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Abstract: This study addresses the growing need for phytoncide studies, driven by the demand
to design indoor forest healing programs, including virtual reality experiences, for patients unable
to visit actual forests. Previous studies have struggled to establish consistent phytoncide emission
patterns in outdoor forest environments owing to varying microclimates and abiotic factors. In
addition, the traditional gas chromatography-mass spectroscopy (GC-MS) method presents field
measurement challenges, whereas the selected ion flow tube (SIFT)-MS method offers improved
efficiency. This study concentrated on a controlled phytotron environment and compared the GC-MS
and SIFT-MS findings, revealing similar emission trends with slightly higher SIFT-MS concentrations.
Daily phytoncide emissions fluctuated with light intensity and abiotic stressors. Both methods
consistently detected pinenes, primarily emitted by Pinus strobus L. seedlings, in the phytotron.
Statistical analysis confirmed the compatibility between GC-MS and SIFT-MS results, supporting the
use of SIFT-MS for forest phytoncide assessment. In the second phase, the phytoncide emissions were
assessed indoors, outdoors, and in the phytotron, highlighting the superiority of the phytotron under
controlled conditions. Despite certain limitations, this study underscores the value of phytotron-
based measurements for indoor forest healing programs and the potential adoption of SIFT-MS in
future field-based phytoncide research.
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1. Introduction

In recent years, the therapeutic benefits of exposure to natural environments, partic-
ularly forests, have garnered significant attention in the field of healthcare [1-3]. These
“forest healing” experiences have shown remarkable potential for alleviating stress, im-
proving mental well-being, and promoting overall health [4-6]. However, as the demand
for these healing programs continues to grow, researchers face the challenge of designing
indoor forest healing experiences, including virtual reality simulations, to cater to individu-
als who are unable to access actual forests. Pivotal to this endeavor is the understanding
of phytoncides, which are natural volatile organic compounds (NVOCs) emitted by trees
and plants that have been identified as key contributors to the beneficial effects of forest
environments on human health [7-9].

Phytoncides, natural aromatic compounds released by trees and plants, have emerged
as subjects of profound scientific interest because of their multifaceted roles in ecological
interactions, human health, and well-being. These organic volatiles constitute essential
components of the chemical communication system utilized by the plant kingdom, playing
pivotal roles in both plant defense mechanisms and interspecies communication [10,11].
Beyond their ecological significance, phytoncides have garnered attention for their po-
tential therapeutic properties in humans, with growing research indicating their positive
effects on mental and physical health, such as the enhancement of immune function, anti-
inflammatory effects, and alleviation of depression [7-9]. In the face of global urbanization
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and growing disconnection from natural environments, understanding the complex chem-
istry and myriad functions of phytoncides has become pivotal not only for advancing
ecological science but also for promoting human health in an increasingly urbanized and
technologically driven global landscape.

Although the concept of phytoncides and their potential health benefits has gained
attention, previous research in this field has encountered substantial hurdles. One primary
obstacle is the difficulty of establishing consistent phytoncide emission patterns in outdoor
forest environments. The variability in microclimates and abiotic factors across different
forest ecosystems has posed a significant challenge in identifying universal emission pro-
files. To address these challenges and advance our understanding of phytoncides, this
study focused on controlled environments, particularly phytotrons, as reliable settings for
phytoncide assessment. In the pursuit of advancing our understanding of plant growth, en-
vironmental interactions, and the dynamic complexities of the botanical world, researchers
have increasingly utilized controlled environments that mimic natural conditions, with one
of the most notable being phytotrons [12-15]. Phytotrons, which are specialized facilities
designed to create tailored ecosystems under precisely controlled conditions, have become
indispensable tools in botanical research, ecological studies, and agricultural advancement.
Their capacity to manipulate environmental variables such as temperature, humidity, light,
and carbon dioxide levels enables unparalleled experimentation and observation, offer-
ing valuable insights into plant physiology, adaptation, and responses to environmental
stressors [12-17].

