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ARTICLE INFO ABSTRACT

Keywords: Chamaecyparis formosensis (Cupressaceae) is among the most precious endemic conifers in Taiwan. Field study
Chamaecyparis formosensis was conducted on seasonal variations in emission rates and compositions of terpenoids from this tree species of
Terpenoids two different ages. A total of 21 terpenoids were detected, of which there were 13 monoterpenoids (MTs), 4

Emission rate
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Tree age

sesquiterpenoids (STs), and 4 diterpenoids (DTs). MTs dominated the emissions in both saplings and adult trees
and produced more than 80% of terpene emissions. Contrasting seasonal pattern between saplings and adult
trees was found. Total actual emissions from saplings were higher in cold seasons (range, 64.40 = 13.18 to
140.74 = 18.90ngg~! h™!) than in warm seasons (range, 55.63 = 15.84 to 63.48 = 11.85ngg ' h™1).
Photosynthetically active radiation (PAR) was found to be the most important factor affecting terpene emissions
from saplings. On the contrary, higher emissions were found in warm seasons for adult trees (range,
101.49 + 12.29 to 181.35 + 80.15ngg ' h™'), and the emissions were mainly in response to temperature.
Some compounds in C. formosensis of both ages (e.g., f-myrcene, a-terpinene, trans-3-ocimene, terpinen-4-ol, a-
cedrene and trans-p-farnesene) showed comparably higher contents in cold seasons. Results presented here
provide important fundamental information for better understanding of forest bathing and estimating air quality

in Taiwan.

1. Introduction

Terpenoids are one of the major group of biogenic volatile organic
compounds (BVOCs) emitted by vegetation into the atmosphere. They
not only play an important role in ecological relationships with other
plants and animals (Vivaldo et al., 2017; Llusia et al., 2013), but also
have significant influence on atmospheric chemistry and pose potential
threat to air quality. On the other hand, terpenoids are one of the major
components of forest aerosols (Cho et al., 2017), also called “phy-
toncides”, and are widely believed to have a positive impact on forest
bathers' health by inhaling these naturally occurring phytochemicals
(Franco et al., 2017). In view of both positive and negative effects of
plant volatiles on human life, careful investigation of their emission
behavior and chemical characteristics is necessary for fundamental
analysis on photochemical smog and ecotourism. Diverse terpenes
might possess different chemotherapeutic potency in forest bathing
therapy (Cho et al., 2017). Therefore, the emission inventory of various
plants is required for the further development and promotion of forest
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bathing or ecotourism. Emission rates and composition of BVOCs are
two substantial factors governing their total reactivity in the atmo-
sphere (Faiola et al., 2018), resulting in enhanced ozone production and
formation of organic aerosols (Matsunaga et al., 2013). Both emission
rates and terpene compositions are related to tree species and en-
vironmental factors (e.g., temperature and light intensity, etc.), as well
as phenology (Fares et al., 2012; Yue et al., 2015) and tree age (Lim
et al.,, 2011). However, there are limited reports describing seasonal
variations in chemical compositions of terpene compounds (Matsunaga
et al., 2013; Geron and Arnts, 2010), and only scant information on
effects of tree age (Kim et al., 2005; Lim et al., 2011) on terpene
emissions is available.

Compound-specific emissions vary over the year (Helmig et al.,
2013; Mochizuki et al., 2011; Llusia and Penuelas, 2000); hence, the
variations in relative terpene emission are more likely to be tree- or
species-dependent (Helmig et al., 2013). To understand better the im-
pact of terpenoids on air quality in local and/or regional scale, and also
the potential use as chemotherapeutic agents in different forest types, it
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is necessary to obtain detailed and complete terpene emission data for
major/important tree species in each region. However, reports on vo-
latile emissions from living trees in Taiwan are limited. To date, only
two prior studies have examined terpene emissions from trees in
Taiwan. Chen et al. (2010) focused on emissions from saplings of Ca-
locedrus macrolepis var. formosana in winter, while Lin et al. (2015)
monitored emissions from adult trees of Cryptomeria japonica in fall
(September) and winter (December). Extending their scope of research,
this study compares terpene emissions from saplings and adult trees of
Chamaecyparis formosensis in four different seasons.

