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ARTICLE INFO
Considerable isoprene emissions from several bamboo species have been reported. However, bamboos are highly

diverse in taxonomy and have different niches or habitats among species, and the present investigation might be
insufficient to conclude a representative isoprene emission trait for bamboos. In this study, isoprene flux, leaf
mass per area (LMA), photosynthetic rate, and electron transport rate (ETR) observations were conducted for 18
species within five genera of bamboo species, which include different growth types (tall and dwarf) and climates
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Bambusoideae of the region of origin (temperate, warm-temperate, and subtropical). As a result, we observed that dwarf
Phyllostachys bamboos exhibited very low or no emission; in contrast, tall bamboos demonstrated considerable isoprene
Isjfer?;glr::inana emission fluxes mainly in August and September 2019 at temperatures greater than 30 °C. For tall bamboos,
Sasa isoprene emission fluxes, photosynthetic rate, and ETR in area-based units were correlated with LMA. To exclude
Sasaella the systematic correlation among isoprene emission flux, photosynthetic rate, and ETR, correlations among the
observations of mass-based units were also tested, and the results demonstrated significant positive correlations.
The distinction in isoprene emission traits between tall and dwarf bamboos was independent of LMA, photo-
synthetic rate, and ETR, as there was no difference between them. This implies that the distinction in isoprene
emission was caused by genetic differences. The low emission of isoprene from the dwarf species is reasonable
because dwarf bamboos usually grow in areas with relatively low heat stress and low light where the production
of isoprene could be futile due to carbon loss. This study suggests separating the two bamboo types into different

functional types of isoprene emissions.
Abstract. et al., 2005). As the largest BVOC, isoprene could be a major precursor

for the formation of SOAs through photooxidation under low NOy con-

1. Introduction

Isoprene is one of the major biogenic volatile organic compounds
(BVOCs) in the atmosphere, with an estimated emission of approxi-
mately 400-700 Tg of carbon annually, and it accounts for approxi-
mately 50-70 % of the total terrestrial BVOC emissions (Guenther et al.,
2006, 2012; Sindelarova et al., 2014). This emission is comparable in
magnitude to the global methane emission, which was estimated at
410-660 Tg of carbon per year, from 2008 to 2017 (Saunois et al.,
2020). Isoprene is known to affect atmospheric chemistry. BVOCs are
estimated to be the largest source of secondary organic aerosol (SOA)
mass on a global scale, ranging from 12 to 70 Tg per year (Kanakidou

centrations in the atmosphere or with hydrogen peroxide under
acid-catalyzed oxidation (Claeys et al., 2004a; b). A chamber study on
the photooxidation of isoprene demonstrated that the SOA yield rates
could be 1-2 % at high NOy levels and approximately 3 % at low NOy
levels (Kroll et al., 2005, 2006). Furthermore, isoprene and its oxidation
products (methyl vinyl ketone and methacrolein) could react with NOy
to form ozone in the troposphere (Kamens et al., 1982; Paulson et al.,
1992; Paulson and Seinfeld, 1992; Teng et al., 2017). This effect has
been recorded in urban green environments that are highly abundant in
both isoprene and NOy which potentially worsen the air quality (Bie-
senthal et al., 1997; Dreyfus et al., 2002; Duane et al., 2002; Pang et al.,
2009; Geng et al., 2011; Fierravanti et al., 2017). Non-methane volatile

* Corresponding author. Division of Environmental Science and Technology, Graduate School of Agriculture, Kyoto University, Kitashirakawa Oiwake-cho, Sakyo-

ku Kyoto 606-8502, Japan.

E-mail addresses: tingwei.chang.85c@st.kyoto-u.ac.jp (T.-W. Chang), kosugi.yoshiko.4x@kyoto-u.ac.jp (Y. Kosugi), OkumuraM@mbox.kannousuiken-osaka.or.jp
(M. Okumura), jiao.linjie.66x@st.kyoto-u.ac.jp (L. Jiao), chen.siyu.55x@st.kyoto-u.ac.jp (S. Chen), xu.dingkang.74x@st.kyoto-u.ac.jp (D. Xu), liu.zhining.86m@st.
kyoto-u.ac.jp (Z. Liu), sho@kais.kyoto-u.ac.jp (S. Shibata), ken@airlab.yuntech.edu.tw (K.-H. Chang).

https://doi.org/10.1016/j.aea0a.2021.100136

Received 5 April 2021; Received in revised form 3 October 2021; Accepted 13 October 2021

Available online 14 October 2021

2590-1621/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:tingwei.chang.85c@st.kyoto-u.ac.jp
mailto:kosugi.yoshiko.4x@kyoto-u.ac.jp
mailto:OkumuraM@mbox.kannousuiken-osaka.or.jp
mailto:jiao.linjie.66x@st.kyoto-u.ac.jp
mailto:chen.siyu.55x@st.kyoto-u.ac.jp
mailto:xu.dingkang.74x@st.kyoto-u.ac.jp
mailto:liu.zhining.86m@st.kyoto-u.ac.jp
mailto:liu.zhining.86m@st.kyoto-u.ac.jp
mailto:sho@kais.kyoto-u.ac.jp
mailto:ken@airlab.yuntech.edu.tw
www.sciencedirect.com/science/journal/25901621
https://www.journals.elsevier.com/atmospheric-environment-x
https://doi.org/10.1016/j.aeaoa.2021.100136
https://doi.org/10.1016/j.aeaoa.2021.100136
https://doi.org/10.1016/j.aeaoa.2021.100136
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aeaoa.2021.100136&domain=pdf
http://creativecommons.org/licenses/by/4.0/

) K 5

KYOTO UNIVERSITY
T.-W. Chang et al.

hydrocarbons, including isoprene, also have the potential to prolong
methane life span in the atmosphere by reducing radicals, consequently
leading to global warming; however, this depends on the VOC and NOy
ratio, as isoprene-induced radicals can also shorten the life span of
methane (Poisson et al., 2000; Spivakovsky et al., 2000; Collins et al.,
2002; Pike and Young 2009; Archibald et al., 2011).

Bamboos are important components of ecosystems, accounting for
3.2 % (36.8 million hectares) of global forest area and occupy 23.6
million hectares in Asia (Lobovikov et al., 2007). Several bamboo spe-
cies, regardless of growth type, have been reported to expand and invade
multiple regions (Okutomi et al., 1996; Torii, 2003; Kudo et al., 2011;
Takada et al., 2012). Bamboos are plant species under the Bambusoideae
subfamily, comprising over 1500 species with highly diverse growing
traits (Kleinhenz and Midmore, 2001; Clark et al., 2015). In Japan,
bamboos include two major subtribe classifications: Arundinariinae and
Shibataeinae subtribes. Shibataeinae includes species with tall culms, and
Arundinariinae is composed of both tall and dwarf bamboos. Shibataeinae
is believed to have originated from tropical, subtropical or
warm-temperate climate regions in China, then imported and adapted in
Japan, and Arundinariinae originated from warm-temperate to
temperate regions in Japan. Nevertheless, bamboo species exhibit a di-
versity in distribution of habitats; furthermore, even within the same
genus, different species might originate from different climates (e.g.,
Pleioblastus hindsii, originated from subtropical regions; Pleioblastus
chino, originated from temperate regions), which could imply different
degrees of heat stress. In addition to climate, a major difference in niche
can be observed between the two growth types of bamboos, where dwarf
bamboos usually grow in more shaded environments than the tall
species.