In addition, conventional gas chromatography—mass spectrometry (GC-MS), which
is commonly used to measure phytoncide concentrations, presents field measurement
challenges owing to its complexity and time-consuming nature. To address these challenges,
this study aims to compare the efficacy of two analytical methods, GC-MS and selected ion
flow tube-MS (SIFT-MS), for measuring phytoncide emissions in a controlled phytotron
environment. GC-MS and SIFI-MS are two distinct analytical methodologies that have
been instrumental in elucidating volatile organic compounds, including phytoncides. These
methods offer unique advantages and challenges, rendering them valuable tools in various
research contexts. GC-MS is a well-established and widely used technique that provides
exceptional separation and quantification capabilities, enabling the precise identification of
compounds in complex mixtures [18]. However, its utility in field measurements is often
hampered by labor-intensive and time-consuming sample preparation processes that limit
its applicability to dynamic environments. In contrast, SIFT-MS, a relatively new entrant,
excels in real-time analysis and high-throughput sampling, enabling rapid data acquisition
and simplified sample handling [18,19]. This attribute renders SIFT-MS particularly well
suited for studies that demand continuous monitoring or measurements in remote or
challenging settings. In this study, we performed a comprehensive comparative analysis of
these two analytical techniques in the context of phytoncide research.

These findings not only shed light on the compatibility of these techniques but also
provide valuable insights into the emission trends of phytoncides, their fluctuations in
response to light intensity and abiotic stressors, and their presence in specific plant species.
This highlights the significance of using phytotron-based measurements to contribute to the
development of indoor forest healing programs, particularly for individuals who cannot
access natural forests or virtual reality environments. Furthermore, the research findings
indicate the potential adoption of SIFT-MS as a more efficient alternative to GC-MS for
future field-based studies of phytoncides. Moreover, this study extended the investigation
to include phytoncide emission assessments in indoor and outdoor settings, enabling a
comprehensive comparison of emission patterns across different environments.

2. Materials and Methods
2.1. Study Site

This study was conducted at an experimental facility for plant environmental control
within the Hongneung Experimental Forest, located at the National Institute of Forest
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Science (NIFoS) in Seoul, Republic of Korea. Known as the Hongneung Forest and Hongne-
ung Arboretum, this site has significant historical, cultural, and academic significance.
It holds the distinction of being the first arboretum in Korea, established in 1922, and
has served as the initial research location for modern forestry practices. Situated in the
eastern part of Seoul, at the southwest base of Cheonjangsan Mountain, it is situated at an
elevation of 141 m above sea level. The exact coordinates for the survey site are 37°35'45” N
latitude and 127°02'37" E longitude. The Hongneung Experimental Forest covers an area
of approximately 41.2 ha. The area harbors 2035 plant species and includes eight distinct
gardens featuring both natural and cultivated forest sections.

2.1.1. NIFoS Phytotron

The phytotron used in this study was a structure surrounded by transparent glass
located on the roof of the plant environment control experimental building, as shown in
Figure 1a,b. It is a standard type phytotron, which is a structure that enhances energy
efficiency by utilizing infrared cut filter glass. Owing to the structural characteristics, the
temperature, humidity, and airflow could be controlled, whereas the light environment
could not be controlled. The study was conducted on a clear day, the temperature in the
phytotron was 25.0 °C (£1.0 °C), and the relative humidity was 60.0% (£7.0%), which
remained constant throughout the experiment. The wind velocity was meticulously regu-
lated to not exceed 0.5 m/s, and the area underwent controlled ventilation, achieving an
hourly frequency of four air exchanges. The phytotron was 2.7 m in width, 1.8 m in length,
and had a height of 1.8 m. Two real-time measuring devices and two mini pumps were
installed inside the phytotron, and 52 Pinus strobus L. seedling pots were placed around
them (Figure 2). Pinus strobus L. seedlings were three years of age, approximately 1 m in
height, including a pot. The layout of the phytotron interior is shown in Figure 2.

() (b)

Figure 1. Phytotron experimental site view. (a) Phytotron installed on the roof of a building; (b) Phy-
toncide measurement in the phytotron.
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Figure 2. Layout of the phytotron interior.

