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Chapter 1

Introduction

1.1. Impact of Isoprene on Atmospheric Chemistry

Isoprene (2-methyl-1,3-butadiene) is one of the major biogenic volatile organic
compounds (BVOCs) in the atmosphere, with an estimated annual carbon emission of
approximately 400-700 Tg, accounting for approximately 50—70 % of the total terrestrial
BVOC emissions (Guenther et al., 2006, 2012; Sindelarova et al., 2014). This amount is
almost equivalent to global methane emission recorded between 2008 and 2017 (410—
660 Tg of carbon per year) (Saunois et al., 2020) and can be 4—7 times of the total global
anthropogenic emissions for non-methane volatile organic compounds (Kansal, 2009;
Middleton, 1995). Several global estimation studies have revealed large-scale emissions
of plant-based isoprene.

These emissions can impact atmospheric chemistry and negatively affect air quality.
Isoprene and its oxidation products (methyl vinyl ketone and methacrolein) react with
nitrogen oxides (NOx) to form ozone (O3) in the troposphere (Kamens et al., 1982;
Paulson et al., 1992; Paulson and Seinfeld, 1992; Teng et al., 2017), thus, worsening the
air quality. This effect has been recorded in urban green environments where both
isoprene and NOx are highly abundant (Biesenthal et al., 1997; Dreyfus et al., 2002;
Duane et al., 2002; Pang et al., 2009; Geng et al., 2011; Fierravanti et al., 2017).
Additionally, BVOCs are estimated to be the largest source of secondary organic aerosol
(SOA) mass globally, releasing 12—70 Tg of SOA per year (Kanakidou et al., 2005). As
the most abundant BVOC, isoprene is a major precursor for the formation of SOAs either
through photo-oxidation under low atmospheric NOx or through acid-catalyzed oxidation
with hydrogen peroxide (Claeys et al., 2004a, b). A chamber study on the photo-oxidation
of isoprene demonstrated that 1-6 % mass of isoprene formed SOA depends on isoprene

and NOx concentration (Kroll et al., 2005, 2006).



As a highly reactive chemical, isoprene competes for radicals and potentially alters
the lifespan of methane in the atmosphere; however, this depends on the isoprene to NOx
ratio (Poisson et al., 2000; Spivakovsky et al., 2000; Collins et al., 2002; Pike and Young
2009; Archibald et al., 2011). BVOC emissions could be an overlooked carbon emission
pathway, thus, considering BVOC fluxes, including isoprene, when quantifying carbon
cycling in forest ecosystems become necessary (e.g., Guenther, 2002; Luyssaert et al.,
2007; Okumura et al., 2008; Chapin et al., 2009). Generally, the impact of isoprene on
the global warming potential can be significant (Fehsenfeld et al., 1992; Pike and Young
2009).

1.2. An Overview of Plant-Source Isoprene Emission

1.2.1. Biochemical process of isoprene synthesis in plant leaves

Plants produce dimethylallyl pyrophosphate (DMAPP) through 2-C-methyl-D-
erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate (MEP/DOXP) pathways and
convert it to isoprene. This process incorporates pyruvate (pyr) and glyceraldehyde 3-
phosphate (g3p) into a 5-carbon skeleton (DOXP) and transform into multiple metabolic
intermediates to become DMAPP (Schwender et al., 1997; Rohmer, 1999; Lichtenthaler,
1999). The formation of the intermediates is highly related to photosynthetic chemistry,
where the reducing agent (nicotinamide adenine dinucleotide phosphate, NADPH) and
energy equivalent (adenosine triphosphate, ATP) are required and limited by the electron
transport chain in the light reaction (Briiggemann and Schnitzler, 2002; Rosenstiel et al.,
2002; Rasulov et al., 2009; 2018). Apart from the MEP/DOXP pathway, plants can also
produce DMAPP through the mevalonate (MVA) pathway. The enzyme isoprene synthase
(IspS) is located only in the stromal side of the thylakoid membrane of chloroplasts;
therefore, isoprene is produced only in chloroplast-containing organ, such as leaves
(Wildermuth and Fall, 1996; 1998; Sasaki et al., 2005). IspS catalyzes the conversion of
DMAPP to isoprene and diphosphate (Silver and Fall, 1991; Sasaki et al., 2005; Oku et
al., 2014).



