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Abstract. Biogenic volatile organic compounds (BVOCs),
emitted primarily from terrestrial plants, significantly influ-
ence atmospheric chemistry and climate change. Conifers
are major sources of BVOCs in temperate regions. How-
ever, their unique physiology, particularly the storage of ter-
penes within their tissues, makes accurate measurements of
BVOC emissions challenging owing to contact-induced re-
lease. We developed a portable dynamic branch enclosure
system specifically optimized for BVOC measurement in
conifers, which enables measurements of multiple trees in a
single day. The system uses filtered ambient air as a purge gas
to reduce logistical challenges and features a foldable bag de-
sign to minimize excessive BVOC release induced by physi-
cal contact. It provides BVOC- and ozone-free air, maintains
stable internal temperature and humidity conditions closely
approximating those of natural environments, and ensures
repeatable measurements of BVOC emissions. Field testing
with Japanese cedar (Cryptomeria japonica) demonstrated
the system’s robust field performance, successfully capturing
both significant inter-individual variability and the dynamic
diurnal patterns of BVOC emissions. The system’s ability
to reliably resolve these differences under field conditions
demonstrates its applicability for advancing our understand-
ing of BVOC dynamics in diverse ecosystems.

1 Introduction

Biogenic volatile organic compounds (BVOCs), emitted pri-
marily from terrestrial plants, play a significant role in
atmospheric chemistry. Through atmospheric degradation
processes, BVOCs contribute to the formation of tropo-
spheric ozone and secondary organic aerosols (Chatani et al.,
2015; Ghirardo et al., 2016; Laothawornkitkul et al., 2009),
which significantly affect air quality. These atmospheric con-
stituents can alter radiative forcing and precipitation patterns,
influencing the global climate (Randall et al., 2014; Rotstayn
et al., 2009).

Among terrestrial plant species, conifers are major BVOC
emitters in temperate regions, and their emissions have im-
portant implications for regional air quality and climate
(Peñuelas and Staudt, 2010). They release a diverse ar-
ray of BVOCs, notably monoterpenes (MTs), sesquiterpenes
(SQTs), and diterpenes (DTs) (Chatani et al., 2018; Guenther
et al., 1993, 2012; Matsunaga et al., 2011). Monoterpenes
(C10 compounds) are highly volatile and major BVOCs
in temperate and boreal regions (Guenther et al., 1993).
Sesquiterpenes (C15) have a notable role in atmospheric pro-
cesses, particularly in particle formation, as their oxidation
produces ultra-low volatility organic compounds that act as
efficient nucleators (Dada et al., 2023). Diterpenes (C20) have
even lower volatility but high reactivity, which may make
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them particularly important for particle formation, although
these properties also pose challenges for their observation.

The profiles of BVOC emissions from plants are deter-
mined by a complex interplay of factors, including envi-
ronmental conditions such as temperature and drought (Bi-
rami et al., 2021), genetic factors, and biotic stresses such
as plant–microbe interactions (Saunier et al., 2020). More-
over, some plant species alter their emission profiles in re-
sponse to BVOCs emitted by neighbouring plants (Arimura
et al., 2012). However, how these factors influence the com-
position and rates of BVOC emission remains insufficiently
understood (Tani et al., 2024).

Recent comprehensive reviews have further underscored
the critical and distinct roles of these terpene classes
in biosphere-atmosphere interactions (Bourtsoukidis et al.,
2024, 2025; Yañez-Serrano et al., 2024). For instance, diter-
penes are now understood to be particularly potent contribu-
tors to SOA formation, potentially having a disproportion-
ately large impact relative to their emission rates (Yañez-
Serrano et al., 2024). Moreover, these reviews highlight that
the emission rates and composition of MTs and SQTs can
vary significantly among individuals, which may reflect di-
verse adaptive strategies to environmental stresses (Bourt-
soukidis et al., 2024, 2025). To untangle the complex factors
governing these emissions, a dual approach of broad-scale
analysis and detailed, individual-level data collection is es-
sential. Quantifying emission characteristics at the level of
individual plants is crucial for understanding how emissions
change in response to varying environmental conditions. This
understanding is essential for predicting future changes in
BVOC–aerosol–climate feedbacks.