Evidence has shown that isoprene production in plants can promote
tolerance to multiple stresses, such as heat, oxidation, and over-
irradiance, which can damage cellular membranes or chloroplast
membranes in leaves (Siwko et al., 2007; Loreto and Velikova, 2001;
Way et al., 2011). However, isoprene emission can also be a cost to the
plant in terms of both carbon and energy loss, which is a disadvantage in
plant growth (Sharkey and Loreto, 1993). This implies and manifests in
different isoprene emission traits of different plant species for fitness to
environmental conditions (Sharkey and Loreto, 1993; Monson et al.,
2013). Previous studies have revealed that plants produce dimethylallyl
pyrophosphate (DMAPP) through 2-C-methyl-D-erythritol 4-phospha-
te/1-deoxy-D-xylulose 5-phosphate (MEP/DOXP) pathways and convert
it to isoprene in the cells of the thylakoid membrane on the stromal side
of chloroplasts (Wildermuth and Fall, 1996, 1998; Sasaki et al., 2005).
The catalytic reaction of the isoprene synthesis enzyme, isoprene syn-
thase (IspS), which converts DMAPP to isoprene, is required and plays a
role in regulating the production rate of isoprene (Silver and Fall 1991;
Sasaki et al., 2005; Oku et al., 2014). The IspS gene is absent in several
plant species and this causes non-emission of isoprene from these species
(Monson et al., 2013). A previous study demonstrated that isoprene
emission ability could vary among species within a genus (e.g., Quercus
spp., Tani and Kawawata, 2008).

Although the increasing numbers in the area of bamboos, only 2 out
of 17 species (i.e., Phyllostachys pubescens and Pleioblastus hindsii; Chang
et al., 2012) are assigned emission flux values based on the observations
available in “MEGAN2019b vegetation type EF” (https://bai.ess.uci.
edu/megan/data-and-code#h.p_UD2ckP0JM58D), the current default
database of MEGANV3.1, while the remaining 15 species were assigned
assumed values. Other studies on isoprene emission flux from bamboo
leaves (e.g., Okumura et al., 2018; Chang et al., 2019) recorded the
emission fluxes for a limited number of leaves. However, isoprene
emission could also be highly diverse among bamboo species (Okumura
et al., 2018). Therefore, it is necessary to observe isoprene emissions
from multiple bamboo species for providing realistic emission inventory
for better estimation of BVOCs emissions from bamboo species.

At the leaf scale, the concentration of chloroplasts could affect the
isoprene emission rate because isoprene is produced in chloroplasts;
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higher isoprene emission fluxes could be expected in thicker leaves. As a
related factor to leaf thickness (Liakoura et al., 2009), Harley et al.
(1997) reported a relationship between isoprene emission flux and leaf
mass per area (LMA) while using area-based units of isoprene emission
flux. In addition, according to the process base of isoprene production,
the isoprene product is constrained to the DMAPP pool size, which in-
corporates pyruvate and glyceraldehyde 3-phosphate into the 5-carbon
skeleton to form DMAPP (Wiberley et al., 2009; Vickers et al., 2011;
Monson et al.,, 2012; Schwender et al., 1997; Rohmer, 1999; Lich-
tenthaler, 1999). The pool size of DMAPP is highly related to photo-
synthetic chemistry, where the substrate, reducing equivalent, and
energy equivalent are acquired and limited by the electron transport rate
(ETR) (Briiggemann and Schnitzler, 2002; Rosenstiel et al., 2002;
Rasulov et al., 2009, 2018). Thus, there is a need to discriminate be-
tween the effect of LMA and photosynthetic traits when comparing
isoprene emission genotypes across multiple species.

To clarify (1) whether there is a distinction of isoprene emission
traits among bamboo species and if so, (2) whether the differences could
be explained by differences in LMA or caused by photosynthetic traits
such as the photosynthetic rate or ETR, this study measured isoprene
emission fluxes and other factors of 18 species of bamboos within five
genera, including dwarf and tall bamboo types; part of the genera in-
cludes species originating from different climates.

2. Materials and methods
2.1. Site and subject species of bamboo

The field work was conducted in bamboo specimen plots located at
Kamigamo experimental station, Kyoto, Japan (35° 04’ N, 135° 46’ E),
with an annual temperature of 14.6 °C and annual precipitation of 1582
mm. The bamboos were grown by species, separately in concrete plots.
This study selected the following 18 species within five genera as sub-
jects: Phyllostachys makinoi, Phyllostachys aurea, Phyllostachys bambu-
soides, Phyllostachys pubescens, Phyllostachys nigra f. henonis,
Semiarundinaria fastuosa, Semiarundinaria yashadake, Semiarundinaria
fortis, Semiarundinaria kagamiana, Pleioblastus hindsii, Pleioblastus lin-
earis, Pleioblastus simonii, Pleioblastus chino, Sasa tsuboiana, Sasa veitchii,
Sasa chartacea, Sasaella ramosa, Sasaella hortensis (Phyllostachys, Semi-
arundinaria, Pleioblastus, Sasa, and Sasaella are hereinafter abbreviated
as P., Se., PL, S., and Sa., respectively). Among them, Phyllostachys spp.,
Semiarundinaria spp., and Pleioblastus spp. are tall species, whereas Sasa
spp. and Sasaella spp. are dwarf species. We categorize the 18 species
into three classifications corresponding to their climate of origins:
temperate area (TE) includes Se. kagamiana, PL chino and S. chartacea;
warm-temperate area (WT) includes P. bambusoides, P. pubescens,
P. nigra f. henonis, Se.fastuosa, Se. yashadake, Se. fortis, Pl simonii, S.
tsuboiana, S. veitchii, Sa. ramosa and Sa. hortensis; subtropical area (ST)
includes P. mokinoi, P. aurea, Pl hindsii and Pl linearis. Noted that
bamboos gradually defoliate at around January and begins to emerge
leaf sprouts at around April and May. Isoprene measurements for some
of the species (i.e., PL chino, S. chartacea and Sa. ramosa) in May 2020
were observed from new leaves due to die out of old leaf. For other
species, old leaves of the 2019 season were observed until May 2020.
Basing on our observations made from April 2019 to June 2020, most of
the species used in this study share a similar leaf life cycle, whereby
leaves usually emerge in April or May and fall after approximately
12-14 months. Only two species showed exceptions; one was P. nigra f.
henonis, where the species underwent a synchronous flowering event in
October 2019 then died out at about June 2020. The other was
P. pubescens, which did not emerge any new leaf in 2020 spring and kept
most of the leaves to second year. This two-year leaf lifespan of
P. pubescens was also reported by previous study (Li et al., 1998a,b).
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2.2. Field sampling

