Therefore, the
mean RH of the WS space was slightly lower than that of the TS space, indicating that the
humidification effect of water in this area was insignificant during the summer (Table 5).

The TS and OS spaces had the highest mean Va, which was related to their spatial
characteristics. Both spaces had narrow exposed spaces that form ventilation corridors. The
PA space had the lowest mean Va, which we attribute to the shading of the surrounding
vegetation and poor ventilation (Table 5).
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Table 5. Meteorological variables among spaces.

PA Space TS Space OS Space

Ta (◦C)
Max 34.0 34.3 36.5
Min 28.6 28.7 30.5

Mean ± SD 31.7 ± 1.5 32.1 ± 1.6 33.8 ± 1.6

RH (%)
Max 65.6 66.6 61.6
Min 41.3 38.8 37.1

Mean ± SD 51.7 ± 5.9 50.2 ± 6.3 46.5 ± 5.8

Va (m/s)
Max 0.8 0.9 0.8
Min 0.0 0.1 0.1

Mean ± SD 0.2 ± 0.2 0.5 ± 0.2 0.5 ± 0.2

Tg (◦C)
Max 34.9 45.0 48.5
Min 29.1 30.8 32.9

Mean ± SD 32.4 ± 1.5 37.1 ± 3.6 42.0 ± 4

G (W/m2)
Max 35.3 735.1 903.5
Min 6.5 92.8 66.9

Mean ± SD 18.9 ± 9.2 266.8 ± 166 542.3 ± 255.5

Tmrt (◦C)
Max 36.7 63.6 70.8
Min 29.1 33.7 34.5

Mean ± SD 33.2 ± 2 46.2 ± 8.6 54.7 ± 10.5

The mean Tg for each space was similar to the mean Ta. The mean Tg was highest in
the OS space with the highest SVF. The mean Tg of the semi-shade TS space was greater
than that of the PA space, which was due to the PA space receiving more ground long-wave
radiation than the TS space during direct sunlight. The PA space had the lowest mean Tg
as a result of the intense shadows of the building and surrounding vegetation (Table 5).

The highest mean G value was found in the OS space whereas the lowest was found
in the PA space, indicating that the OS space receives more radiation, which is related to
the different spatial characteristics (Table 5).

The ANOVA results show significant differences in meteorological variables among all
three spaces (Table 6). The differences in meteorological variables between the three spaces
suggest that a series of interactions may occur between different spatial patterns under mete-
orological conditions such as shading, ventilation, short-wave, and long-wave radiation [14].

Table 6. Analysis of variance (ANOVA) for meteorological variables.

Variable Sum of Squares df Mean Square F Sig.

Ta

Between Groups 3144.166 2 1572.083 629.561 0.000
Within Groups 9454.054 3786 2.497

Total 12,598.22 3788

RH
Between Groups 17,837.236 2 8918.618 247.605 0.000
Within Groups 136,370.033 3786 36.02

Total 154,207.27 3788

Va

Between Groups 83.353 2 41.677 927.421 0.000
Within Groups 170.136 3786 0.045

Total 253.489 3788

G
Between Groups 173,046,249.8 2 86,523,124.9 2801.955 0.000
Within Groups 116,879,099.5 3785 30,879.551

Total 289,925,349.3 3787

Tg

Between Groups 58,312.125 2 29,156.062 2817.19 0.000
Within Groups 39,182.614 3786 10.349

Total 97,494.739 3788

Tmrt

Between Groups 295,118.036 2 147,559.018 2359.036 0.000
Within Groups 236,816.402 3786 62.551

Total 531,934.438 3788
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3.2. TSV and TCV
3.2.1. TSV

During the experiment, we measured the TSV before and after three horticultural
activities (flower arrangement (FoA), transplanting and planting (TaP), and laying crushed
stone (LcS)), and the seasonal characteristics of summer resulted in a TSV distribution
dominated by “neutral” (TSV = 0), “slightly warm” (TSV = 1), “warm” (TSV = 2), and “hot”
(TSV = 3) (Figure 4).
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Figure 4. Percentage change of TSV before and after horticultural activities ((a) PA, (b) TS, and (c) OS).