2.1.2. NIFoS Indoor Study

An indoor study was conducted in a general laboratory in the building on which the
phytotron was installed. Similar to the phytotron, two real-time measuring instruments and
two mini pumps were installed on a table, and 52 Pinus strobus L. seedling pots were placed
around them in the same manner as they were installed in the phytotron (Figure 2). The
windows and doors were closed during the experiment, and the inside of the laboratory
was primarily shaded without sunlight, even during the daytime.

2.1.3. NIFoS Outdoor Study

Outdoor measurements were conducted on the roof of the building on which the phy-
totron was installed. Next to the phytotron structure, the overall phytoncide concentration
in the Hongneung Experimental Forest was measured using a real-time meter and a mini
pump. An illustration of this installation is shown in Figure 3.

Figure 3. Outdoor phytoncide measuring photo.
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2.2. Data Collection Methods

This study was conducted on 22 and 27 November 2019. On 22 November, the phy-
toncide concentrations in the indoor laboratory were measured using real-time measuring
devices and mini pumps. In addition, on 27 November, the phytoncide concentrations
inside and outside the phytotron were measured using a real-time measuring device
and a mini pump. Details of the NVOC and microclimate environmental data indicators
measured in this study are shown in Table 1.

Table 1. Indicators for natural volatile organic compounds (NVOCs) measured in the study.

NVOCs

a-pinene, 3-pinene, camphene, limonene, benzaldehyde, myrcene, phellandrene, sabinene,
camphor, a-terpinene, y-terpinene, terpinolene, 3-carene, terpineol, bornyl acetate, sabina ketone,
cineole, longifolene, pinocarvone, sabinene hydrate, cymene, valencene, a-bisabolol, farnesene,
caryophyllene, nerol, nerolidol, pulegone, borneol, menthol, geraniol, and D-fenchone

2.2.1. NVOCs Measured Using the Mini Pump

NVOCs were collected every two hours from the morning (10:00) to the afternoon
(16:00) over the course of a two-day research period, specifically targeting peak forest
visitation times. The collection process involved the use of adsorption tubes containing
150 mg of Tenax TA (Markes International Inc., Sacramento, CA, USA). The levels of NVOCs
were quantified in micrograms per cubic meter (ug/m?), where “m3” denotes the volume
of the surrounding environment at the measurement sites. The total air volume of nine
liters collected within one hour was converted into cubic meters, as explained below.

For the sample collection system, a mini pump (MP-30KN; Sibata Scientific Technology
Ltd., Saitama, Japan) was employed. Calibration of the flow meter preceded its usage,
involving the measurement of adsorption errors. The NVOCs (nine liters total) were
collected at a flow rate of 150 mL/min. A previous study aimed at improving the precision
and efficiency of NVOC measurements in forests examined various sampling volumes and
determined that 9 L provided the most efficient results compared to volumes of 1, 3, 6, 9,
12, 24, and 48 L [20]. Consequently, this study also adopted a nine-liter air volume. The
sampling equipment was positioned on a tripod at a height of 1.5 m above the ground,
and this process was repeated at each location to calculate the average value. Disposable
polyethylene gloves and antibacterial masks were used to prevent potential contamination
of tubes. The sampled tubes were stored at a temperature below 4 °C for 48 h after
collection and prior to analysis (Table 2). To minimize the possibility of errors, data from
tubes collected without the Tenax TA were also considered.

Table 2. Operating parameter conditions for NVOC detection.

Parameters Conditions
Column HP-INNOWAX (60 m x 0.25 mmL D x 0.25 um, film thickness)
Carrier gas flow He at 1 mL/min
Injection mode Pulsed splitless
Injection port temp. 210 °C
Transfer line temp. 210 °C
Over temp. Initial Rate Final
program 3 min 40 °C 8 °C/min 220 °C 3 min 40°C
Post run 220 °C, 5 min

The samples were subjected to qualitative and quantitative analyses using a gas
chromatograph-mass spectrometer (model 7890N-5975; Agilent, Santa Clara, CA, USA)
equipped with a thermal desorption device (GC-MSD; Gerstel TDS, Gerstel, Germany). In
this system, the substances adsorbed onto the tube were concentrated in a low-temperature
cryofocusing system. This system used high-purity helium gas from a thermal desorption
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device at a flow rate of 1 mL/min. The gas was desorbed for 3 min at 210 °C, with
the cryofocusing maintaining a temperature of —30 °C. Subsequently, the compounds
underwent a three-minute heating process at 220 °C before being injected into a GC
spectrometer and detected through mass spectrometry.