The measurements were conducted monthly from August 2019 to
May 2020 (August 2-5, 2019; September 12-18, 2019; October 15-20,
2019; November 13-17, 2019; December 14-16, 2019; January 11-13,
2020; February 24-26, 2020; March 15-20, 2020; April 19-25, 2020;
May 17-24, 2020). Each month, measurements were conducted on three
leaves of each species. Leaves at or near the top of the culm, which was
exposed to full sunlight with no obvious damage or least damage, were
chosen for the measurements. A modified portable photosynthetic
measuring system (LI-6400, Li-Cor Inc., Lincoln, NE, USA) was used to
measure the photosynthetic rate, leaf temperature (T;, °C), ETR, and
isoprene collection. A fluorescence cuvette (LI-6400-40) was used dur-
ing the ETR measurement. Isoprene collection was achieved with a slight
modification of the air path between the leaf cuvette of LI-6400 and its
infrared gas analyzer (IRGA) by adding a T-junction made of Teflon that
divided the airpath into two channels. The setup of the modification is
showed in Fig. 1. One of the channels was connected to the IRGA and the
other channel was plugged to a glass tube filled with 250 mg Tenax-TA
60/80 mesh (GL Science Inc., Tokyo, Japan). A granular filter filled with
activated charcoal was connected to the air inlet of the LI-6400 system to
supply VOC-free air. Three steps were performed during each mea-
surement of every leaf. First, the leaf was clapped by the leaf cuvette
with controls on irradiance (1000 pmol m~2 s~! of photosynthetic
photon density flux, PPFD), and also on T, for each monthly measure-
ment campaigns from September to December 2019, where stable Ty,
were supplied to 30, 25, 20, and 10 °C respectively from September to
December 2019 which were close to the ambient temperature corre-
sponding to each month with an LED cuvette (LI-6400-02B, Li-Cor Inc.).
We also attempted to manipulate Ty, into 30 °C August 2019, however,
the strong heat from sunlight caused a major influence on T; among
measurements. T, of the measurements from January to May 2020 was
not controlled and were close to ambient temperatures. During this step,
the photosynthetic rate was measured without connecting the adsorbent
tubes into the system. The photosynthetic rates were calculated in area-
based form (Aareq, pmol m 25~ 1) and mass-based form (Apsass, pmol g’1
s™1) using the following equations:

Aprea = AOrigin ‘Rewvere /ROrigin (1)
AMa:s :AArea'RLeaf/MLeaf (2)

where Aoyigin (pmol m~2s71) is the measured value of the photosynthetic

) Dl
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rate with the default leaf area (Royisin) Set at 6 cm?, Rcuvette (cm?) is the
actual in-cuvette leaf area, Ryeqf (cm®) and Mqf (g) is the whole leaf area
and dry mass of the measured leaf, respectively.

After approximately 5 min to stabilize the isoprene concentration in
the cuvette in the first step, next, an adsorbent tube was plugged into the
T-junction channel on one side, and a micropump (MP-X30NII, SIBATA
Inc., Tokyo, Japan) on the other side. The micropump was set at a rate of
150 mL min~ ! to draw out the air from the cuvette for 400 s. Air (1 L)
was passed through the adsorbent tube to trap the VOC component,
including isoprene. After VOC collection, the adsorbent tube was
immediately stored at a temperature of approximately 5 °C.

The final step of field sampling was to measure the ETR of the leaf
using the fluorescence method. During this step, a standard light set at
1500 pmol m~2 s~! of PPFD with 10 % blue light was supplied to the
leaf, and the steady state fluorescence (Fs, pmol m 2 s 1) was recorded
when it stabilized. A 1-s light pulse with over 7000 pmol m~2 s~! was
then applied to acquire the maximum fluorescence (F,, pmol m 2 s™1).
Area- and mass-based ETRs (ETRAreq, pmol m 2 s’l; ETRpgss, pmol g’l
s~1) were calculated using the following equations:

ETRArea = ((Fm 7FS) /Fm) -L- Q'aLeaf (3)

ETRyuss = Exrea 'RLeaf/MLeqf (4)
where L is the PPFD of standard light (1500 pmol m~?2 s’l), Q is the
fraction of absorbed quanta used by photosystem II (assumed to be 0.5),
and apeqr is the leaf absorptance (assumed to be 0.84).

2.3. Quantifying the isoprene emission flux

After the field measurements, the measured leaves and the adsorbent
tubes were collected in the laboratory for analysis. The leaves were
scanned before deformation then dried at 60 °C for 72 h to acquire Ryeqf,
Rcuvettes MLeaf, and LMA.

To determine the isoprene concentration (Cisoprene), isoprene content
in the adsorbent tube was desorbed and re-trapped with a preconcen-
trator (Model 7100A, Entech Instruments Inc., CA, USA), and then
introduced into a gas chromatography system with a mass spectrometer
(HP6890, Agilent Technologies Inc., CA, USA) for identification and
quantification. Area-based isoprene emission flux (I4req, nmol m2shH
and mass-based isoprene emission flux (Ijgas, nmol g*1 s 1) were
calculated as follows:

Fig. 1. Photo of LI-6400 cuvette during isoprene collection.
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-2 -1
Tprea = Clmprcne'V/RCnvenc (6) nmol m™s™%).

Moreover, when the isoprene emission fluxes were compared based
Dytass = Lavea Ricar /Miear @ on the climate of the region of origin, no significant difference in Ieq

where V (pmol s~ 1 is the flow velocity of LI-6400 air inflow.
3. Results

3.1. Isoprene emission fluxes of 18 species of bamboo from August 2019
to May 2020

The results of the measurement of isoprene emission from the subject
bamboo species indicated a large range of Iy, (from 0 to 50.21 nmol
m~2s71). All species were found to emit isoprene in August 2019 and the
emission gradually decreased or ceased from September 2019 to
February 2020, before slowly increasing from March to May 2020.
Noted that isoprene measurements for PL chino, S. chartacea and Sa.
ramosa in May 2020 were observed from new leaves. The variation in
isoprene emission fluxes generally corresponded with the fluctuation of
leaf temperature; August 2019 had the highest leaf temperatures
(30-35 °C) and January 2020 had the lowest leaf temperatures (~5 °C)
(Table 1a; Table 1b).

A large difference in the relationship between isoprene emission and
leaf temperature in each genus was recorded between the tall species
(Phyllostachys, Semiarundinaria, and Pleioblastus spp.) and the dwarf
species (Sasa and Sasaella spp.). The tall species exhibited large isoprene
emission fluxes, which were mainly distributed in a leaf temperature
range of 25-35 °C; whereas the dwarf species exhibited very low or no
isoprene emission at all leaf temperatures (Fig. 2).

Since the major difference in isoprene emissions among the bamboo
species was recorded in August and September 2019, the averaged Iareq
and T; of each species in August and September 2019 are plotted in
Fig. 3. In August 2019, nine out of thirteen tall bamboo species exhibited
isoprene emission fluxes larger than 20 nmol m 2 s~! regardless of
subtribe (P. makinoi, P. pubescens, Se. yashadake, Se. fortis, Se. kagamiana,
PL hindsii, PL linearis, Pl simonii and PL chino), however, none of the
dwarf species demonstrated area-based emission fluxes larger than 10
nmol m~2 s~!. On average, tall species demonstrated higher isoprene
emission fluxes (August 2019: 25.24+12.71 nmol m2s7l September
2019: 11.3744.66 nmol m 2 s™1) compared to those of the dwarf species
(August 2019: 1.96+2.80 nmol m~2 s~; September 2019: 0.34-:0.60

Table 1a

was observed among different climatic origins for both tall and dwarf
species during August and September (Table 2).