One challenge hindering individual-level BVOC measure-
ments under natural conditions is the logistical difficulty as-
sociated with conventional sampling methods. Since conifers
store terpenes within their needles (Saito et al., 2022), phys-
ical contact can trigger a burst release of these compounds,
making it difficult to accurately measure their emission rates.
The cuvette method, which clamps an individual leaf, is gen-
erally unsuitable for conifers for this reason. The dynamic
branch enclosure method (Ortega et al., 2008; Ortega and
Helmig, 2008) reduces direct leaf contact but still contacts
the stem during device installation, which is particularly im-
portant consideration for conifers such as cedars that store
terpenes in both leaves and stems. Several studies using dy-
namic branch enclosure methods on coniferous trees allowed
a stabilization period after device installation of approxi-
mately 24 h (Helin et al., 2020; Helmig et al., 2013; Hiura et
al., 2021; Matsunaga et al., 2011, 2012, 2013), 48 h (Bouvier-
Brown et al., 2009), or 1–2 weeks (Praplan et al., 2020) to
mitigate the effects of excessive emissions associated with
physical contact during device installation. During the stabi-
lization period, it is essential to either maintain continuous
gas flow (Helin et al., 2020; Helmig et al., 2013; Hiura et
al., 2021; Matsunaga et al., 2011, 2012, 2013) or avoid fully
sealing an enclosure (Praplan et al., 2020) to sustain nor-

mal physiological conditions and prevent condensation be-
fore measurements are taken. However, when gas cylinders
are used as the purge gas source in locations without a power
supply, numerous cylinders must be transported to the site to
maintain continuous gas flow throughout the measurement
period, posing significant logistical challenges for field mea-
surements (Hiura et al., 2021; Matsunaga et al., 2011, 2012,
2013). Instead of gas cylinders, pumps can be used to supply
purge air by drawing in external air. However, to our knowl-
edge, no studies have clearly shown whether a pump-based
system can be entirely powered by a portable battery, which
is essential in remote areas without a power supply. These
difficulties highlight the need for simplified, field-deployable
techniques for BVOC measurement.

Here, we developed a simplified dynamic branch enclo-
sure system for measuring BVOC emissions from conifers,
which enables measurements of multiple trees in a single
day. Our system addresses the limitations of conventional
methods by using filtered ambient air as the enclosure purge
gas and minimizing purge air consumption with a foldable
bag design. The introduction of a foldable bag eliminates the
need for purge gas during equipment setup. It enables a sin-
gle person to measure BVOCs from up to five trees per day
using the dynamic branch enclosure method. We describe the
design and evaluation of our enclosure system and demon-
strate its applicability through measurements of BVOC emis-
sions from Japanese cedar (Cryptomeria japonica), one of
the dominant conifer species in Japanese forests.

2 Methodology

2.1 Branch enclosure system

2.1.1 System design and components

The branch enclosure system is designed to deliver VOC-
and ozone-free air while ensuring stable internal conditions
for BVOC measurements (Fig. 1a). It uses a diaphragm pump
(FD-15, IBS, Osaka, Japan) and an activated carbon cartridge
(CHC-50, Advantec, Tokyo, Japan) to purify the purge air.
The chamber consists of an open-ended fluorinated ethylene
propylene (FEP) bag (25 cm width × 60 cm long, GL Sci-
ences Inc., Tokyo, Japan) to enclose the branch under ob-
servation. To ensure circulation and homogenization of air
inside the bag, purified air is introduced through 6 mm PTFE
tubing formed into 2 rings, each containing 12 holes (ap-
proximately 1.5 mm in diameter) for the air to exit from.
The 2 rings also provide structural integrity to avoid con-
tact with the branch. The PTFE rings are supported by a tri-
pod equipped with a flexible arm to minimize stress on the
branch (Fig. 1b). A mass flow controller (D-6361-DR/FAS,
Bronkhorst Japan, Tokyo, Japan) maintains a constant purge
air flow rate of 5 Lmin−1. Power for the mass flow con-
troller and the diaphragm pump is supplied by a portable bat-
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tery (JE-1000D, 30.4Ah/35.2V DC, Jackery, Tokyo, Japan).
The temperature inside the bag and the nearby photosyn-
thetically active radiation (PAR) are monitored by a PTFE-
coated thermocouple (GL Sciences Inc., Tokyo, Japan) and
a PAR sensor (MIJ-14PAR Type 2/K2, Environmental Mea-
surement Japan, Fukuoka, Japan), respectively, using a data
logger (Thermic model 2400A, ETOdenki, Tokyo, Japan).
All purge lines were made with 6 mm PTFE tubing. The en-
closure bag and PAR sensor were secured at an appropriate
height on a tripod. A photographic white umbrella was used
to diffuse and reduce the intensity of direct sunlight on the
enclosure during purging and sampling.