C. formosensis is an important endemic conifer with a large number
of plantations in Taiwan. This precious species is famous for the at-
tractive fragrance and excellent durability of its wood. Numerous stu-
dies have demonstrated that terpene-contained essential oil from C.
formosensis showed good biological activities (i.e., antitermitic activ-
ities (Cheng et al., 2007; Hsu et al., 2016), antipathogenic activities (Ho
et al., 2012), and antifungal activity (Wang et al., 2005)). The present
study measured both actual and basal emissions rates of mono-
terpenoids (MTs), sesquiterpenoids (STs), and diterpenoids (DTs). The
relative contributions of individual compounds to the total emission
were compared, and the seasonal variations were investigated. Fur-
thermore, the dominant environmental factor affecting the emission
behavior in trees of different ages was identified. Results presented here
provide fundamental information for understanding seasonal variations
in emission behavior in trees of different ages, and will be helpful in
better estimation of air quality to further predict the possible benefits of
forest bathing in Taiwan in the future.

2. Results and discussion
2.1. General emission pattern

The relative emission rates (RERs) of different classes of terpenes
emitted from saplings and adult trees are shown in Fig. 1. MTs were the
dominant terpenoids emitted in all seasons (84.90-94.64% in saplings;
82.20-93.73% in adult trees). STs account for emissions of only
1.82-10.29% in saplings, and 3.30-15.79% in adult trees. The pro-
portion of DTs was the highest in winter, with emission of 4.81% in
saplings and 7.06% in adult trees.

Fig. 2 shows RERs of terpenes from C. formosensis. The contribution
of a-pinene emission (23.17-69.82%) from saplings was predominant
in all seasons, followed by that of limonene (0.16-17.55%), 3-myrcene
(3.43-12.98%) and sabinene (0.71-12.49%) (Fig. 2a; Table S1). In
adult trees, a-pinene was also predominant during most of the sampling
seasons (38.46-49.16%) except for fall. trans--Ocimene (28.51%), a-
pinene (21.05%) and (E,E)-a-farnesene (13.73%) accounted for more
than 60% of RERs in fall (Fig. 2b; Table S1).
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Fig. 1. Relative emission rates (RERs) of different terpene classes from saplings
and adult trees in C. formosensis.
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2.2. Seasonal variation in total actual emission rates (TERs)

To examine the effects of environmental factors on terpene emis-
sions, the seasonal meteorological data were measured and illustrated
in Fig. 3. Meteorological data from the experimental site showed high
humidity throughout the year, with relative humidity ranging from
85.9 = 2.1% - 89.8 = 2.0%. The average air temperature was sig-
nificantly higher in summer (26.00 = 0.17°C) and fall
(25.20 = 0.59°C) than in spring (20.40 * 0.63°C) and winter
(14.80 0.50°C). The PAR did not exhibit a significant seasonal
trend, with 50.94 + 8.30 ymolm 2 st in summer,
77.48 + 6.46umolm~2 s~ ! in fall, 79.40 = 8.36 umolm 2 s~ ! in
winter, and 80.26 *+ 9.62 pmolm_2 s~ 1 in spring.

Except for the saplings, the TERs (Fig. 4) presented here showed no
statistically significant difference during the experimental periods. The
TERs of saplings in spring (140.74 + 18.90ngg™' h™!) were sig-
nificantly higher than other seasons, followed by winter
(64.40 = 13.18ngg™! h™1), fall (63.48 + 11.85ngg™ ' h™') and
summer (55.63 * 15.84ngg™ ' h™') (Fig. 4). The average emission
rates in warm seasons (summer and fall) were comparable to those in
winter even though the air temperature was significantly higher (Figs. 3
and 4). For adult trees, TERs were in general higher in warm seasons
(summer and fall), but decreased in cold seasons (winter and spring),
even though there were no significant differences among seasons. TERs
of adult trees peaked in summer at 181.35 + 80.15ngg™' h™%, fol-
lowed by that in fall (101.49 * 12.29ngg™ ' h™1), that in spring
(40.15 = 4.69ng g_1 h™1), and the lowest was observed in winter
(35.32 + 6.74ngg” ' h™1).