A decrease in both isoprene emission and leaf temperature was
observed in most of the species from August to September. However, this
decrease was not proportional to the change in leaf temperature. For
instance, P. makinoi demonstrated a 64 % decrease in isoprene emission
flux without a large difference in leaf temperature; in contrast, PL chino
exhibited no significant change in isoprene emission flux, while a large
difference in leaf temperature was observed.

3.2. Relationship between LMA and isoprene emission flux

Positive relationships were observed between area-based isoprene
emission flux and LMA of the tall species when the monthly linear
relationship was evaluated separately (Table 3a). The tall species
exhibited slopes of 0.574 and 0.238 in August and September 2019,
respectively; no linear relationship between area-based isoprene emis-
sion flux and LMA was observed in the dwarf species (Fig. 4). Although
there was no significant difference in LMA between the dwarf species
and the tall species (Table 3b), the isoprene emission of the dwarf spe-
cies was lower than that of the tall species under any degree of LMA.

3.3. Relationship between photosynthetic traits and isoprene emission flux

In August and September 2019, the range of ETR4.q Observation for
the tall species and dwarf species were 30-160 pmol m 2 s! and
60-150 pmol m~2 s~ respectively, and most of the species demon-
strated lower ETRarq in September 2019 regardless of their growth
types (Table 4). No significant differences were recorded between the
tall species and dwarf species. Linear relationships between isoprene
emission flux and ETRar, were shown in the observations including
those during August and September 2019 for the tall species; even more
definitive relationships could be recorded if monthly observations were
separately evaluated for the tall species, where R? in August and
September 2019 were up to 0.378 and 0.542, respectively, and both of
the correlations relationships were significant according to the analysis
of t-test (p-value < 0.01) (Table 3a).

Since both the measurement of I4;.q and ETRarq in the area-based

Area-based isoprene emission flux and leaf temperature in each month from August 2019 to December 2020 of 18 bamboo species. The values are represented in mean

+ standard deviation with three measurements.
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Species August 2019 September 2019 October 2019 November 2019 December 2019
Tarea Ty Tarea Ty TArea To TArea To Tarea Tw
(mmolm~2s7")  (°Q) (mmolm~2s7Y)  (°Q) (mmolm~2s7Y)  (°C) (mmolm~2s7!)  (°Q) (mmolm~2s71)  (°Q)

P. makinoi 36.8+12.3 30.3+0.5 13.3+6.4 30.0£0.1 3.3+0.5 24.94+0.0 7.7+1.5 19.9+0.0 3.8+0.4 10.0+0.1
P. aurea 14.945.7 30.7+0.7 11.3+2.6 29.94+0.0 4.0+1.2 25.0+0.0 7.7+1.1 19.9+0.0 3.94+0.2 9.94+0.0
P. bambusoides 17.5+2.1 30.24+0.5 6.3+1.2 30.0+0.0 1.5+0.3 24.94+0.0 5.7+£2.6 20.0+0.0 10.0+2.8 10.0+0.0
P. pubescens 25.6+8.9 31.4£1.0 12.1+3.2 30.0+0.0 1.4+1.1 25.0+0.0 2.2+0.3 20.0£0.1 4.3+0.2 10.0+0.0
P. nigra f. henonis 4.9+3.7 30.24+0.3 6.9+1.7 30.0+0.0 0.9+0.1 24.7+0.1 0.4+0.6 20.0+£0.1 n.d. 10.0+0.0
Se. fastuosa 14.2+3.6 30.84+0.2 6.2+0.8 30.0+0.0 0.8+0.1 24.840.1 1.5+0.3 19.8+0.1 n.d. 10.0+0.0
Se. yashadake 29.5+15.9 31.6+0.3 10.3+1.4 30.0+0.0 1.6+0.5 24.9+0.0 1.0+0.4 19.9+0.0 n.d. 10.0+0.0
Se. fortis 21.6+5.5 31.5+0.3 14.0+£3.7 29.9+0.0 1.8+0.6 24.84+0.0 1.5+0.2 19.6+0.2 2.2+1.9 10.0+0.0
Se. kagamiana 23.5+£5.8 31.7+£0.3 9.843.1 30.0+£0.0 1.2+0.2 24.8+0.1 0.94+0.1 19.9+0.0 0.7£1.2 10.0+0.0
Pl hindsii 30.0+2.2 32.0+1.0 16.7+1.4 30.0+0.1 1.0+0.9 24.840.0 n.d. 19.3+0.2 n.d. 9.9+0.0
Pl linearis 42.7+6.1 34.0+0.6 7.9+4.6 30.0+0.0 0.3+0.5 23.840.6 n.d. 19.8+0.2 n.d. 9.7+0.0
PL simonii 43.0+£8.8 33.2+0.5 15.7+1.4 29.9+0.0 2.3+0.3 24.940.1 n.d. 19.9+0.0 n.d. 10.0+0.0
PL chino 24.0+7.9 33.5+0.2 18.3+2.4 29.94+0.0 2.6+0.3 24.94+0.0 n.d. 20.0+0.0 n.d. 9.9+0.0
S. tsuboiana 7.0£3.1 32.4+1.3 0.7£0.7 29.9+0.0 0.3+£0.3 25.0£0.2 n.d. 19.7+0.2 n.d. 9.9+0.0
S. veitchii 0.2+0.2 30.44+0.4 n.d. 30.0+0.0 n.d. 25.0£0.2 n.d. 19.9+0.0 n.d. 9.7+0.0
S. chartacea 1.4+0.2 32.5£1.5 1.0+0.9 30.1+0.3 0.1+0.1 24.9+0.0 n.d. 19.9+0.0 n.d. 9.9+0.0
Sa. ramosa 0.6+0.2 31.1+0.2 n.d. 29.84+0.2 n.d. 24.74+0.0 n.d. 20.0+0.0 n.d. 9.9+0.0
Sa. hortensis 0.5£0.2 34.1+1.0 n.d. 30.0£0.1 n.d. 24.7+0.0 n.d. 20.0+0.0 n.d. 9.9+0.0

n.d.: No detection.
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Table 1b

Atmospheric Environment: X 12 (2021) 100136

Area-based isoprene emission flux and leaf temperature in each month from January to May 2020 of 18 bamboo species. The values are represented in mean + standard

deviation with three measurements.