Various measures were employed to validate the analytical instruments and proce-
dures. One such measure involved creating a calibration curve using 20 different standard
chemical compounds, including x-pinene and 3-pinene. Using this calibration curve to de-
termine the mass number of each element and the square of its dilution rate with standard
materials, most materials displayed a high degree of linearity, exceeding 0.997. Examples of
substances with notably high linearity included «-pinene (R2 = 0.997), 3-pinene (R2 = 0.998),
and d-limonene (R2 = 0.999). The experiments involving these substances demonstrated
remarkable consistency in terms of the linear correlation coefficient, rendering them suitable
for research purposes.

2.2.2. Quantifying NVOCs Using Real-Time VOC Measuring Equipment

The real-time assessment of phytoncide concentrations indoors and within the phy-
totron environment was conducted using a SYFT Voice200 ULTRA Advanced SIFT Mass
Spectrometer (Syft Technologies, Christchurch, New Zealand). This instrumentation, rec-
ognized as a SIFT-MS device, possesses the unique capability to perform both qualitative
and quantitative analyses directly at the parts per trillion by volume level without necessi-
tating preliminary sample treatment. Furthermore, this analysis is executed in real time,
effectively circumventing the time-intensive nature associated with GC-MS, as noted in the
literature [21]. The operational modality of SIFT-MS is delineated as follows:

1. SIFI-MS generates three distinct reagent ions (H30%, NO™, and O,*) using microwave
plasma energy facilitated by the presence of nitrogen, oxygen, and moisture within
the ambient atmosphere. The generated reagent ions are filtered through an initial
quadrupole mass filter before sequentially entering the flow tube.

2. Subsequently, the generated reagent ions are introduced sequentially into the flow
tube, where they undergo stabilization through collisions with the cooling gas. Once
stabilized, these reagent ions encounter the sample and initiate ionization reactions.
The flow tube maintains a consistent flow rate, temperature, and pressure while trans-
ferring the energy of the reagent ions to the sample, thereby generating product ions.

3. Surplus reagent ions that did not react with the generated product ions are filtered
through a secondary quadrupole mass filter. The concentration of the sample can be
promptly ascertained by utilizing the data stored in the comprehensive compound
library of Syft, which encompasses pertinent parameters, such as collision constants,
reaction rate constants, and reaction rates [21-23].

In contrast to conventional GC-MS, this approach enables the unique ability to in-
troduce an analyte without the need for a separate standard substance, facilitating the
continuous monitoring of concentration variations via an online system in real time. More-
over, notably, this technology is designed to be user friendly and accommodate individuals
lacking extensive expertise, with automatic validation and self-calibration functionalities.

2.3. Data Analysis Methods

First, the diurnal pattern of NVOC concentrations and the ratios of detailed compo-
nents were compared based on GC-MS and SIFT-MS datasets. Next, to determine the
statistical difference between the results of the two measurement methods, an independent
samples t-test was conducted after the Shapiro-Wilk and Levene tests were performed. For
the second analysis, descriptive statistics were used to determine the characteristics of the
phytoncide emissions measured indoors, outdoors, and in the phytotrons. The skewness
and kurtosis of the dataset obtained at each measurement site were investigated, and the
Jarque-Bera test for normality was performed (Figure 4).
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Figure 4. Flow diagram of the analysis processes. GC-MS: Gas chromatography-mass spectroscopy;
SIFT-MS: Selected ion flow tube—mass spectroscopy.