2.1.2 System operation and sampling protocol

The system is designed for efficiently sampling multiple trees
in a single day. This is achieved by pre-installing the support
collars on each target tree the day before, and then moving
the main portable enclosure apparatus between these collars
on the sampling day. In this study, five sets of collars were
used to sample five trees. The detailed procedure for enclos-
ing a single branch is as follows:

1. Pre-attachment: One day before sampling, an open-
ended FEP bag and a funnel-shaped support, referred
to as an “Elizabethan collar”, are attached to a branch
(Fig. 1a). The collar is used to minimize contact be-
tween the bag and the branch. The trunk end of the FEP
bag is secured around the branch with hook-and-loop
tape. The bag is folded back so that it remains off the
collar.

2. Enclosure deployment: On the sampling day, the PTFE
ring is inserted over the branch, the branch is enclosed
by unfolding the FEP bag, and the distal end of the
bag is secured around the branch with hook-and-loop
tape. After the branch is enclosed, the inside of the
bag is purged with the purified air for at least 1 h be-
fore BVOC collection. The bag is secured to maintain a
slight positive pressure inside, ensuring that purge air is
discharged from both ends.

3. BVOC collection: Air in the bag is drawn through an
adsorbent tube (6 mm OD × 90 mm-long glass tube;
Supelco, Bellefonte, PA, USA) at 200 mLmin−1 for
10 min by a portable sampler (GSP-300FT-2, Gastec,
Kanagawa, Japan). Two types of sorbent tubes are used:
one for MTs, packed in series with Tenax TA (20/35
mesh, approximately 100 mg; Supelco) and Carbopack
B adsorbents (20/40 mesh, approximately 50 mg; Su-
pelco), and another for SQTs and DTs, packed with
HayeSep Q adsorbent (60/80 mesh, Hayes Separations
Inc., Bandera, TX, USA). After sampling, compounds
collected on the HayeSep Q adsorbent tubes are im-
mediately extracted with approximately 2 mL of hex-
ane (special grade; Fuji Film Wako, Osaka, Japan). The

solvent is transferred into 2 mL glass vials, stored in a
cooler box (approximately 0 °C) for 1 d, and then frozen
(approximately below −30 °C) until analysis. The MT
sorbent tubes are also stored in a cooler box and then
frozen until analysis.

2.2 Measurements

2.2.1 Monoterpenes

The MT adsorbent tubes were analysed by a custom-built
thermal desorption unit coupled to a gas chromatograph (GC)
equipped with a mass selective detector (MSD) and a flame
ionization detector (FID) (Agilent 6890/5973, Agilent Tech-
nologies, Santa Clara, CA, USA). The adsorbent tubes were
purged at 40 °C with nitrogen at 40 mLmin−1 for 1 min, then
heated to 250 °C. The desorbed analytes were transferred in
helium at 10 mLmin−1 to a focusing trap packed with 2 mg
Tenax TA and 2 mg Carboxen 1000 (Supelco) maintained at
−130 °C. The trap was then heated to 180 °C, and desorbed
analytes were injected onto an HP-5 column (60 m, 0.32 mm
I.D., 1 µm film thickness; Agilent) in the GC oven. The GC
oven temperature was held at 35 °C for 2 min, increased to
160 °C at 4 °Cmin−1, then to 300 °C at 45 °Cmin−1, and held
at 300 °C for 10 min. Analytes eluting from the column were
split between the MSD and FID. Methyl salicylate was also
analyzed using this method. MSD analysis was performed
in SIM/SCAN mode. Peaks were identified by comparing re-
tention times with those of standards (Table S1 in the Supple-
ment) prepared in methanol. MTs were quantified using the
FID, based on calibration curves constructed from the peak
areas of standards introduced at various concentrations.