Multiple regression analysis was performed to determine the effect
of different environmental variables (temperature, PAR and humidity)
on terpene emissions. The statistics was calculated by summing all
measurements in a dataset and dividing them into tertiles by PAR va-
lues (lowest tertile, 20pmolm™2 s7!; middle tertile,
20-80 umol m ™% s~ !; highest tertile, = 80 pmolm 2 s '). The relative
importance of different variables in the three tertiles are shown as
standardized coefficients (std B) (Table 1). As can be seen, the con-
tribution of temperature (std P = 0.058 in lowest tertile; std
B = —0.048 in middle tertile) was lower than that of PAR (std
B = 0.309 in lowest tertile; std = 0.498 in middle tertile) in both
lowest and middle tertiles of saplings, indicating relatively lower con-
tribution of temperature compared with PAR. On the contrary, for adult
trees, temperature had the greatest effect on terpene emissions (std
B = 0.425 in lowest tertile; std = 0.725 in middle tertile) in the
lowest or middle tertile, whereas PAR was the relatively most important
factor (std f = 0.493) only in the highest tertile.

According to the regression results shown in Table 1, seasonal
variations of terpene emissions from adult trees correlated mainly with
air temperature. This observation is in agreement with the results of
other species, such as Pinus longaeva, P. pungens, P. halepensis, Pseu-
dotsuga mengziesii, Bupleurum fruticosum and Q. sube, which usually have
maximum emission rates during summer (Llusia et al., 2013; Helmig
et al., 2013; Pio et al., 2005). The common feature of these species is
that they contain a specialized storage, and terpene volatiles could be
sequestered in these storage organelles. Some studies have suggested
that terpene emissions (especially monoterpene) from storing species
seem to depend more on temperature than light intensity (Llusia and
Penuelas, 2000; Niinemets and Monson, 2013). C. formosensis was
found to possess the storage structure (resin ducts) in both saplings and
adult trees (Figs. Sla and b). To identify the difference of terpenoid
concentration in storage structure between saplings and adult trees, the
terpenoid content was measured using the solvent microextraction
method modified from Sereshti et al. (2012). The content of the major
compound a-pinene (accounting for over 90% of total terpenoids) was
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significantly higher (Scheffe's test, p < 0.05) in adult trees
(276.56 + 14.69ngg™! leaf dry wt) than in saplings
(240.78 + 21.25ngg™! leaf dry wt) (Fig. Slc), indicating that
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Fig. 2. Relative emission rates (RERs) of major terpenes from saplings (a) and adult trees (b) of C. formosensis.
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Fig. 3. Seasonal variations in photosynthetically active radiation (PAR), air temperature and relative humidity at the Xinxian Nursery site. Error bar is the standard
error of mean (n = 9). Means with the same letter are not significantly different at 5% level by Scheffe's test.
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Fig. 4. Total actual emission rates (TERs) in each sampling period from C. formosensis. The same upper-case letters represent no significant difference between

seasons in saplings and adult trees, respectively. (Mean * SE, n = 3).

seasonal variations of emission rates from adult trees correlated mainly
with air temperature over seasons because of their higher terpenoid
content.

On the other hand, multiple regression analysis results indicate that
PAR is more influential than temperature in affecting terpene emissions
in saplings. In this study, the high emission period of saplings corre-
sponds to bud break and needle elongation (January to April), and this
may activate terpene production and elevate TERs. This finding is in
line with some previous studies on saplings (Helmig et al., 2013; Geron
and Arnts, 2010; Kim et al., 2001; Loreto et al., 2000), which reported
an elevation of emission rates at bud break period. Although different
species might possess different emission patterns, it seems that saplings
of younger age might have higher phenological sensitivity than adult
trees. It is thus proposed that the relatively higher emission rates
usually act as a protective agent against feeding or against pathogenic
attacks when new buds form and new leaves grow (Kim et al., 2005;
Geron and Arnts, 2010; Loreto et al., 2000). In addition, leaf develop-
ment is usually linked with changes in hardening of cuticle, which may
alter the diffusive resistance and terpene vapor pressure, thus resulting
in seasonal induction of terpene emissions (Llusia and Penuelas, 2000).
This fluctuation seems more obvious when new leaves emerge. Fur-
thermore, endogenous parameters such as the activity of some terpene
synthases may also be related to the reduced emission in warm seasons
(Holzke et al., 2006). The deduced variation of terpene synthase ac-
tivity is comparable to a recent study on P. pinaster and P. pinea in vitro
cultures where the terpene synthase showed the highest activity at 4 °C
and an increased a-pinene production by almost a factor of 2 in com-
parison to that at 21 °C and 37 °C (Trindade et al., 2016). This may be
an explanation for the results reported herein on low emission rates
from saplings in summer and fall.