In the first phase of the experiment (before horticultural activities), the TSVs of the
three horticultural activities were similar in the PA and TS spaces, mostly concentrated
in “neutral” (TSV = 0). However, the OS space was significantly different from the other
two spaces, with volunteers in OS space considering “slightly warm” and “warm” as
having the highest proportion. In OS space, volunteers of flower arrangement and laying
crushed stone events generally rated "slightly warm" and "warm" the highest, both at
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33%, and volunteers of transplanting and planting activities had the highest percentage of
“warm”, followed by “slightly warm” (Figure 4). In the second phase of the experiment
(after horticultural activities), the TSVs of flower arrangement activities in PA, TS, and OS
spaces were similar, mostly distributed in “neutral”; the TSV distribution difference of
transplanting and planting activities in the PA space and TS space was not significant, and
mostly distributed in “neutral”, whereas most of the volunteers in the OS space considered
the highest percentage of “slightly warm” and “warm” as being 50%.The highest percentage
of the TSV for laying crushed stone in both the TS and OS spaces was “neutral”, followed
by “slightly warm” (Figure 4).

The TSV ratios changed before and after horticultural activities for different activity
levels and spaces. There was no significant change in the TSV in the PA space during low-
intensity horticultural activities, whereas TSVs in the TS and OS spaces changed similarly,
with both “neutral” proportions increasing by 33.33% and “slightly warm” and “warm”
proportions decreasing. At moderate intensity, the proportions of “hot” and “neutral”
decreased by 16.67% in both OS and TS spaces, whereas the proportions of “slightly warm”
and “warm” corresponding to the TSV votes increased by 16.67%. Under the vigorous-
intensity horticultural activities, the proportions of “neutral” in the PA and TS spaces
decreased by 50 and 16.67%, respectively, whereas the proportion of “neutral” and “hot”
in the OS space both increased by 16.67%, and the corresponding proportion of “warm”
increased by 33.33% (Figure 5).
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3.2.2. TCV

We measured TCVs before and after the three horticultural activities during the
experiment, and the results indicated that the distribution of TCVs was mainly concentrated
in “uncomfortable”, “neutral”, “comfortable”, and “very comfortable” (Figure 6).

In the first phase of the experiment, among the three horticultural activities in the
PA space, the elderly had the highest proportion of “neutral” in flower arrangement and
transplanting and planting, and the highest proportion of “comfortable” in laying crushed
stone. In the TS space, the elderly had the highest proportion of “neutral” in flower
arrangement, with a higher comfort level in laying crushed stone, where“very comfortable”
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was 66.67%, and the highest percentage of “uncomfortable” was in the transplanting
and planting.
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Figure 6. Percentage change of TCV before and after horticultural activities (a) PA, (b) TS, and (c) OS.

In the second phase of the experiment, flower arrangement and laying crushed stone
activities in the PA space produced the highest percentage of “comfortable”, followed
by “neutral”, while the highest percentage of “neutral” was found in transplanting and
planting. Flower arrangement and laying the crushed stone in the TS space had higher
comfort levels, where the percentage of “comfortable” and “very comfortable” was the
highest, while the comfort level in transplanting and planting activities was significantly
different from the other two horticultural activities, with the highest percentage of “un-
comfortable”; the three horticultural activities conducted in the OS space had similar and
highest percentages of “neutral”.

There were significant differences in TCV proportions between activity levels and
spaces before and after horticultural activities. In the low-intensity activity, the proportion
of “uncomfortable” significantly decreased in all three spaces, whereas the proportions of
“comfortable” and “very comfortable” increased significantly; at the moderate horticultural
activity, the comfort level of PA, TS, and OS spaces was closer to “neutral”, and the
proportion increased by 50%; at the vigorous intensity, the comfort level of the PA space
did not change, whereas the comfort level of the TS space increased significantly, with the
proportion of “comfortable” increasing significantly by 16.67%, while the comfort level of



Buildings 2023, 13, 721 13 of 24

the OS space displayed the opposite situation, with the proportion of “very comfortable”
decreasing by 16.67%.