2.2.2 Sesquiterpenes and diterpenes

Following solvent extraction and concentration (Matsunaga
et al., 2012), SQTs and DTs were measured by GC-
MSD/FID (Agilent 6890/5973). An internal standard (ap-
proximately 10 ng of cyclopentadecane dissolved in hexane
at a concentration of around 10 ngµL−1; Tokyo Chemical
Industry Co., Ltd., Tokyo, Japan) was added to the hex-
ane extract, which was then concentrated to approximately
30 µL by using nitrogen blowdown at 60 mLmin−1. A 1 µL
aliquot of the concentrated extract was manually injected
into the GC. The GC oven temperature was programmed to
hold at 60 °C for 2 min, ramp to 120 °C at 30 °Cmin−1, in-
creased to 150 °C at 2 °Cmin−1, and finally ramped to 320 °C
at 5 °Cmin−1, holding at 320 °C for 10 min. The separated
compounds were split between MSD and FID, with MSD
operated in SIM/SCAN mode; quantification was performed
using the SIM mode signals. Peaks were identified by com-
paring retention times with those of standards (Table S1).
SQTs and DTs were quantified by using calibration curves
based on the peak areas of standards introduced at various
concentrations.
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Figure 1. (a) Schematic of Branch enclosure and associated apparatus, (b) enclosure setup, and (c) close-up of the enclosure. MFC, mass
flow controller; Logger, data logger; PAR, photosynthetically active radiation sensor.

2.3 Calculation of basal emission rate

The rate of BVOC emission (E, in ng (gdw)−1 h−1) was first
calculated using a mass-balance equation:

E =
F × (Cout−Cin)

Wdry
(1)

where F is the flow rate of purge air through the enclosure
(Lh−1); Cout is the BVOC concentration in the air exiting the
enclosure (ngL−1), determined from the mass of the com-
pound collected on a sorbent tube divided by the total vol-
ume of air sampled; Cin is concentration of BVOCs in the
incoming purge air, determined from a blank measurement
(an empty enclosure); Wdry is the dry weight of the enclosed
branch (g dw), estimated from Shirota (2000).

To allow for comparison across measurements taken at
different temperatures, this measured emission rate (E)
was then normalized to a basal emission rate (Es, in
ng (gdw)−1 h−1) at a standard temperature (Ts, 30°C=
303.15 K), following the algorithm of Guenther et al. (1993):

Es =
E

exp[β(T − Ts)]
(2)

where T is the temperature inside the enclosure, and β is an
empirical coefficient that quantifies the temperature sensitiv-
ity of emissions. The β values used were 0.17 for MTs, 0.20
for SQTs, and 0.21 for DTs (Matsunaga et al., 2011, 2012,
2013). It should be noted that these β values were not em-
pirically derived from our own dataset, as the measurements
were conducted over a narrow temperature range that was
unsuitable for robust parameterization.

3 Method evaluation

3.1 Performance of activated carbon cartridge

We evaluated the efficiency of the activated carbon cartridge
at removing BVOCs and ozone. Cedar branches collected
from trees growing in the premises of the National Insti-
tute for Environmental Studies were chopped into pieces en-
closed in a FEP bag. BVOC emission rates were measured
with and without the activated carbon cartridge (n= 4–6).
Ozone removal efficiency was similarly evaluated by mea-
suring ambient ozone with and without the cartridge using a
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Table 1. Ozone mixing ratio and total concentration of the measured
BVOCs with and without the activated carbon cartridge. Both new
and used activated carbon cartridges were tested. The used cartridge
had been employed for approximately 8 h in field experiments. Re-
sults obtained with the used cartridges are shown in parentheses.
The limit of detection (LOD) was 1 ppb for ozone and 0.77 ngL−1

for total BVOCs. The LOD for total BVOCs was calculated by
taking the root sum of squares (RSS) of the individual compound
LODs (Table S1) and dividing by the 2 L sampling volume.