3. Results
3.1. Characteristics of NVOCs at the NIFoS Phytotron by SIFT-MS and GC-MS
3.1.1. Diurnal Characteristics of NVOC Emissions

The NVOC concentrations analyzed by SIFT-MS and GC-MS are shown in Figure 5.
Overall, the concentration detected by the SIFT-MS method was comparatively high, and
both analysis methods showed similar increasing and decreasing trends. In particular, in
the case of NVOCs, it was confirmed that they were discharged at a constant emission
of approximately 30 pg/m?® during nighttime in the phytotron. When comparing the
average concentrations from morning (10:00) to afternoon (14:00), when the two devices
were measured at the same time, NVOC concentrations were 41.8 pg/ m?3 in the SIFT-MS
method and 36.2 ug/m? in the GC-MS method.

S o 9 S 'y o S S o
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Figure 5. Temporal profile of NVOC emissions recorded by measurement equipment.

3.1.2. NVOC Detailed Compound Ratio Analysis

The detailed components of the NVOC concentrations measured using SIFT-MS and
GC-MS are shown in Figure 6. Owing to the classification of detection items in real-time
measuring instruments, alpha-pinene, beta-pinene, and 3-carene were detected integrally,
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terpinene(alpha+tgamma)

3.1%

SIFT/MS

”

while alpha-terpinene and gamma-terpinene were also detected integrally. According to
the SIFT-MS analysis results, 14 compounds were detected in the following order: pinene
(63.0%), myrcene (14.2%), benzaldehyde (3.5%), limonene (3.1%), and terpinene (3.1%). In
the GC-MS analysis, 11 compounds were detected, including pinene (72.7%) and myrcene
(18.1%), as in SIFT-MS. Subsequently, elevated concentrations were observed in the order
of camphene (2.4%), limonene (1.7%), and eucalyptol (1.6%).

camphene eucalyptol

benzaldehyde 2.4% 1.6%

35%  terpineol
benzaldehyde

limonene mterpineol
1.7%

limonene

3.1% m bornyl acetate comphene
— F—
o caryophyllene M caryophyllene
M cymene
‘menthol limonene
u myrcene W myrcene
M pinene(alpha+beta)+3-carene

 terpinene(alpha+gamma)

terpinolene

i nerolidol
m pinene(alphatbeta)+3-carene
terpinene(alpha+gamma)

terpinolene

@) (b)

Figure 6. Detailed components of NVOC concentration. (a) Percentage of detailed components of
NVOC emissions recorded through SIFT-MS analysis; (b) Percentage of detailed components of
NVOC emissions recorded through GC-MS analysis.

3.1.3. Independent Samples t-Test for NVOC Measurement Results

An independent samples t-test was conducted to ascertain the presence of a notable
distinction between the NVOC concentrations obtained from the mini pump and those
obtained from the real-time measuring device. Prior to conducting the independent samples
t-test, both the Shapiro-Wilk normality test and Levene’s test for homogeneity of variance
were applied. The normality test yielded p-values greater than 0.05 for both the mini pump
and the real-time measuring instrument, thereby confirming the assumption of normality
for both groups. In the homogeneity of variance test, the p-value was 0.197, indicating
uniform variance between the two groups. Consequently, an independent samples t-test
was performed on the two groups, and the detailed results are shown in Table 3. The
obtained p-value of 0.144 confirmed that there was no statistically significant difference
in the mean values between the two groups. This indicates that the NVOC concentration
measurements in the two groups did not exhibit a statistically significant disparity.

Table 3. Results of an independent samples ¢-test undertaken on the data measured using a mini
pump (GC-MS) and a real-time measuring instrument (SIFI-MS).

Independent Samples ¢-Test

Shapiro-Wilk

Levene’s Test for

Normality Test Homog.enelty of t-Test for Equality of Mean (Equal Variance Assumed)
Variance
95% Confidence
Interval of the
p-Value Val Val Mean SE "
F p-vatue t Df p-value Difference Difference Difference
SIFF-MS GC-MS Lower Upper
0.914 0.794 0.120 0.197 3.565 26 0.144 8.153 0.203 5.570 20.737

Df: degrees of freedom. SE: standard error.
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3.2. Characteristics of NVOCs: Indoors, Outdoors, and in the Phytotron
3.2.1. Diurnal Characteristics of NVOC Emissions