3.3. NPET and NPETR

The neutral temperature is the optimal temperature at which people feel neither cold
nor hot in the environment [45]. A common definition method of neural temperature is to
fit a linear regression line. In other words, the mean TSV (MTSV) is calculated for every
1 ◦C and then fitted to the linear model [46].To avoid outliers, we set a minimum sample
size of two responses in each PET bin; that is, if there is only one vote in a PET bin, it
could perhaps not be representative for that particular bin and should thus be excluded.
The slopes before and after flower arrangement as well as transplanting and planting
both decreased significantly, whereas the effect of laying crushed stone was opposite. The
preceding analysis demonstrated that the sensitivity of volunteers to thermal response
changes decreased after horticultural activities in general, and the slope decreased after
flower arrangement as well as transplanting and planting, indicating that the sensitivity
of the elderly to PET decreased after flower arrangement and transplanting and planting;
however, it increased after laying crushed stone (Figure 7).
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The PET at MTSV = 0 is defined as NPET, and the temperature range of the regression
model when MTSV is between −0.5 and +0.5 is denoted by NPETR [47]. The activity level
showed a negative correlation with neutral temperature, and the NPET generally decreased
whereas the NPETR range increased after flower arrangement as well as transplanting and
planting; however, laying crushed stone demonstrated the opposite pattern (Table 7).

Table 7. PET and MTSV equation analyses (BH: before horticulture; AH: after horticulture).

Number Equation PET = 20 ◦C PET = 30 ◦C PET = 37.53 ◦C

MTSVBH MTSVBH = 0.0842PET − 2.0659 −0.38 0.46 1.09
MTSVAH MTSVAH = 0.0643PET − 1.319 −0.033 0.61 1.09
∆MTSV ∆MTSV = 0.0199PET − 0.747 −0.349 −0.15 0

Table 8 shows a clear linear relationship between the MTSV and PET (before horticul-
tural activity: R2 = 0.707; after horticultural activity:R2 = 0.3614). The fitted linear equations
indicated a significant increase in MTSV values after horticultural activity for the same PET
values during the experiment. As PET increased, MTSVAH gradually approached MTSVBH
within a certain range. When PET = 37.53 ◦C, MTSVAH = MTSVBH.

Table 8. NPET and NPETR at different horticultural activities.

Horticultural Activities
NPET (◦C) NPETR (◦C)

Before After Before After

Flower arrangement 29.73 25.29 24.91–34.56 15.21–35.37
Transplanting and planting 28.67 26.82 24.35–33.0 21.42–32.22

Laying crushed stone 21.45 23.97 13.27–29.64 16.68–31.25
Total 24.54 20.51 18.60–30.47 12.74–28.29

3.4. Physiological Responses
3.4.1. Physiological Parameters

Based on the measurements, the HR ranged from 52–100 bpm and the ear canal
temperature ranged from 35.67–37.4 ◦C. Under normal conditions, HR fluctuations are
no more than 100 bpm and ear canal temperature fluctuations do not usually exceed
approximately 1 ◦C [48]. Therefore, the relative changes in HR and ear canal temperature
as mean values were analyzed.

The physiological indicators remained constant before and after the low-intensity
horticultural activity (flower arrangement). However, before and after moderate and
vigorous intensity horticultural activities (transplanting and planting; laying crushed
stone), there were significant differences in SBP, DBP, HR, and SpO2. HR changes were
similar to the tendency in systolic blood pressure and SpO2, suggesting that changes in
blood pressure (SBP and DBP), HR, and SpO2 were related to the intensity of horticultural
activities. Ear canal temperatures, although not statistically different, generally increased
with an increasing intensity of horticultural activity (Table 9).

Table 9. Significance coefficients for paired-sample t-tests of physiological parameters before and
after horticultural activities.