Ozone Total BVOCs
(ppb) (ngL−1)

No cartridge 21± 1 2400± 1800
Activated carbon < LOD (< LOD) < LOD (< LOD)
cartridge

UV absorption ozone monitor (1006-AHJ, Dasibi, Glendale,
CA, USA). Ozone was measured for 10 min a day over 2 d.

Total BVOC concentration was significantly lower with
the cartridge than without (P = 0.0117, Welch’s two-sample
t-test; Table 1). Ozone concentrations in the air passing
through the activated carbon cartridge were significantly
lower than ambient (Table 1). This confirms that the acti-
vated carbon cartridge effectively removes ozone, consistent
with findings from a previous study (Namdari et al., 2021).
These findings confirm that our system is capable of supply-
ing ozone- and BVOC-free air to the enclosure.

3.2 Environmental control

We evaluated the effect of purge gas source on environmen-
tal conditions inside the bag enclosure, using purge gas from
ambient air (as described in Sect. 2.1.2) and from gas cylin-
ders (compressed air, Tomoe Shokai Co., Ltd., Tokyo, Japan)
as used in previous studies (Hiura et al., 2021; Matsunaga et
al., 2011). The experiments were conducted at Tsukuba Uni-
versity Mountain Science Centre. During the experiments,
the temperature and relative humidity inside the bag were
measured every minute with a hygrometer (2119A, ETO
denki, Tokyo, Japan) and a PTFE-coated thermocouple (GL
Sciences Inc., Tokyo, Japan). Those outside the bag were ob-
tained from a meteorological station at Tateno, Tsukuba, op-
erated by the Japan Meteorological Agency (2025).

Our system is designed to maintain internal conditions that
closely reflect the ambient environment. The humidity within
the enclosure more closely reflected the external humidity
when purge air was supplied via our air delivery system
compared to using dry cylinder gas (Table 2). This reduces
the atmospheric water demand on the branch, avoiding po-
tential artifacts caused by an artificially high vapor pressure
deficit (Stoy et al., 2021; Núñez et al., 2002). The tempera-
ture within the enclosure remained consistent with the exter-
nal temperature, regardless of whether purge air was supplied
via the air delivery system or from a cylinder (Table 2). In

some cases, Praplan et al. (2020) found that prolonged direct
sunlight causes an enclosure to heat up, resulting in a max-
imum temperature difference of 27.5 °C. In this study, it is
assumed that the use of a sunshade prevented direct sunlight,
thereby mitigating the temperature increase. This overall sta-
bility in both temperature and humidity is attributed to two
key design features. First, the photographic white umbrella
was used to diffuse and reduce the intensity of direct sun-
light, preventing overheating of the enclosed branch. Second,
the high air exchange rate, with a residence time of approxi-
mately 1.6 min, effectively prevents the accumulation of both
heat and transpired water vapor.

3.3 Measurement repeatability

We evaluated the repeatability of BVOC emission rate mea-
surements using a 1 m-long branch collected from a 10 year-
old cedar tree at the Tsukuba University Mountain Science
Centre. After trimming the base, the branch was re-cut un-
der water to maintain its vascular integrity, and the cut end
was kept submerged throughout the experiment. This under-
water cutting technique is a standard method to prevent air
from the xylem vessels, which can cause cavitation and dis-
rupt water transport (Ogasa et al., 2016; Umebayashi et al.,
2016). Indeed, measurements on detached branches repre-
sent a well-established approach in BVOC research (e.g., Jar-
dine et al., 2020), including for coniferous species with large
storage pools similar to C. japonica (Mochizuki et al., 2011;
Miyama et al., 2018). Furthermore, Monson et al. (2007)
demonstrated that this method maintains stable rates of pho-
tosynthesis, stomatal conductance, and isoprene emission for
detached branches, showing no significant differences from
branches that remained attached to the tree. As C. japonica
emits stored rather than de novo synthesized BVOCs, and
the distance from the cut site to the enclosed section of the
branch was sufficiently long (60 cm), the effect of cutting
on our measurements is considered negligible. Following the
procedure described in Sect. 2.1.2, air in the enclosure bag
was collected in adsorbent tubes (9 tubes for MTs, 5 tubes
each for SQTs and DTs). Blank samples were also taken
from the empty enclosure.