After examining the diurnal pattern of phytoncide emission according to the mea-
surement location, the average phytoncide concentration was elevated in the order of
the phytotron (38.1 pg/ m3), indoors (21.6 ug/ m3), and outdoors (0.6 ug/ m3). Outdoor
phytoncide emissions over time were highest in the morning, decreased during midday
hours when solar radiation was high, and showed an increasing trend in the late afternoon
(Figure 7). In the case of the phytotron, they were lowest in the morning, peaked during
midday hours, slightly decreased, and then increased again. Meanwhile, in the case of
indoor environments, it was confirmed that phytoncide concentration increased over time.
Indoor phytoncide concentrations were measured on 22 November 2019, whereas outdoor
and phytotron phytoncide concentrations were measured on 27 November 2019.

(pg/m’)
60.3

640 132
398 359 372

320 245 432
20.7 220 38

16.0 20.6

135 15.7
8.0

4.0
2.0 16

1.0 0.7

05 04 0.4 04

03
10:00 11:00 12:00 13:00 14:00 15:00 16:00

a==Indoor Outdoor Phytotron
Figure 7. Temporal profile of NVOC emissions recorded by measurement site.

3.2.2. Descriptive Statistics of NVOC Emissions

Table 4 presents the descriptive statistics of the NVOC emission results according to
the measurement location. The coefficient of variation was the lowest in the phytotron
results and the highest in the outdoor results. With regard to skewness, all three variables
were right-skewed, and the degree of skewness was highest in the outdoor measurements.
From the results of the kurtosis analysis, the distribution of results indoors and in the
phytotron was relatively wider than that outdoors. Finally, we determined whether the
skewness and kurtosis of the data matched the normal distribution using the Jarque—Bera
test for normality. The Jarque—Bera statistics confirmed that the outdoor dataset does not
show a normal distribution because its value was greater than 5.99. In addition, the p-value
of the results of the Jarque—Bera test for the outdoor data was less than 0.05, confirming
that the data were not normally distributed.

Table 4. Descriptive statistics of NVOC emissions by measurement site.

Measurement Site N Mean Median Max. Min. cv Skewness  Kurtosis J-B p-Value !
Indoor 39 25.31 20.61 43.20 13.52 041 0.62 —1.08 3.30 0.193

Outdoor 26 0.65 0.49 1.59 0.38 0.61 2.34 5.67 58.56 0.000 ***
Phytotron 28 38.09 37.20 60.33 20.71 0.33 0.40 —0.05 0.78 0.675

1 p-value of the Jarque-Bera test for normality. N: population size. Max.: maximum value. Min.: minimum value.
CV: coefficient of variation. J-B: Jarque—Bera test for normality. *** p < 0.001.

4. Discussion

As the health-promoting effects of the phytoncides emitted by plants are acknowl-
edged, the demand for research on phytoncides is increasing. Several prior studies have
been conducted to detect the phytoncide concentration emitted by forests and to investigate
the effect of forest healing [4-6,24-26]. However, concerning forests, due to the nature
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of the outdoor environment, changes in phytoncide emissions are affected by various
microclimate environments and abiotic factors [20,24,27]. Therefore, it is difficult to deter-
mine the average phytoncide emissions of certain forest species, and we believe that it is
necessary to study the consistent volume of phytoncide emissions by species or forests
that can be applied to the development of forest healing programs for groups that have
difficulty visiting forests in person and programs through virtual reality. In addition, the
conventional GC-MS method has difficulty with field measurements because researchers
must undertake prolonged stays in the forest and require specialized skills. However,
SIFT-MS has the advantage of significantly reducing the required research personnel and
time by enabling real-time measurements and data analysis. Therefore, in this study, a
phytotron, which can control the microclimate environment and abiotic factors, was set as
the primary research site, and the GC-MS and SIFT-MS methods were compared during
the first experimental phase. In the second phase, the phytoncide results measured indoors,
outdoors, and in the phytotron were analyzed to determine the effect of abiotic factors on
phytoncide emissions.