Species January 2020 February 2020 March 2020 April 2020 May 2020
TArea To Tarea To TArea TL TArea Ty Tarea Tw
(mmolm 2571  (°Q) (nmolm2s71)  (°C) (mmolm 25!  (°Q) (mmolm 25!  (°Q) (nmolm2s71)  (°C)
P. makinoi 0.4+0.7 5.2+0.2 0.1+0.1 10.9+0.0 0.1+0.1 15.4+0.3 0.05+0.01 12.9+0.4 0.04+0.01 25.9+0.9
P. aurea n.d. 5.240.1 0.1+0.0 11.0+0.0 0.1+0.0 12.9+0.5 0.1+0.1 14.3+0.3 1.8+3.1 30.0£1.0
P. bambusoides 1.0+0.0 5.5+£0.5 0.1+0.0 11.0+0.0 0.4+0.2 14.840.1 1.0£0.1 14.5+0.5 6.2+3.5 26.8+1.6
P. pubescens n.d. 6.1+0.0 0.03+0.03 11.0+0.0 0.1+0.0 10.7+1.3 0.24+0.1 15.6+1.5 2.4+0.4 31.2+0.5
P. nigra f. henonis n.d. 5.3+0.0 n.d. 11.0+0.0 0.14+0.1 14.5+0.1 n.d. 15.7+0.1 1.2+2.2 25.1+0.8
Se. fastuosa n.d. 5.6+£0.0 n.d. 10.0+0.0 0.04+0.01 12.6+0.5 0.1+0.0 20.5+0.0 1.94+0.3 30.9+0.3
Se. yashadake n.d. 5.24+0.0 n.d. 11.0+0.0 0.04+0.01 13.0+0.5 0.5+0.1 20.1+0.2 10.5+4.9 34.1+0.4
Se. fortis n.d. 5.6+0.2 n.d. 11.0+0.0 0.05+0.002 12.8+0.6 1.0£0.1 22.4+1.1 7.0+£2.5 31.9+0.3
Se. kagamiana n.d. 5.2+0.0 n.d. 11.0+0.0 0.1+0.0 12.4+0.2 1.0+0.4 22.0+0.9 8.8+3.6 31.8+0.3
PL hindsii n.d. 7.4+0.0 n.d. 11.7+0.0 0.1+0.0 16.8+0.9 0.1+0.0 22.14+0.1 0.2+0.2 29.7+1.2
PL linearis n.d. 7.6+0.0 n.d. 11.3+0.0 0.24+0.1 13.9+0.6 0.1+0.1 20.7+0.4 1.8+1.5 27.6+1.7
PL simonii n.d. 7.3+0.0 n.d. 10.6+0.0 0.14+0.1 12.0+0.6 0.1+0.0 19.5 +£1.6 0.1+0.1 24.4+0.3
PL chino n.d. 4.84+0.0 n.d. 9.9+0.0 0.1+0.0 12.0+0.9 0.1+0.0 19.7+1.4 3.0+1.7 24.7+0.9
S. tsuboiana n.d. 5.5+0.0 n.d. 9.9+0.0 n.d. 12.0+0.0 0.1+0.0 20.1+0.3 n.d. 24.4+0.3
S. veitchii n.d. 7.2+0.0 n.d. 9.8+0.0 n.d. 12.5+0.0 0.1+0.0 23.6+0.2 n.d. 27.3£1.7
S. chartacea n.d. 6.7+£0.0 n.d. 10.0+0.0 n.d. 12.1+0.0 0.1+£0.0 21.8+0.4 0.1+0.2 28.3+0.7
Sa. ramosa n.d. 4.940.0 n.d. 9.8+0.0 n.d. 12.0+£0.0 n.d. 23.2+0.2 n.d. 25.8+0.7
Sa. hortensis n.d. 4.9+0.0 n.d. 9.8+0.0 n.d. 12.0+0.0 n.d. 23.2+0.0 n.d. 25.8+0.0
n.d.: No detection.
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Fig. 2. Isoprene emission flux in response to leaf temperature for 18 species of bamboo within five genera from August 2019 to May 2020. The open circles are
averaged observations of each species in each month (three measurements). The vertical and horizontal error bars represent standard deviation of isoprene emission

flux and leaf temperature, respectively.

form demonstrated a correlation with LMA, a spurious correlation might
exist between them. To exclude the effect of the potential spurious
correlation, the isoprene emission flux against ETR in mass-based units
was also tested. The results show that Iy increased with ETRpjq in
August and September 2019 for the tall species but was less definitive
compared to those in area-base units and no correlation was seen when
the observations during August and September 2019 for the tall species
were included (Fig. 5).

The tall species exhibited extremely positive correlations between
Iareq and Aareq in August and September 2019 (Table 3a); no correlation
was exhibited by the dwarf species (Table 3b). Part of the correlation
between Iprq and ETRr, might be due to the spurious correlation from
the LMA. Ipqss also increased with Ap,ss in August and September 2019
for the tall species (Fig. 6), but with a lower correlation compared to Igreq
and Aareq (Table 3a).

The photosynthetic rate did not show a large difference between the

tall species and dwarf species. Due to the difference in isoprene emis-
sion, the ratio of carbon emitted as isoprene to carbon fixed by net
photosynthetic (Carbon ratio (%) = Iareq (pmol m2s = AAareq (pmol
m~2 s71)) indicated a large variation. Tall species in August and
September 2019 exhibited average carbon ratios of 1.6 % and 0.6 %,
respectively; carbon ratios observed in the dwarf species in August and
September 2019 were much lower, at approximately 0.1 % and 0.0 %,

respectively (Table 4).
4. Discussion

The results obtained from isoprene emission measurements of
bamboo from August 2019 to May 2020 indicate clear differences in
isoprene emission flux from the bamboo species under higher temper-
atures; all the species exhibited very low or no isoprene emissions during
the measurement from October 2019 to April 2020. The isoprene
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Fig. 3. Isoprene emission flux and leaf temperature of 18 bamboo species observed in August and September 2019. Solid bars and open bars represent mean isoprene
emission flux with error bars representing standard deviation during August and September 2019, respectively; Solid circles and open circles represent mean leaf
temperature with error bars representing standard deviation during August and September 2019, respectively. TE, WT, and ST are the climate of the region of origin
of the species, which stand for temperate, warm temperate, and subtropical, respectively. Arundinariinae and Shibataeinae are subtribes under Arundinarieae tribe. Tall

and dwarf represent two different growth types in bamboo stem.

emissions from certain species indicated a threshold-like dependence on
leaf temperature, where larger fluxes were observed when the leaf
temperature was >25 °C. Under the condition of lower leaf temperature,
all the species exhibited very low or no emission of isoprene, and thus no
significant difference was observed between isoprene emission rates
among the species. This temperature dependency on seasonality could
be explained by long-term control of the genetic expression of IspS with
temperature (Oku et al., 2014; Mutanda et al., 2016). A similar phe-
nomenon was previously reported by Chang et al. (2019), whereby
isoprene emission measurements of P. pubescens in Taiwan demon-
strated a temperature threshold of approximately 23 °C. Although the
temperature gradually increased from February 2020 and reached to a
temperature higher than the threshold in May 2020, low isoprene
emissions even from high emitter species were observed from the
bamboos. This might be due to the aging of the leaves for most of the
species or the low isoprene emission capacity of newly expanded leaves
for a certain species (i.e., PL chino), as indicated in previous studies
(Niinemets et al., 2015; Funk et al., 1999).