Before VS After Light Intensity Moderate Intensity Vigorous Intensity

SBP 0.768 0.002 ** 0.004 **
DBP 0.635 0.047 * 0.793
HR 0.891 0.046 * 0.000 **

SpO2 0.135 0.001 ** 0.069
Ear Canal temperatures 0.945 0.737 0.272

* Significant at the 0.05 level. ** Significant at the 0.01 level.
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Among all three activity levels, SBP and DBP showed a decrease in low-intensity
horticultural activities. In both TS and OS spaces, the ∆SBP for moderate and vigorous
intensity horticultural activities increased with increasing intensities, whereas the mean
∆SBP value in the PA space was nearly constant. The mean SBP values were generally
greater in the TS space than in the PA space at three horticultural levels, and the ∆SBP in the
low-intensity horticultural activity was −4.11 mmHg, with a significant decrease in blood
pressure, indicating that plant shade space can effectively reduce the change in diastolic
blood pressure during low-intensity activities in the PA space; meanwhile, the variation in
∆DBP across spaces was small. The HR changes were similar (almost no change) in various
spaces under low-intensity horticultural activities, and the mean ∆HR in the PA space was
the smallest under moderate and vigorous intensity horticultural activities. Moreover, the
OS space had the highest mean ∆HR, which may be related to the changes in solar radiation
during the experiment. The variation in∆SpO2 was similar across spaces, regardless of the
intensity, the mean ∆SpO2 always remained OS space > TS space > PA space. However, the
∆ear canal temperature hardly changed (Figure 8).
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3.4.2. Physiology and Metabolic Rate

We analyzed the physiological indices before and after three-intensity horticultural
activities by a paired samples t-test and found no statistically significant differences in
any of the physiological indices at low-intensity horticultural activities, with significant
differences in SBP, DBP, SpO2, and HR at moderate to vigorous intensity horticultural
activities, which indicated that the changes in SBP, DBP, SpO2, and HR correlated with the
intensities of the activities. Nevertheless, there was no significant difference in ear canal
temperature (Table 10).

Table 10. Correlation analysis between physiological parameters and thermal indices.

TSV TCV PET

Physiological
Parameters

Pearson
Correlation Sig. Pearson

Correlation Sig. Pearson
Correlation Sig.

HR −0.304 0.021 * 0.054 0.687 0.209 0.030 *
SBP 0.172 0.198 −0.082 0.541 −0.076 0.433
DBP −0.016 0.906 0.021 0.873 0.040 0.680
SpO2 0.192 0.149 −0.326 * 0.113 0.218 0.024 *

Ear canal temperatures 0.238 0.172 −0.124 0.353 0.062 0.526

* Correlation is significant at the 0.05 level (2-tailed).

The relationship between the differences in SBP, DBP, SpO2, HR, and metabolic rate
was compared for each participant before and after three activity intensities (Figure 9).
∆SBP and ∆HR increased with an increasing metabolic rate, whereas ∆DBP and ∆SpO2
remained essentially constant. This indicates that the SBP and HR rise with increasing
activity levels, whereasSpO2 and DBP do not. As the intensity of the load increases, both
the metabolic demand and oxygen uptake increase, resulting in a faster HR and increased
blood output, as well as systolic blood pressure [31]. The high slopes of ∆SBP and ∆HR
indicate that the changes in HR and diastolic blood pressure reflect metabolic changes and
are both positively correlated with metabolism.
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3.5. Relationship between Physiological Parameters and Thermal Comfort

In order to observe the predictive ability of physiological parameters on thermal
comfort, we first performed a statistical analysis of physiological indices with a TSV and
TCV and found that most physiological parameters were not significant in predicting
TCV [49], and we also made a linear plot of HR versus TSV, which showed a good fit of
HR with the TSV (R2 = 0.5052) (Figure 10). This indicates that the TSV and TCV are two
distinct outdoor thermal comfort dimensions that are predicted by multiple physiological
factors and may have excessive individual differences with a limited sample size.
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HR is the number of heart beats per minute and is also widely used in thermal comfort
studies [40,41,49]. Therefore, we calculated the MTSV corresponding to the HR per 1 bmp
interval and performed a linear regression between HR and MTSV for horticultural ac-
tivities at low, moderate, and vigorous intensity levels (Figure 11). The slopes of the
regressions were higher after the horticultural activity than before, where the HR was the
same before and after horticultural activities at low, moderate, and vigorous intensity levels,
indicating that the TSV after horticultural activity was overall higher than the TSV before
horticultural activity. It is worth noting that the TSV before and after horticultural activity
changed relatively little at low-intensity to moderate-intensity horticultural activity levels,
whereas the TSV before and after horticultural activity changed significantly at vigorous
intensity levels.
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Figure 11. Relationships between HR and MTSV (light (a), moderate (b), and vigorous (c) intensities).