In addition, some studies have reported that substrate-level com-
petition in leaf can significantly modify the environmental responses of
isoprene emission (Niinemets et al., 2015). They suggested that iso-
prene emissions increase in response to increasing light and tempera-
ture, and decrease in response to the increases in intercellular CO,
concentration (Rasulov et al., 2016; Monson et al., 2016). Besides, the
effects of different environmental factors in isoprene synthesis and
emissions are ultimately regulated by the isoprene synthase activity and
the DMADP pool size in plant (Niinemets and Sun, 2015; Monson et al.,
2016). As regards the DMADP pool size, they vary with different ages of
leaves (Niinemets et al., 2015). The contrasting emission rate in sapling
and adult tree observed in this study, might provide a clue to whether
the DMADP pool size would be also varied with tree ages, which leads
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to the change in the response of terpenoids emissions in different en-
vironment factors. Further investigations are required to distinguish
emission behavior from synthase activities, and to evaluate whether
terpene synthase activities of saplings and adult trees were different.

2.3. Effect of season and tree age on total basal emission rates (TEs)

Total Es (TEs) denotes the sum of Es in different classes of terpe-
noids (including MTs, STs, and DTs). There was no statistically sig-
nificant difference (t = 0.947, p = 0.358) in average annual TEs be-
tween saplings (122.87ngg~' h™!) and adult trees (182.02ngg™ !
h™1) (data not shown), but different seasonal trends were observed
between these trees of different ages. The seasonal variations of TEs in
saplings were higher during cold seasons (winter and spring) and lower
during warm seasons (summer and fall) (Fig. S2). The highest TEs of
182.37 + 28.44ngg ' h™! was recorded in spring, followed by
148.99 + 24.76ngg” ' h™! in winter. The TEs of summer
(104.61 + 9.28ngg ' h™!) and fall (77.52 + 6.65ngg ' h™') were
lower than those in spring and winter. The seasonal pattern of TEs and
TERs in adult trees were similar, where emission rates peaked in
summer (Fig. S2). The TEs was 3-4 times higher in summer
(353.69 * 139.99ngg™?! h™h than in  other  seasons
(78.02 + 4.79-113.84 = 7.71ngg~ ' h™1). Of note is that the decline
in TEs in fall (96.68 * 24.03ngg~' h™!) was lower than that in
winter (113.84 = 7.71ngg~! h™'). Previous studies also found re-
ductions of Es in warm seasons in spite of the higher temperatures
(Llusia and Penuelas, 2000; Matsunaga et al., 2013), attributing the
reduction to high temperatures above the optimum as assumed by the
G93 algorithm of Guenther et al. (1993). In this study, the average air
temperature in summer (26.00 = 0.17 °C) was identical to that in fall
(25.20 = 0.59°C) (Fig. 3), but the TERs in summer was much higher
than that in fall (Fig. 4). Again, the average air temperature in winter
(14.80 = 0.50°C) was much lower than that in spring
(20.40 = 0.63°C), but the TERs in these two seasons were comparable
(Figs. 3 and 4). Different air temperature ranges having approximate
TERs might result in such a drastic difference in TEs according to the
exponential temperature relationship (Guenther et al., 1993; Geron and
Arnts, 2010).

Studies investigating the influence of tree age on terpene emission
rates are scarce. Some reported adult trees of P. pinea, C. japonica and P.
koraiensis having higher emission rates than their younger counterparts
(Street et al., 1997; Kim et al., 2005), but a reverse trend was observed
in P. elliottii and C. obtusa (Kim, 2001; Kim et al., 2005). It was
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Fig. 5. Basal emission rates (Es) of monoterpenoids (MTs) (a), sesquiterpenoids (STs) (b) and diterpenoids (DTs) (c) averaged in each sampling period from C.

formosensis. (Mean + SE, n = 3).

in Es and RERs, and the characteristic variation of individual com-
pounds in different seasons will be discussed in the following.