After analyzing VOC emissions from the phytotron using GC-MS and SIFT-MS, both
GC-MS and SIFT-MS methods showed similar emission trends and SIFT-MS showed
slightly higher detection amounts. This is assumed to be because the SIFI-MS method is
less affected by humidity and detects and tests the concentrations in real time [27]. When
examining the hourly emission characteristics of phytoncides, it was confirmed that the
phytoncides were discharged at a constant concentration from midnight to approximately
10:00. This study was conducted on a clear day. Concerning the phytotron, where the study
was conducted, the temperature and humidity were constantly controlled, but light was
not controllable and was affected by outdoor weather. Trees synthesize phytoncides as a
secondary metabolite of photosynthesis, and abiotic stress factors, such as pathogen attack,
UV irradiation, strong light, wounding, temperature, nutrient deficiencies, and herbicide
treatment, increase the secondary metabolites of trees [28,29]. Therefore, although a certain
phytoncide concentration was detected in the phytotron from night to morning, a change in
phytoncide emissions occurred when the influence of sunlight began. As the light intensity
increased, the seedlings in the phytotron began to photosynthesize, and the amount of phy-
toncides increased under the influence of light, which is an abiotic stress factor. Moreover,
from midday, when solar radiation was strengthened, phytoncides decreased because of
photochemical reactions with light [30,31]. Subsequently, phytoncide emissions increased
slightly at approximately 15:00, when the effects of sunlight decreased again.

Next, the detailed components of the phytoncides analyzed by the GC-MS and SIFT-
MS methods were examined. Accordingly, both methods detected pinenes at the highest
concentration, followed by myrcene in both methods. As the seedlings planted inside
the phytotron were Pinus strobus L., which is a pine species, it was confirmed that the
pinenes primarily discharged from the seedlings were detected at the highest levels [32-34].
Myrcene, the second most detected compound, has also been frequently detected in previ-
ous studies on Pinus strobus L. trees [34]. Therefore, there are similarities and variations in
the phytoncide concentrations examined via both GC-MS and SIFT-MS methods. Conse-
quently, an independent samples t-test was conducted to ascertain whether the distinction
between the two analytical approaches was statistically significant. Consequently, both
groups demonstrated conformity with the assumptions of normality and variance ho-
mogeneity, enabling the execution of an independent samples ¢-test. Based on the test
outcomes, there were no statistically significant differences in the mean values between the
two groups. This indicates that there was no substantial divergence between the findings
obtained using the GC-MS and SIFT-MS methods. Therefore, when gathering and assessing
phytoncides in a forest setting, it is feasible to employ SIFT-MS instead of GC-MS.

In the second experimental phase, phytoncide emissions were measured indoors,
outdoors, and in the phytotron to determine the characteristics of the phytoncide emis-
sions according to the measurement location and environment. Concerning measurements
indoors and in the phytotron, research was conducted on Pinus strobus L. seedlings. Con-
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cerning the outdoor measurement, the overall phytoncide concentration in the Hongneung
Experimental Forest was measured on the roof of the building where the phytotron was
located. Accordingly, in the outdoor measurements, it was possible to confirm phytoncide
emission characteristics of similar concentrations and trends as those of previous stud-
ies [24,26]. In the phytotron, where temperature and humidity were controlled at 25 °C
and 60%, respectively, the highest average concentration of phytoncide among the three
measurement sites was detected. In particular, phytoncides were detected at a concentra-
tion 58.6-fold higher than those in the outdoor average. This can likely be attributed to the
dilution effect caused by outdoor elements such as wind and other environmental factors.
As explained in the results of the first phase of the study, the temperature, humidity, and
wind speed inside the phytotron were controlled at a certain level; therefore, only natural
light was affected. Therefore, when the external microclimate environment was controlled,
the concentration of phytoncides increased during the daytime due to photosynthesis by
plants, and in the afternoon, when the light intensity increased, NVOCs decreased due
to photochemical reactions and then increased again in the late afternoon when sunlight
weakened. However, concerning indoor phytoncide concentration values, it was confirmed
that the concentration increased over time. This might be because the indoor temperature
in the building increased over time, and the phytoncide concentration, which is positively
correlated with temperature, continued to increase. In addition, it was presumed that the
measurement environment inside the room was generally shaded during the measurement
period, resulting in less photosynthesis and fewer photochemical reactions caused by light.