We analyzed the correlation between PET and physiological indices, and the results
revealed that both physiological indices, HR and SpO2, were significantly correlated with
PET and that the effect of PET on this was positive (Table 10). Therefore, we believe that
increasing PET values increases physiological indices of horticultural activity. Therefore, it
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is necessary to regulate the thermal indices of the outdoor activity environment to ensure
the safety of horticultural activities.

4. Discussion
4.1. Physiological and Thermal Responses

Horticultural activities significantly affected systolic and diastolic blood pressure.
Moreover, the elderly demonstrated a general trend of decreasing systolic and diastolic
blood pressure and increasing comfort after flower arrangement, as well as transplanting
and planting, which was consistent with the former findings that both systolic and diastolic
blood pressure decreased after transplanting [50]. In addition, a previous investigation of
the physiological response of young individuals to a green environment is supported by the
current results [51]. Moreover, it was observed that systolic blood pressure was significantly
lower with low-intensity to moderate intensity exercise in the elderly [52]. Blood pressure is
considered to be a major indicator of autonomic nervous system activation, and reductions
in systolic and diastolic blood pressure indicate that the elderly are in a relaxed and less
stressed state after low-intensity to moderate-intensity horticultural activities. This is
similar to previous findings suggesting that transplanting and flower arrangement can be
effective in relieving stress [53,54].

It was concluded that there were disparities in the changes in several physiological
indices before and after horticultural activities, and the HR better reflected the changes in
the metabolic rate and thermal response in the elderly. We deduced that there is a significant
correlation between HR and TSV, whereas there is no statistically significant difference
between ear canal temperature and TSV. Previous studies have also confirmed that HR
can accurately reflect changes in thermal response and is one of the alternative indices of
exercise [55,56]. Among these physiological indices, changes in HR were transient and
occurred immediately after the onset of activity; however, changes in ear canal temperature
were delayed [41]. Therefore, this study suggested that HR variations were a better indicator
of changes in the human metabolic rate in the elderly before and after horticultural activities
rather than ear canal temperature.

4.2. Bioclimatic Design Recommendations

Our findings have implications for the design of outdoor spaces in parks in humid
subtropical cities. The design can improve the outdoor thermal environment, change the
properties of public spaces, and consequently enhance the thermal comfort of residents.
The design is generally optimized through buildings, green vegetation, substrate mate-
rials, and water bodies to improve the safety, comfort, and attractiveness of cities in the
hot summer [56–58].

Our results show that, in hot summer, the OS space with the highest Ta, Tg, G and
Tmrt and the lowest RH in high SVF was more likely to have a lower comfort level and
a greater thermal response, in addition to being more susceptible to thermal risk. We can
install removable awnings, sprinkler irrigation facilities, and deciduous trees to regulate the
thermal environment, add sprinkler irrigation facilities to the surrounding grass to achieve
cooling and humidifying effects, and replace tall deciduous trees to meet the shade needs
of residents. The best choice for humid subtropical cities is deciduous shade because it
satisfies both the shade needs of residents in summer and the demand for sunlight in winter,
while the vegetation can be used to positively impact the surrounding thermal environment
by shading, reflecting short-wave radiation, and transpiration [59,60]. Several studies also
clearly indicate that thermal comfort could be improved by 15% through the synergistic
cooling effects of trees and sprinklers [61]. This is similar to the results of Martin’s study,
which concluded that the combined cooling effect of vegetation and water bodies was
obvious (PET is reduced by 7 ◦C and 2 ◦C, respectively). Moreover, the cooling effect is
intensified when trees are close to water bodies [62]. The PA space was prone to sultry
feeling due to the dense planting of trees around the perimeter, resulting in the smallest
mean Va in summer, and the perimeter shrubs and evergreen trees should be adequately
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pruned and deciduous trees should be planted. The semi-shade TS space could be improved
by adding structures and sprinklers to increase the thermal environment; for example,
adding structures such as corridors covered by deciduous vines. Li et al. compared the
shade group, spray group, and shade + spray group, concluding that the combination of
shade + spray can reduce the UTCI with maximum efficiency [63] (Table 11; Figure 12).

Table 11. Bioclimatic design strategies for the three outdoor spaces.