2.5. Seasonal variation of individual terpenoid emission pattern

The observations of individual emission pattern for compound-

specific emissions were found to vary over seasons. Fig. 6 displays the
bubble plot showing the relationship of compound (Y-axis) and season
(X-axis) with RERs (bubble size) of individual compounds. To in-
vestigate the seasonal variations of RERs, a one-way ANOVA was per-
formed to determine whether there were significant differences among
the sampling seasons in both saplings and adult trees. The Tukey's post
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Fig. 6. Bubble plots of the significant seasonal compounds emitted from saplings (a) and adult trees (b) of C. formosensis with the different seasons; bubble size

represents the RERs of each individual compound.

hoc test showed that MTs PB-myrcene, a-terpinene, trans-B-ocimene,
terpinen-4-ol, STs a-cedrene and trans-B-farnesene, and DT CyoH3o-B
from both saplings and adult trees displayed significant seasonal var-
iations (Fig. 6; Table S1). It is of interest that, except for trans-fB-oci-
mene and DT CyoH3,-B, all other compounds revealed similar trends;
i.e., relatively higher content in low-temperature seasons (winter and
spring), and relatively lower content in high-temperature seasons (fall
and summer). On the contrary, trans-B-ocimene, exhibited compara-
tively higher contribution in warm seasons (Fig. 6). Some previous
studies also found seasonal variations in emission ratio for many MTs or
STs. In both C. japonica and C. obtusa adult trees, STs, such as long-
ifolene, thujopsene, a-farnesene, and B-farnesene, showed clear and
consistent seasonal variations (Matsunaga et al., 2013), while MTs in C.
obtusa adult trees, such as sabinene, 3-myrcene, p-cymene, y-terpinene,
and terpinolene, also showed small seasonal variations (Mochizuki
et al., 2011). In addition, Staudt et al. (1997) found an obvious fluc-
tuation of relative terpene emission from P. pinea (L.) adult trees, in
which the proportion of trans--myrcene increased while that of limo-
nene decreased from May to August. However, these findings in adult
trees were limited. To our best knowledge, no previous works have
examined variations of individual compounds in four seasons for both
saplings and adult trees. This study is the first to report on different tree
ages that both show a constant trend of multiple terpene variations. It is
well known that the change in specific emission might be related to the
requirements of some physiological process or the protection activity of
trees, and/or their adaptation to environmental stress (Jardine et al.,
2017; Matsunaga et al., 2013; Helmig et al., 2013). For example, [
ocimene has been demonstrated that it may enhance the thermo-
tolerance of photosynthesis by functioning as antioxidants within plants
(Jardine et al., 2017). Whether the variations in ER and RERs of these
compounds play a certain role in their physiological or ecological

functions warrants further detailed investigation in the future.

Interestingly, it is usually the minor compounds that displayed
significant difference between seasons. In contrast, the major individual
compounds did not show any statistically significant seasonal fluctua-
tions (Table S1). This finding was in line with observations by
Matsunaga et al. (2011). The most abundant terpenes (sabinene, a-
terpinene and a-pinene) emitted from C. japonica were almost the same
over the seasons, while the less abundant terpenes (terpinolene, myr-
cene, limonene and y-terpinene) showed significant differences in
emission ratio over the year.

Furthermore, the Henry's law constant was another factor affecting
the volatility of each individual terpene compound. In this study, larger
emission ratios of minor volatile terpenes such as limonene (2850 Pam®
mol 1), camphene (1600 Pam® mol~') and a-terpinene (1960 Pam®
mol ') were observed in spring and winter, while the major volatile
terpenes such as a-pinene (13,600 Pam?® mol ~ 1), sabinene (6450 Pa m®
mol™!) and §-3-carene (13,640 Pam® mol~!) were emitted at a rela-
tively consistent ratio throughout the study period (Table S1). This
result echoes previous studies indicating that the most volatile terpenes
are more responsive to temperature than the least volatile terpenes
(Llusia and Penuelas, 2000).