Next, a descriptive statistical analysis was performed to explain the trend at each
measurement site, confirmed by the analysis of phytoncide emission characteristics over
time. The coefficient of variation of the phytotron was the smallest, statistically confirming
the steadiest phytoncide emission among the three research sites. More consistent phyton-
cide concentrations might be obtained using light-controlled phytotron experiments. In
contrast, the results of the Jarque—Bera test for normality analysis statistically confirmed
the normality of the indoor and phytotron measurement results; however, it was confirmed
that the outdoor measurement results did not follow a normal distribution. Therefore,
in outdoor measurement experiments, it is difficult for the average value to represent
the overall measurement value, and it is also difficult to present the average phytoncide
concentration of a specific species. Thus, in future studies measuring NVOC concentrations
in forests, it would be desirable to present the average phytoncide concentration measured
by the corresponding tree species in the phytotron that is statistically the most stable.

We conducted a comparative study of the phytoncide analysis method and measure-
ment sites using various analyses. However, this study has several limitations that must
be addressed in future studies. First, the study dates differed. Although both occurred on
clear days at intervals of less than one week, external factors might have affected emissions,
as the days of indoor phytoncide measurements differed from those of the outdoor and
phytotron measurements. In addition, the measurement times for the GC-MS and SIFT-MS
methods vary. For a more meaningful comparison, the phytoncide concentrations should
be measured using both GC-MS and SIFT-MS for 24 h in subsequent studies. In the case of
the phytotron, a great limitation remains in that it cannot control light. As previous studies
have shown that light significantly affects phytoncide emissions, it is necessary to control
light at a certain level by proceeding with indoor phytotrons in subsequent studies. In
addition, the outdoor measurement, which was performed on the roof of a general building,
remains a limitation. Fortunately, the building was surrounded by trees, as it was located
in a large experimental forest, and the detected concentration did not differ significantly
from that in previous studies. However, in subsequent studies, it would be desirable to
conduct research after creating identical indoor and phytotron environments. Nonetheless,
this study extended the investigation to include phytoncide emission assessments in indoor
and outdoor settings, thereby enabling a comprehensive comparison of emission patterns
across different environments. In this process, it became evident that the phytotron, with its
controlled conditions, offered superior consistency in phytoncide emissions compared with
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that of outdoor environments. Although this study has certain limitations, it underscores
the significance of phytotron-based measurements in informing the development of indoor
forest healing programs, particularly for patients who cannot access natural forests or
virtual reality environments. These patient groups include those suffering from long-term
illnesses such as cancer, as well as individuals with limited mobility, especially the disabled
and elderly. Furthermore, the findings of this study suggest the potential adoption of
SIFT-MS as an efficient alternative to GC-MS for future field research on phytoncides.

5. Conclusions

This study was driven by the increasing demand for phytoncide studies to design
indoor forest healing programs using virtual reality or programs for patients who are
unable to visit forests directly. This study focused on a controlled phytotron environment
and compared GC-MS and SIFT-MS results, revealing similar emission trends with slightly
higher SIFT-MS detection concentrations. This study also identified the daily fluctuations
in phytoncide emissions influenced by light intensity and abiotic stress factors. A detailed
analysis showed that both methods consistently detected pinenes, which are primarily
emitted by Pinus strobus L. seedlings in the phytotron. Statistical analysis confirmed no
significant divergence between the GC-MS and SIFT-MS results, indicating the feasibility
of using SIFT-MS for forest phytoncide assessment. In the second experimental phase,
the phytoncide emissions were assessed indoors, outdoors, and in the phytotron to un-
derstand their location and environmental effects. Notably, the phytotron demonstrates
the most consistent phytoncide emissions under controlled conditions. In the pursuit of
promoting health and well-being through indoor forest experiences, this study represents
a crucial step toward understanding the role of phytoncides and their measurements in
controlled environments.
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