To focus on the definitive variation in isoprene emission flux that
occurs in the warmer season and to exclude the temperature dependence
and other possible fluctuations in leaf phenology, we focused on the data
measured in August and September 2019. We first hypothesized that the
isoprene emission trait from bamboo species could be distinct either by
growth type or by the climate of the region of origin of each species. As a

result, a major difference was observed between the isoprene emission
fluxes of the two different growth types (i.e., tall and dwarf), where the
isoprene emission flux of tall bamboos ranged from 4.9 to 43.0 nmol m ™2
s ! in area-based unit and 24.6-157.8 pg g~* h™! in mass-based unit,
while that of dwarf bamboos ranged from 0.2 to 7.0 nmol m~2 s~! and
0.7-22.3 pg g+ h™, respectively, in August. Okumura et al. (2018)
recorded isoprene emission fluxes of 0.7-99.1 nmol m 2 s ! of 14
bamboo species (Phyllostachys spp., Tetragonocalamus sp., Sinobambusa
sp., Bambusa spp., Semiarundinaria spp., Pseudosasa sp., Pleioblastus sp.,
and Sasa spp.). The high emitter genera reported by Okumura et al.
(2018) were generally consistent with our result, however, a dwarf
species (Sasa kurilensis) was observed with considerable emission (24.0
nmol m2 s7). Comparing to this study, Okumura et al. (2018)
demonstrated generally higher isoprene emission fluxes of Phyllostachys
spp. (6.8-68.6 nmol m 2 s™1) and Semiarundinaria spp. (53.6-57.8 nmol
m~2s71) under similar temperature of this study. The emission from tall
bamboos is equivalent to the highest isoprene emissions under light
intensity of 1000 pmol m~2 s~ ! and leaf temperature of 30 °C have been
recorded in Populus sp. (59 nmol m 2 s7%; 165 pg g1 h™1), Quercus spp.
(79 nmol m~2s71; 157 ug g~ h™1), and Salix spp. (37 nmol m2s~%; 133
Hg g’1 h’l) (Litvak et al., 1996; Geron et al., 2001; Chang et al., 2012).
However, there is no evidence that isoprene emission rates differ among
the origin climates. Species in the same genus tend to exhibit similar
isoprene emission rates despite the fact that they might have different
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Table 2

One-way ANOVA of the effect from climatic origins on isoprene emission fluxes
for the tall and dwarf species in August and September 2019. A p-value < 0.05 is
needed to discard the null hypothesis that no significant difference in isoprene
emission flux among the climatic origins.

Tall, August 2019

Sum of Degree of Mean F- p-
squared error freedom squared error  ratio value

Between 601.64 2 300.82 1.96 0.16
Climates

Within 5539.17 36 153.87
Climates

Total 6140.81 38

Tall, September 2019

Between 89.29 2 44.65 2.19 0.13
Climates

Within 714.30 35 20.41
Climates

Total 803.59 37

Dwarf, August 2019

Between 1.08 1 1.08 0.12 0.73
Climates

Within 116.14 13 8.93
Climates

Total 117.22 14

Dwarf, September 2019

Between 1.62 1 1.62 0.18 0.68
Climates

Within 3.71 13 0.29
Climates

Total 5.33 14

origin climates.

A previous study indicated that the area-based isoprene emission flux
could vary with LMA (Harley et al., 1997). Indeed, our results indicated
a positive correlation between area-based isoprene emission flux and
LMA across the tall species. Variation in LMA is usually related to
acclimation to light environments, in which the leaves exposed to sun-
light tend to exhibit higher LMA (Poorter et al., 2009). However, the
light environments of all the species were unshaded and shared similar
light profiles, regardless of growth types. Furthermore, the actual
observation of LMA in August and September 2019 for the bamboo
species exhibited no significant difference between the tall species and
dwarf species. Therefore, we can exclude the possibility that the dif-
ference in isoprene emission flux between the two growth types was
caused by variations in LMA. Indeed, higher isoprene fluxes were
observed in the bamboo species with higher LMA, as the leaf thickness,
and thus the concentration of chloroplasts where isoprene is produced,
could affect the isoprene emission rate; nevertheless, it is only valid in
the tall species.

60

Atmospheric Environment: X 12 (2021) 100136

Although major dependencies were recorded in leaf temperature and
LMA, variation among leaves was still large. Previous studies have
indicated the critical role of energetic and reducing agents in isoprene
emission; the correlation between ETR and isoprene emission from
multiple plant species (e.g., Quercus spp., Eucalyptus spp., and Vismia
guianensis) has also been reported in several studies (Niinemets and
Reichstein, 2002; Rapparini et al., 2004; Dani et al., 2015; Rodrigues
et al., 2020). Furthermore, according to Farquhar et al. (1980), the
photosynthetic rate is regulated by both intercellular CO5 concentration,
which is correlated to stomatal conductance, and electron transport.
While the emission of isoprene is not limited to stomatal conductance
(Sharkey, 1996), a much greater increase in isoprene emission flux could
be expected under extremely high temperatures because photosynthesis
reaches a maximum at lower temperatures (Niinemets et al., 1999;
Rodrigues et al., 2020). Our results demonstrated definitive correlations
among isoprene emission, photosynthetic rate, and ETR, which is
consistent with previous results; even more definitive correlation was
found with ETRyss than that with Apgss. The relationship between
isoprene emission flux and ETR could explain part of the discrepancy in
isoprene emission flux across the tall species. This evidence suggests a
dependence of isoprene emission on ETR. However, this is only adequate
for the tall species. Moreover, despite a low total isoprene emission, the
photosynthetic traits of the dwarf species were not significantly different
from those of the tall species.

August and September 2019 showed obviously different isoprene
emission traits to each other for the tall species, where September 2019
generally showed much lower isoprene emission rates and carbon ratios.
One of the reasons of this change might be attributed to the response to
T;. Larger isoprene emission fluxes were found in August with higher
leaf temperature, especially for Pleioblastus spp., which were consistent
with the temperature dependence curve in Fig. 2. However, other rea-
sons should be counted because some of the genera (i.e., Phyllostachys
spp. and Semiarundinaria spp.) showed large decrease in isoprene
emissions even under similar T; between the two months. This might be
partially attributed to the influence of ETR, where several species (e.g.,
P. makinoi, P. bambusoides, P. pubescens, Se. fastuosa, Se. fortis, Se.
kagamiana and Pl linearis) also showed a large decrease in ETR
September (Table 4a). The other probability is the previous exposure of
higher ambient temperature in August, as we attempted to manipulate
Ty, into 30 °C, lower T;, were recorded than that in ambient. Previous
studies also indicated that leaf in different growth stage demonstrates
different capacity of isoprene emission rate (Kuzma and Fall 1993;
Monson et al., 1994). Thus, leaf phenological change could also influ-
ence the isoprene emission rate from August to September. According to
meteorological data in Kyoto City, both August and September 2019 had
remarkable monthly precipitation though August had much more pre-
cipitation than September 2019 (August: 355.0 mm; September: 84.5
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Fig. 4. Area-based isoprene emission flux in response to leaf mass per area for 18 species of bamboo within five genera observed in August and September 2019.
Solid circles, dot-pattern circles, and diagonal-pattern circles, with error bars representing standard deviations, indicate averaged observations of each species in
Phyllostachys, Semiarundinaria, and Pleioblastus, respectively; open triangles and dot-pattern triangles, with error bars representing standard deviations, indicate
averaged observations of each species in Sasa and Sasaella, respectively. Solid gray dots and open gray dots represent observations in the tall species (Phyllostachys,
Semiarundinaria, and Pleioblastus spp.) and the dwarf species (Sasa and Sasaella spp.), respectively.
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Fig. 5. Mass-based isoprene emission flux in response to mass-based electron transport rate for 18 species of bamboo within five genera observed in August and
September 2019. Solid circles, dot-pattern circles, and diagonal-pattern circles, with error bars representing standard deviations, indicate averaged observations of
each species in Phyllostachys, Semiarundinaria, and Pleioblastus, respectively; open triangles and dot-pattern triangles, with error bars representing standard de-
viations, indicate averaged observations of each species in Sasa and Sasaella, respectively. Solid gray dots and open gray dots represent observations in the tall species
(Phyllostachys, Semiarundinaria, and Pleioblastus spp.) and the dwarf species (Sasa and Sasaella spp.), respectively.