The relative standard deviations (RSDs) of MTs ranged
from 4.1 % to 19 %, with an average of 10 %. That of SQT
was 5.6 % (Fig. 2). That of individual-level BVOCs in the
field was 159 % (data not shown).

These findings suggest that RSDs of the new measure-
ment method are sufficiently low compared with the vari-
ability in individual-level BVOC emission rates, confirming
the method’s reproducibility in assessing individual emission
rates. The RSDs are comparable to those reported in previous
studies with other tree species (Li et al., 2019).

In addition to the tests on excised branches, we conducted
a reproducibility experiment on an intact branch of a live
seedling. The same branch was measured twice, and the re-
sults are compared in Fig. S1 in the Supplement. The mea-
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Table 2. Temperature and relative humidity inside and outside the bag enclosure when air supply was drawn from cylinder and ambient air.

Air source

Cylinder Ambient air

Inside enclosure Outside enclosure Inside enclosure Outside enclosure

Humidity (%) 40± 1 70± 3 59± 2 63± 0.9
Temperature (°C) 30.4± 0.6 29.0± 0.4 30.0± 1 27.7± 0.4

Figure 2. Basal emission rates of terpenes (Es) and relative standard
deviations (%, n= 5, blue).

surements showed reasonable consistency for all detected
compounds, supporting the stability of our system. We note,
however, that this test was conducted on a young seedling
with a limited number of emitted compounds.

3.4 System stabilization time

We conducted an indoor experiment to evaluate the time re-
quired for the excessive release of BVOCs due to contact
during the attachment of the enclosure system to subside. A
cut cedar branch placed in a thermostatic chamber was used.
Measurements were taken with a TDU-GC-MS system, as
in Sect. 2.2.1, but equipped with a dual trapping system for
online preconcentration and refocusing of BVOCs. Air was
drawn from the enclosure at 45 mLmin−1 into the TDU for
12 min and analysed by GC-MS. Measurements were taken
every 45 min over 3 d. Throughout the experiment, the cham-
ber was maintained at a constant 25 °C. As the temperature
remained constant, no temperature correction was applied in
the calculation of the basal emission rate.

We also investigated effects of extending the pre-attached
FEP bag on basal emission rates during the measurement day.
Using the same materials as before, we tied a FEP bag to a
cedar branch, folded it, and left it for approximately 24 h. The
bag was then extended to cover the branch again. Samples
were taken every 45 min, 20 times in total, while the bag was

Figure 3. BVOC emission rates from a tree branch over time un-
der different enclosure conditions. A branch was covered with a
bag (0 h, i), and continuous measurements were taken until 45 h.
The bag was folded back (ii), and this state was maintained until
52 h (iii). The bag was unfolded over again to cover the branch, and
measurements were resumed until 72 h. Total amount of terpenes
emitted was 3.75 µg (gdw)−1. Considering that the amount of ter-
pene stored in the leaves of Cryptomeria japonica is approximately
15.877 mg (gdw)−1 (Saito et al., 2022), this represents only 0.02 %
of its storage pool.

purged with air, and we compared basal emission rates before
and after the bag was extended.

Installation of an enclosure (i, Fig. 3) initially triggered an
excessive release of BVOCs. Emission decreased to approx-
imately 5 % of its peak value within 24 h of installation.

These results indicate that allowing 24 h after enclosure in-
stallation mitigates potential overestimation of BVOC emis-
sion rates due to the installation. Previous studies allowed
24 h or more (Helin et al., 2020; Helmig et al., 2013; Hiura
et al., 2021; Matsunaga et al., 2011). Our results suggest that
24 h is enough.