1.2.2. Causes of isoprene emission by plants

There are multiple hypotheses for the production of isoprene in plants. Isoprene can
stabilize thylakoid membranes, by enhancing the packing of lipid tails, to protect leaves
from heat and oxidative damages (Sharkey and Singsaas, 1995; Sharkey, 1996; Loreto
and Velikova, 2001; Siwko et al., 2007; Vickers et al., 2009). Isoprene production also
helps dissipate the excess energy absorbed by photosynthetic pigments; it dissipates less
potential heat energy through non-photochemical quenching that is similar to the function
of fluorescence quenching (Way et al., 2011; Pollastri et al., 2014). Isoprene can also
quench reactive oxygen species, thereby reducing the oxidative damage to leaves (Loreto
et al., 2001). Recently, by studying the RNA interference-mediated suppression of
1soprene emission in gray poplar (hybrid of Populus alba and Populus tremula) and the
effects of isoprene fumigation on Arabidopsis thaliana, it was established that isoprene
concentrations induce changes in the expression of many gene networks that are
important for stress responses and plant growth (Behnke et al., 2010; Harvey and Sharkey,
2016). Base on this find, Zuo et al. (2019) further indicated that isoprene affects growth
and stress tolerance by directly regulating gene expression, suggesting its role as a
signaling molecule in plants.

However, the energy required for isoprene production is quite high. Each isoprene
molecule produced via the MEP/DOXP pathway requires 20 ATP and 14 NADPH
(Sharkey and Yeh, 2001). Moreover, it causes carbon loss, which is disadvantageous to
plant growth (Sharkey and Loreto, 1993). Therefore, isoprene emissions vary among
plant species and depending on the environmental conditions (Sharkey and Loreto, 1993;

Monson et al., 2013).



1.2.3. History of model development of isoprene emission from plant leaves

Since the first report of isoprene emission from plants (Sanadze, 1957), researchers
have been interested in developing a model to explain the variability in isoprene flux
among different plant species. To evaluate the impact of plant-emitted isoprene post-haste,
the earlier models were developed with limited knowledge of isoprene biosynthesis
mechanism in plants. The first systematic model was proposed by Tingey et al. (1979)
where the isoprene emission from an oak species (Quercus virginiana) was considered.
In conjunction with studies indicating that plant isoprene emissions depend on
environmental factors such as light and temperature (Sanadze and Kalandadze, 1966;
Rasmussen and Jones, 1973), this model featured with a logistic function of either the
leaf temperature or the light intensity as driving variables. Although the proposed
algorithm does not consider the mechanism of catalytic reaction and carbon loss, most of
the coefficients have to be verified empirically to fit the observations.

Another model was proposed by Guenther et al. (1991) basing on observations on
Eucalyptus sp. with light intensity, leaf temperature, relative humidity, and atmospheric
CO> concentration as the driving factors. Guenther et al. (1991) also introduced the
concept of an emission flux, defined for a standard set of conditions (light intensity at
1000 pmol m™ s7!, leaf temperature at 30 °C, relative humidity at 40%, and atmospheric
CO» concentration at 330 ppmv), known as the “basal isoprene emission flux.” By
multiplying this flux with the corresponding coefficients, calculated by measuring the
value of each factor, a simulated instantaneous isoprene emission flux could be obtained.
This model was modified with only light intensity and leaf temperature as drivers (relative
humidity and atmospheric CO> concentration were negligible when considered across the
range of conditions normally encountered by leaves), and was named the G93 model
(Guenther et al., 1993). The current global BVOC estimation method (i.e., Model of
Emissions of Gases and Aerosols from Nature, MEGANV3.1) is based on this framework.
This model requires only a basal isoprene emission flux and determined environmental
condition to estimate the isoprene emission dynamic. The simulated basal isoprene
emission flux can also be obtained by reverse calculation of the isoprene emission flux
with its corresponding light intensity and leaf temperature. However, the G93 model is

still based on empirically conducted value of coefficients without a consideration of



underlying biosynthetic stoichiometry. Since basal isoprene emission varies with time,
the G93 model may fail to reproduce the values with a basal isoprene emission flux
derived a few hours to a few days ago. Another problem is that isoprene emission ability
may vary among leaves or individual plants, thus, complicating the determination of a
representative basal isoprene emission flux for a plant species.