Table 3a

Coefficient of determination (R?) and p-value of each pair between area-based isoprene emission flux (I4.,), mass-based isoprene emission flux (Iysass), leaf mass per
area (LMA), area-based electron transport rate (ETRarq), mass-based electron transport rate (ETRyqss), area-based photosynthetic rate (Aareq), and mass-based

photosynthetic rate (Apss) for 13 species of tall bamboos.

Aug 2019, Tall species

Dnass LMA ETR 4rea ETRpass Adrea Amass
R?>  p-value R?>  p-value R?>  p-value R?>  p-value R?>  p-value R?>  p-value
Lirea 0.896  *** 0.237 ** 0.378  H** 0.168 ** 0.257 H** 0.099
IMuss\ 0.043 0.338  *** 0.287 *** 0.233  ** 0.165 *
LMA \ 0.157 * 0.011 0.057 0.018
ETR jreq \ 0.741 e 0.406 ** 0285 #*x
ETRyas \ 0315 0436 *x
Adrea 0.843 ***
Sep 2019, Tall species
Lirea 0.853 *** 0.277 *** 0.542 *** 0.418 *** 0.472 *** 0.355 ***
I/\/Ia.vs\ 0.032 0.434 **x 0.448 *** 0.242  ** 0.277 H**
LMA \ 0.177 ** 0.030 0.463  *** 0.137 *
ETRtreq \ 0.926 0.428 0.369
ETRituss \ 0.259 0302 **x
Area 0.856 ***

*: statistically significant correlation (p-value < 0.05)

mm). Also, based on our gas exchange results in Aareq, there were no
clear evidence of drought stress both in August and September 2019
(Table 4a; 4b). Different from these species, P. nigra f. henonis did not
showed large decrease in I4.,. Instead, it slightly increased in September
under merely no change in T, from August. Since P. nigra f. henonis later
underwent a synchronous flowering which might largely disturb the
physiology of the plant, the isoprene emission characteristics might be
altered. Further investigation is needed to clarify the relationship be-
tween seasonal pattern of isoprene emission flux of bamboo species and
synchronous flowering event. Since the effects of previous exposure to
ambient temperature and leaf phenology on isoprene emission were not
directly observed in this study, further investigation is suggested for

**: strong correlation (p-value <0.01)

**%: very strong correlation (p-value < 0.001)

bamboo species.

Typically, carbon loss from isoprene emission in assimilation usually
accounts for approximately 1-2 % at 30 °C and depends on the photo-
synthetic rate; under extremely high temperatures, the isoprene emis-
sion could account for more than 50 % of carbon loss (Tingey et al.,
1979; Harley et al., 1994; Tani and Kawawata, 2008; Morfopoulos et al.,
2014). Okumura et al. (2018) reported a range of 0-1.5 % of carbon loss
from isoprene emissions in multiple bamboo species during summer.
This study observed that the average carbon ratio for tall bamboo spe-
cies was 1.6 % and 0.6 % in August and September 2019, respectively;
certain species can reach a carbon ratio of 2.7 % during a Ty, of 32 °C. In
contrast, the dwarf bamboo species used very low carbon for isoprene
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Table 3b

Atmospheric Environment: X 12 (2021) 100136

Coefficient of determination (R?) and p-value of each pair between area-based isoprene emission flux (Iar.q), mass-based isoprene emission flux (Iysass), leaf mass per
area (LMA), area-based electron transport rate (ETR,eq), mass-based electron transport rate (ETRyqss), area-based photosynthetic rate (Aareq), and mass-based

photosynthetic rate (Apqss) for 5 species of dwarf bamboos.

Aug 2019, Dwarf species
Inass LMA ETR 4req ETRyass Adrea Abtass
R? p-value R? p-value R? p-value R? p-value R? p-value R? p-value
Lirea 0.999  *** 0.145 0.207 0.012 0.028 0.069
Tvass \ 0.128 0.222 0.018 0.027 0.063
LMA \ 0.058 0.466 ** 0.028 0.049
ETR ireq \ 0.749  x* 0.123 0234
ETRyass \ 0.054 0282 *
Adrea 0.839 #**
Sep 2019, Dwarf species
Lirea 0.999 ** 0.014 0.544 ** 0.486 ** 0.047 0.037
Iass \ 0.013 0.538 ** 0.485 ** 0.047 0.036
LMA \ 0.073 0.023 0.108 0.022
ETRyrea \ 0.827 *** 0.447 ** 0.404 *
ETRyuss \ 0324 * 0379 *
Area 0.958  #**

*: statistically significant correlation (p-value < 0.05)

**: strong correlation (p-value < 0.01)

**%: yery strong correlation (p-value < 0.001)
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Fig. 6. Mass-based isoprene emission flux in response to mass-based photosynthetic rate for 18 species of bamboo within five genera observed in August and
September 2019. Solid circles, dot-pattern circles, and diagonal-pattern circles, with error bars representing standard deviations, indicate averaged observations of
each species in Phyllostachys, Semiarundinaria, and Pleioblastus, respectively; open triangles and dot-pattern triangles, with error bars representing standard de-
viations, indicate averaged observations of each species in Sasa and Sasaella, respectively. Solid gray dots and open gray dots represent each observation in the tall
species (Phyllostachys, Semiarundinaria, and Pleioblastus spp.) and the dwarf species (Sasa and Sasaella spp.), respectively.

emissions, which was usually less than 0.2 %. This difference is very
reasonable because dwarf bamboos usually grow in the understory of
forest areas, where heat stress is less due to indirect sunlight. Moreover,
to adapt to low light conditions, preventing loss of carbon could be a
critical life strategy by dwarf bamboos. Nonetheless, in our study, the
dwarf species was exposed to direct sunlight, which is unnatural. This
implies that the low isoprene emission capacity is genetically deter-
mined in case of the dwarf species, as plants lacking the IspS gene are
unable to produce isoprene (Behnke et al., 2007).