The results also reveal that the emission rate 1 h after bag
unfolding (Fig. 3, iii) was virtually unchanged from the pre-
unfolding level (ii), so the potential effect of excessive emis-
sions during the bag-unfolding process was sufficiently ac-
counted for. Notably, Mochizuki et al. (2011) showed that
the excessive emission of MTs induced by vibration stimu-
lus in Japanese cedar subsided within approximately 20 min.
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We anticipate that the effects of minor vibrations during bag
unfolding will subside within 1 h.

4 Field deployment

We deployed the developed branch enclosure system in two
field settings to evaluate its performance. The first involved
multiple Japanese cedar individuals from different regional
populations growing in a common garden. The second con-
sisted of a diurnal measurement on a mature individual tree.

4.1 Measurements in a common garden

The enclosure system was tested on Japanese cedar trees
grown in a common garden setup at the Kawatabi Field Cen-
tre, Tohoku University, using cedar trees grown from cut-
tings of natural populations collected across Japan (Tsumura,
2022). Geographical differentiation in several functional
traits of Japanese cedar has been revealed through com-
mon garden experiments (Hiura, 2022). We used cuttings de-
rived from three populations: 9 individuals from Ajigasawa
(40.67° N, 140.20° E, 297 m a.s.l.), 9 from Azoji (34.48° N,
131.96° E, 1060 m a.s.l.), and 6 from Yakushima (30.33° N,
130.46° E, 1267 m a.s.l.). Details of each population are pro-
vided in Kimura et al. (2014). The mean annual temperature
at Kawatabi is 10.5 °C and the mean annual precipitation is
1697 mm. Field measurements were conducted on live, in-
tact branches, with one south-facing branch selected per tree
at approximately 1.3 m above the ground. Sampling was per-
formed during daytime (09:00–15:00 LT) from 29 May to 9
June 2023, using a consistent protocol for all individuals.

Measurements at the Kawatabi Field Centre detected 14
compounds, principally α-pinene, sabinene, β-farnesene,
and ent-kaurene (Fig. 4). While total emission rates did
not differ significantly among populations (ANOVA,P =
0.417,F = 0.913), we observed substantial inter-individual
variation. Specifically, the total emission rates varied by sev-
eral orders of magnitude among individuals. Such high vari-
ability in emission rates is a well-documented characteristic
of C. japonica (Saito et al., 2022; Matsunaga et al., 2011;
Miyama et al., 2019; Tani et al., 2024), supporting the bio-
logical origin of this variation.

In addition to the total rates, there was also considerable
variation in the emission compositions (Fig. 4b). For exam-
ple, in some trees (AJ016, AJ017, AJ020, AJ025, AJ033,
AZ018, AZ019, AZ040, YK025) MTs accounted for more
than 50 % of the emission composition. In contrast, other in-
dividuals (AJ002, AJ035, AZ002, AZ004, AZ006, AZ024,
AZ025, AZ029, AZ036, YK005, YK007, YK013, YK032,
YK070) showed profiles where SQTs and DTs accounted for
more than 50 % of the emission composition.

Among all trees, β-farnesene was the most dominant
SQT detected. Concentrations of β-farnesene varied signifi-
cantly. Among trees emitted β-farnesene (all individuals with

Figure 4. Field experiment results showing BVOC emissions from
Japanese cedar (Cryptomeria japonica). (a) Total BVOC emission
rates from different populations (Yakushima [YK], Azouji [AZ],
Ajigasawa [AJ]). (b) Chemical composition of BVOCs measured
from individual trees from three populations.