3. Conclusions

In this study, the terpene emissions from C. formosensis trees of two
different ages were measured over four seasons using the enclosure
technique. MTs were the most dominant terpenoids emitted from both
C. formosensis saplings and adult trees. The seasonal variations in TERs,
TEs, and Es of MTs showed opposite trends between saplings and adult
trees. Terpene emissions from adult trees correlated mainly with air
temperature and were higher in warm seasons, while terpenoids from



Y.-J. Chen, et al.

saplings were primarily affected by PAR and peaked in spring and
winter. Some less volatile (low Henry's law value) MTs showed rela-
tively higher content at low-temperature seasons in both saplings and
adult trees compared with other terpenoids.

4. Materials and methods
4.1. Experimental site

This field study was conducted at the Xinxian Nursery in north
Taiwan (24°50”27.2”N, 121°32’1.5”E), at an elevation of 341 m above
mean sea level (a.m.s.l.). Three well-grown 5-year-old saplings
(50-70 cm in height) and three 20-year-old adult trees (around 10 m in
height) of C. formosensis were randomly selected from the same nursery.
They grew close to each other in similar soil conditions, and received
similar PAR. Sampling of terpenoids was conducted in situ over four
seasons (summer, July 2016; fall, October 2016; winter, February 2017;
and spring, April 2017). In each sampling of terpenoids from the same
season, the emission rates were measured continuously for 3 days of the
same specimen.

4.2. Sampling procedure

Dynamic branch enclosures were used for sampling terpenoids.
Branches were carefully enclosed within the 1-L glass chamber
(160 mm wide, y = 90 mm) and were allowed to acclimate overnight
prior to the first sample collection to minimize irritation-induced
emissions. Saplings and adult trees were enclosed in separate chambers
and sampled simultaneously. The incoming air was purified by the zero
air generator (75-83NA, Parker-Balston, Haverhill, MA, USA) to remove
particles and VOCs present in ambient air. Purified air was continuously
passed through the enclosure chamber at a constant rate of 0.5 L min ™!
(regulated by a Burkert 8711 mass flow controller, Burkert Co., Baden-
Wiirttemberg, Germany). A Teflon tubing with O.D. of 6.35mm ex-
tended from the enclosure chamber to an automated adsorbent car-
tridge sampler. Volatile emissions from the enclosed branch were col-
lected into the stainless steel adsorbent cartridge filled with 200 mg
Tenax TA (mesh 60/80, Supelco, Bellofonte, PA, USA). The adsorbent
were installed in a modified automated sampler (STS-25%; PerkinElmer,
USA) equipped with a Gilian® LFS-1130 pump (Sensidyne LP, USA).
The sampling air then flowed through the tube at 150 mLmin~"! for
60 min, representing a sampled volume of 9L. To monitor dynamic
changes in emission rates, sampling for a period of 60 min took place
every hour during daytime (4:00-16:00) and every 2 h during nighttime
(18:00-04:00), giving a total of 17 sampling points during a 24-h period
per individual specimen. The 17 sampling points were averaged and
each individual specimen had 3 daily average per season. The 3 daily
average were averaged for each individual adult tree and sapling. Three
adult trees and three saplings were used as replicate for each tree age.
The ambient/inside chamber temperature and relative humidity were
recorded with WatchDog B-series button loggers (Spectrum
Technologies, Aurora, Illinois), and the photosynthetically active ra-
diation (PAR) was monitored by a data logger (LI-COR 1400, LI-COR®,
NE, USA). Each meteorological data was recorded every 10 min, 9 daily
average data were averaged and represent the mean value of each
season. After the sampling procedure, the leaves enclosed in the
chamber were harvested to obtain its oven-dried weight (g). The actual
emission rates (ER; ng g~ ' h™') of terpenoids were determined ac-
cording to the following equation (Ortega and Helmig, 2008).