Spaces Advantages and
Disadvantages

Expected
Activity Intensity Design Strategies

PA Low T;
Low Va, High RH

Light and
moderate-intensity activities

Appropriate thinning of surrounding shrubs and
evergreen trees, planting deciduous

mosquito-repellent trees

TS High Va;
High Ta, Low RH All Adding structures (corridors) and sprinklers to

improve the thermal environment

OS High Va;
High Ta, Low RH and shade

Light and
moderate-intensity activities

Adding movable awnings, sprinkler irrigation
facilities, and replanting deciduous trees to

regulate the thermal environment. Furthermore,
adding sprinkler irrigation facilities to the
surrounding grass to achieve cooling and

humidifying effects
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Open spaces for physical activity should be designed to facilitate a thermal environ-
ment for the activity. People need a cool environment for moderate and vigorous-intensity
activities. For the design of outdoor spaces suitable for vigorous-intensity activities, such
as semi-open squares, appropriate shade and sprinklers can be added to reduce Ta [64].
The semi-shade TS space can generally accommodate activities of different intensities;
nevertheless, their design should pay attention to the openness of the space to ensure
ventilation and shade.
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4.3. Limitations

Our research has some limitations. First, we focused on healthy elderly adults and
did not account for specific elderly groups (elderly people with hypertension or asthma).
Second, horticultural activities selected in our experiment were typical, and future studies
can explore more sorts of horticultural activities in depth. Third, our study recommended
some qualitative bioclimatic design strategies for the measured open spaces, numerical
studies are needed to evaluate their suitability. Fourth, future studies could investigate the
physiological and thermal comfort differences of the elderly at different ages, combining
EEG, skin temperature, and other physiological indices to accurately predict thermal
responses for the elderly.

5. Conclusions

For this study, fifty-four volunteers were recruited to participate in horticultural
activities of different intensities in three typical open spaces in Xi’an, a cold region of
China. Volunteers were asked to measure physiological parameters and fill out subjective
thermal response questionnaires while conducting on-site meteorological measurements.
Our results show the physiological responses and thermal comfort of the elderly at different
levels of horticultural activities in outdoor spaces. The following are the main conclusions:

(1) Changes in the proportions of the TSV and TCV before and after activity were related
to spatial characteristics and metabolic levels of outdoor activities in summer. The
OS space had a significantly higher discomfort and TSV after vigorous-intensity
horticultural activity due to high Ta and G (the proportion of “warm” increased by
33.33% and the proportion of “very comfortable” decreased by 16.67%); whereas the
TS space showed little change in thermal responses before and after horticultural
activities at three levels.

(2) Before and after the low-intensity horticultural activity (flower arrangement), the
physiological indices remained constant. However, there were significant differences
in SBP, DBP, HR, and SpO2 before and after moderate and vigorous-intensity horticul-
tural activities (transplanting and planting; laying crushed stone).

(3) HR and diastolic blood pressure can reflect the changes in metabolic rate in the
elderly. As the metabolic rate gradually increased, the HR and diastolic blood pressure
both increased.

(4) During horticultural activities, the neutral temperature was negatively correlated
with the activity intensity, whereas the magnitude of the neutral temperature change
was positively correlated with the activity intensity. NPET ranged from 21.45 to
29.73 ◦C and NPETR from 13.27–29.64 to 24.94–34.56 ◦C. In addition, the MTSV
sensitivity decreased after low-to-moderate-intensity horticultural activities, whereas
the opposite occurred after vigorous-intensity horticultural activities.

(5) For the elderly in summer, semi-open spaces (TS spaces) were more suitable for
outdoor horticultural activities. However, the PA and OS spaces were only suitable
for low-to-moderate-intensity horticultural activities.
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Nomenclature

TSV Thermal sensation vote NPET Neutral PET
MTSV Mean TSV NPETR Neutral PET range
TCV Thermal comfort vote SBP Systolic blood pressure
Ta Air temperature DBP Diastolic blood pressure
RH Relative humidity HR Heart rate
Va Wind speed SpO2 Blood oxygen saturation
G Global radiation FoA Flower arrangement
Tg Globe temperature TaP Transplanting and planting
Tmrt Mean radiant temperature LcS Laying crushed stone
PET Physiological equivalent temperature
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