the exception of YK025, YK070), β-farnesene accounted
for 2.6 %–100 % of total emissions. β-Farnesene is a cru-
cial volatile organic compound, exerting significant influ-
ence on interactions between plants, aphids, and predator in-
sects (Wang et al., 2024). β-Farnesene emission can be trig-
gered by parasitism (Kivimäenpää et al., 2020). This com-
pound is also suggested to be involved in responses to abiotic
stresses, and it may help prevent leaf necrosis caused by lo-
cal ozone reduction (Palmer-Young et al., 2015). Therefore,
we can infer that trees with high β-farnesene emission rates
may be experiencing some form of stress. BVOC emissions
are broadly influenced by various biotic and abiotic factors
(Holopainen and Gershenzon, 2010; Loreto and Schnitzler,
2010). Therefore, the variations in overall emission charac-
teristics observed here may be attributed to environmental
differences in the field and responses to biotic stress. How-
ever, the main objective of this study was the development of
methods, and the sample size is not large enough to draw any
conclusions about factor determining BVOC emissions. Fur-
ther sampling will be necessary to clarify these factors, while
detailed analyses of the relationships with phyllosphere mi-
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Figure 5. Diurnal variation of monoterpene emissions from a field-grown Japanese cedar (Cryptomeria japonica) tree. (a) Time series of
emission rates (E; stacked bars) for monoterpene compounds and air temperature in the enclosure bag (red line), with an inset highlighting
the 01:00–11:00 LT period. (b, c) Scatter plots of the emission rate versus temperature for data (b) before 11:00 LT and (c) after 11:00 LT,
respectively. The color of the markers indicates the time of day (hour).

crobial communities are being conducted elsewhere (Ishizaki
et al., 2025).

4.2 Diurnal variation in BVOC emissions

To evaluate the diurnal variation of BVOC emissions and
assess the system’s response to environmental conditions,
we conducted additional measurements on a Japanese cedar
tree (height: approximately 10 m) growing on the premises
of the National Institute for Environmental Studies, Japan.
Based on preliminary observations indicating that the BVOC
profile of this individual was dominated by monoterpenes
(MTs), the measurements focused specifically on MT emis-
sions. Sampling was conducted at multiple time points over
a 24 h period on 5 August 2025, from the lowermost branch
of the tree.

Throughout the night and morning (01:00–11:00 LT), the
emission rate increased with rising air temperature (Fig. 5a).
The relationship between temperature and emissions during

this pre-noon period (Fig. 5b) exhibited a typical exponential
response, consistent with established models (e.g., Guenther
et al., 1993). The temperature response coefficient (β, °C−1)
calculated from this data using Eq. (2) was 0.191. It is worth
noting that our β value was derived using non-linear regres-
sion, which differs from the log-transformed linear regres-
sion method used in some previous studies on this species
(e.g., Matsunaga et al., 2011; Okumura et al., 2013). For
comparison, applying the linear method to our data yields a β
of 0.143, which agrees well with their reported values (0.09–
0.17). This result demonstrates that our method can quan-
titatively and accurately assess the standard environmental
responses of plants.

In the afternoon, however, as a heatwave caused the tem-
perature to exceed 40 °C, the emission rate surged dramat-
ically, deviating from the morning trend (Fig. 5c). Notably,
even after the temperature decreased to approximately 30 °C
in the evening, the emission rate did not return to the level
predicted by the standard temperature dependency (Fig. 5b).
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This hysteresis suggests that the surge was not a simple ther-
mal response but was likely triggered by factors such as heat-
induced physiological damage, as reported by Nagalingam
et al. (2024). Although a mechanistic investigation of this
single case is outside the scope of this methodological pa-
per, it highlights the system’s capability to capture plant
responses to extreme weather events. This interesting phe-
nomenon warrants further investigation.

5 Conclusions

We successfully developed a portable, field-deployable sys-
tem for measuring BVOC emissions from conifers. By us-
ing scrubbed ambient air as a purge gas and implement-
ing a foldable bag design, the system addresses the logis-
tical and methodological challenges associated with conven-
tional techniques. The system maintained stable environmen-
tal conditions, provided BVOC- and ozone-free air, and en-
sured high measurement repeatability, making it suitable for
field applications.

Field testing revealed significant variability in BVOC
emissions both among individual trees and across geograph-
ical origins. These findings highlight the complex interplay
of multiple factors in determining BVOC emission charac-
teristics. This variability emphasizes the critical need for
individual-level assessments to enhance our understanding of
BVOC dynamics in diverse ecosystems.

By providing a practical and reliable tool for BVOC mea-
surement under natural conditions, the system can advance
our understanding of the ecological roles and atmospheric
effects of BVOCs, supporting studies of their spatiotemporal
patterns and climatic interactions.
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