ER=CxQXx Mgy " (¢

Where C denotes the concentration (ng L™1) of interested compound
adsorbed in the sample tube, Q represents the flow rate (L h™') of the
purified air into the chamber, and m denotes dry weight (g) of leaves.
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4.3. Analytical methods

Terpenoids were identified and quantified with a gas chromato-
graphy mass spectrometer (GC-MS) (Clarus 600 GC-MS system,
PerkinElmer Instruments, USA) equipped with a thermal desorption
system (Turbo Matrix ATD, PerkinElmer Instruments, USA). Before
desorption, sample tubes were purged with pure nitrogen for 1 min at
ambient temperature to remove excess humidity, and a fixed amount of
gaseous internal standard (chlorobenzene d5) was automatically in-
troduced onto the sample tube for internal standard calibration. During
the first desorption step, sampling tubes were desorbed at 240 °C for
20minat 30mLmin~' onto a Tenax® TA 60/80 packed cold trap
(PerkinElmer) at —30 °C. The second desorption involved heating at a
rate of 40 °C s~ ! to a final temperature of 280 °C for 12 min. Separation
of terpenoids was achieved using a fused silica capillary column (DB-
5ms, length 30 m, i.d. 0.25 mm, film 0.25 um). Initial oven temperature
column was from 50 °C to 90 °C at 5°C min !, to 160 °C at 3°C min !,
to 280 °C at 35 °C min !, and maintained at 280 °C for 5 min. The flow
rate of He (carrier gas) was 1 mL min~ . The temperature of the GC
injector and transfer line were both 250 °C. The MS detector was set up
at 230 °C in scan mode with m/z ranging from 40 to 350 amu.

Identification of terpenoids was made by comparing mass spectra
and arithmetic index (AI) with mass spectra library and the reference Al
(rAI) (Adams, 2007). MS database used included the Wiley/NBS Reg-
istry of Mass Spectral Database (version 7) and NIST MS Search (version
2). The spectra of external standards for commercially available com-
pounds were also employed to identify and quantify the chemical
composition of terpenoids, including a-pinene (98%, Acros), camphene
(96%, ICN), sabinene (92%, SG), B-pinene (98%, Acros), (-myrcene
(90%, Sigma), 8-3-carene (90%, Acros), a-terpinene (85%, Acros), li-
monene (92%, Acros), a-phellandrene (90%, TCI), trans-f-ocimene
(90%, SAFC), vy-terpinene (98%, Acros), terpinolene (95%, TCI), ter-
pinen-4-ol (97%, Acros), a-cedrene (99%, Aldrich), thujopsene (97%,
Fluka) and trans-B-farnesene (90%, ChromaDex). In addition, kaur-16-
ene was collected and purified from the extract of Cryptomeria japonica
leaves using HPLC in the laboratory. Standards in methanolic solution
were injected in adsorbent cartridges in helium stream. The compound
a-phellandrene was used for quantifying B-phellandrene which did not
have a pure standard available. For the same reason, trans-p-farnesene
was used for quantifying sesquiterpene (E,E)-a-farnesene, and kaur-16-
ene for diterpenes.

4.4. Emission rates

Basal emission rates (Es), defined as normalized emission rates at a
specific temperature, were calculated using the G93 algorithm [ER = Es
exp B (TT9)] (Guenther et al., 1993; Matsunaga et al., 2011), where ER
denotes the actual emission rates,  represents the dependence of ER on
temperature, T and Ts denote the measured temperature inside
chamber and standard temperature (30 °C), respectively. Es represents
the estimated ER at standard temperature. Relative emission rates
(RERs) denote the contributions of different terpenoids to the total
actual emission rates (TERs).

4.5. Statistical analyses

All statistical analyses (ANOVAs with a Scheffe's test, and regression
models) were conducted using the SPSS program package (SPSS 17.0).
The effects of season on ER, Es, and RERs in trees of different ages were
examined using analysis of variance (ANOVA). Given that Scheffe's test
examined all possible comparisons and would be helpful to observe any
possible contrast, Scheffe's test was used to evaluate the statistical
significance of ER and Es among seasons. Tukey's test was chosen to
compare means of RER because of the equal sample sizes, and it was
conservative with respect to Type I error. The significance level for
these tests was set at the 5% level. The relationships of environmental
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factors including temperature, light intensity, and humidity with ter-
pene emission rates were assessed using multiple regression analysis.
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