5. Conclusion

Based on observations in isoprene emission flux and related factors

such as LMA, ETR, and photosynthetic rate of 18 bamboo species, the
study suggests a distinction in isoprene emissions between the tall and
dwarf bamboos, which is genetically determined. This difference in
genotype causes different dependencies of isoprene emission on leaf
temperature, LMA, photosynthetic rate, and ETR.
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Area-based isoprene emission (I4.,), area-based photosynthetic rate (Asreq), carbon ration, leaf temperature (T;), and area-based electron transport rate (ETR4req) in
August and September 2019 for 13 species of tall bamboos. The values are represented in mean + standard deviation.

Genus Species Ipree (nmol m™2s71) Aprea (pmol m2s Carbon ratio (%) T, (°C) ETRreq (pmol m2sh
Aug 2019 Sep 2019 Aug 2019 Sep 2019 Aug 2019 Sep 2019 Aug 2019 Sep 2019 Aug 2019 Sep 2019
Phyllostachys P. makinoi 36.8+12.3  13.3+6.4  9.3+2.7 10.7+2.4  2.0+0.6 0.6+0.2 30.3+0.5 30.0+0.1 96.9+26.8 51.0+13.8
P. aurea 14.9+5.7 11.3+2.6  7.3+1.8 11.3+1.0  1.0+0.4 0.5+0.1 30.7+0.7 29.94+0.0  70.9+22.5 63.9+12.3
P. bambusoides 17.5+2.1 6.3+1.2 5.7+1.2 5.2+1.0 1.6+0.6 0.64+0.1 30.2+0.5 30.0+0.0 62.2+17.1 35.945.2
P. pubescens 25.6+8.9 12.14+3.2 7.9+2.8 7.6+3.4 1.84+0.9 0.94+0.4 31.4+1.0 30.0+0.0 101.7+16.4 61.6+5.4
P. nigra f. henonis ~ 4.9+3.7 6.9+1.7 4.4+2.4 6.24+2.3 0.54+0.2 0.6+0.3 30.2+0.3 30.0+0.0  49.0+29.6 34.9+3.3
Average 19.9+12.8  10.0+4.2  6.9+2.6 8.2+3.1 1.4+0.7 0.6+0.2 30.5+0.7 30.0+0.0  76.1+28.6 49.5+14.8
Semiarundinaria Se. fastuosa 14.2+3.6 6.24+0.8 10.8+4.5 7.940.2 0.8+0.5 0.44+0.0 30.8+0.2 30.0+0.0 88.2+13.9 51.9+3.0
Se. yashadake 29.5+159  10.3+1.4  10.3+£3.0 11.84+1.8  1.4+0.4 0.4+0.1 31.6+0.3 30.0+0.0  89.1+36.1 99.4+11.5
Se. fortis 21.6+5.5 14.0+3.7  10.1+2.4 9.7+2.6 1.1+0.1 0.8+0.1 31.5+0.3 29.94+0.0 107.1+£29.9  84.2+13.5
Se. kagamiana 23.5+5.8 9.843.1 7.942.5 6.5+1.5 1.5+0.4 0.74+0.1 31.7+0.3 30.0+0.0 98.8+13.1 74.8+9.2
Average 22.2+9.6 9.74+3.4 9.84+3.0 9.0+2.5 1.2+0.4 0.6+0.2 31.4+0.4 30.0+0.0  95.8+23.1 77.6+20.0
Pleioblastus Pl hindsii 30.0+2.2 16.7+1.4  6.6+£3.0 13.14£3.4  2.7£1.5 0.74+0.1 32.0+1.0 30.0+0.1 121.8+9.1 105.7+18.5
PL linearis 42.7+6.1 7.9+4.6 11.8+1.7 10.4+2.9  1.9+0.5 0.4+0.2 34.0+0.6 30.0£0.0  100.7+31.2  47.6+17.8
Pl simonii 43.0+8.8 15.7+1.4 10.2+0.8 10.9+2.5 2.1+0.5 0.84+0.2 33.2+0.5 29.94+0.0 104.94+19.7 102.84+2.1
PL chino 24.0+7.9 18.3+2.4  5.3+1.1 14.44+4.5  2.2+0.3 0.74+0.1 33.5+0.2 29.9+0.0  53.7+25.2 180.3+22.3
Average 34.9+10.3 14.6+4.8  8.5+3.2 12.2+3.3  2.2+0.8 0.6+0.2 33.2+0.9 29.94+0.0  95.3+32.8 109.1+51.4
Average 25.2+12.7 11.4+4.7 8.3+3.1 9.7+3.4 1.6+0.8 0.6+0.2 31.6+1.3 30.0+0.0 88.1+£29.3 76.5+£39.8
Table 4b

Area-based isoprene emission (I4..q), area-based photosynthetic rate (Asreq), carbon ration, leaf temperature (T;), and area-based electron transport rate (ETR4eq) in
August and September 2019 for 5 species of dwarf bamboos. The values are represented in mean + standard deviation.

Genus Species Ipree (nmol m™2 s71) Aarea (pmol m2s Carbon ratio (%) T, (°C) ETRareq (pmol m2sh
Aug 2019 Sep 2019 Aug 2019 Sep 2019 Aug 2019 Sep 2019 Aug 2019 Sep 2019 Aug 2019 Sep 2019
Sasa S. tsuboiana 7.0£3.1 0.7+0.7 7.2+3.3 6.9+2.6 0.6+ 0.3 0.1+0.1 32.4+1.3 29.9+0.0 129.1+16.9 110.8+8.8
S. veitchii 0.2+0.2 n.d. 10.2+2.4 9.1+1.0 0.0+0.0 0.0+0.0 30.4+0.4 30.0+0.0 95.5+5.8 86.3+5.6
S. chartacea 1.44+0.2 1.0+0.9 9.1+0.7 13.8+3.4 0.1+0.0 0.0+0.0 32.5+1.5 30.1+0.3 113.94+11.1 141.54+12.0
Average 2.9+3.5 0.6+0.7 8.8+2.5 9.9+3.8 0.2+0.3 0.0+0.0 31.8+1.5 30.0+0.2 112.8+18.0 112.9+25.3
Sasaella Sa. Ramosa 0.6+0.2 n.d. 8.7+£2.9 9.8+4.4 0.0+0.0 0.0+0.0 31.1+0.2 29.8+0.2 132.3+9.1 94.9+6.0
Sa. Hortensis 0.5+0.2 n.d. 5.5+1.5 5.1+4.4 0.1+0.0 0.0+0.0 34.1+1.0 30.0+0.1 89.9+0.9 83.6+20.9
Average 0.6+0.2 n.d. 7.1+2.7 7.4+4.7 0.0+0.0 0.0+0.0 32.6+1.8 29.9+0.2 111.1+23.9 89.2+15.1
Average 2.0+2.9 0.3+0.6 8.1+2.6 8.9+4.2 0.1+0.2 0.0+0.0 32.1+1.6 30.0+0.2 112.1+19.7 103.4+24.3
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