The newer models were supported by an improved knowledge of the biochemical
and physiological mechanisms controlling the isoprene emission flux. For example,
Martin et al. (2000) developed a model based on three processes that potentially limit
isoprene synthesis, i.e., pyruvate supply to provide the substrate for isoprene carbon, ATP
supply for phosphorylation to DMAPP, and the rate of isoprene synthesis from DMAPP.
This model uses the same driving factors as those of the empirical model (light intensity,
temperature, and CO; concentration). The difference is that the functions and coefficients
were determined based on theoretical considerations, according to the underlying
processes.

Subsequently, Niinemets and Reichstein (2002) developed a model that involves an
algorithm based on leaf photosynthetic electron transport to simulate isoprene emission
with its energy requirements. They successfully reproduced isoprene emissions from
Liquidambar styraciflua and Quercus spp.; however, fewer empirical coefficients were
considered.

Morfopoulos et al. (2014) developed a model based on the hypothesis that isoprene
biosynthesis depends on a balance between the supply of photosynthetic reducing agent
and the demand for carbon fixation. This model estimates isoprene using intercellular
COz concentration and light intensity, by hypothesizing that the NADPH used in isoprene
production is dependent on the extent to which the NADPH requirements of the Calvin—
Benson and photorespiratory cycles are satisfied.

The greatest limitation in these process-based models is the absence of critical
stoichiometric information of isoprene biosynthesis, including the proportion of
metabolites and reductive agents channeled from the MEP pathway and photosynthetic
pentose phosphate pathway, respectively. Therefore, current isoprene emission estimation
is highly dependent on observations, regardless of the usage of an empirical model or

process-based model. Plant isoprene emission is more frequently estimated by empirical



models (e.g., Guenther et al., 1993; Guenther et al., 2006; Guenther et al., 2012) than the
process-based models currently. To use empirical models, a species-specific basal
isoprene emission flux is required. Generally, basal isoprene emission fluxes are directly
observed under certain light and temperature conditions (usually 1000 umol m™ s and
30 °C, respectively) or simulated by isoprene emission models (e.g., Guenther et al.,
1993). However, the basal isoprene emission flux is not always constant and can be
altered by long-term weather conditions (e.g., temperature acclimation and drought)
(Rasulov et al., 2010; Jiang et al., 2018). Furthermore, the response of simulated isoprene
emission flux to instantaneous leaf temperature did not fit the actual reaction for several
tropical plant species (Keller and Lerdau, 1999; Oku et al., 2008). These results further
revealed evidence and knowledge of isoprene biosynthesis, suggesting a need to revise

the empirical models with a process-based approach for better reproducibility.

1.2.4. Database of the isoprene emission capacity of plant species

Different plant species may demonstrate different isoprene emission capabilities.
For instance, Eucalyptus spp. and Quercus spp. have been recognized as significant
isoprene emitters (e.g., He et al., 2000; Geron et al., 2001; Okumura et al., 2008), while
some species (e.g., Acer spp.) had undetectable isoprene emissions (Zimmerman, 1979;
Evans et al 1982; Winer et al., 1983). Furthermore, isoprene emission ability could vary
among species within a genus (e.g., Quercus spp., Tani and Kawawata, 2008). Therefore,
it is necessary to record the data from numerous species to accurately estimate the global
isoprene emissions from plants. The current global estimation model (MEGANV3.1)
requires a basal emission flux and uses the calculated coefficients of light, temperature,
leaf age, soil moisture, leaf area index, and CO: inhibition, to fit the instantaneous
condition of the subject zone. The basal emission flux is usually defined as the emission
flux under standard light intensity and leaf temperature (Guenther et al., 1993). Previous
studies have shown that the estimation of global isoprene emissions is highly sensitive to
basal isoprene emission fluxes.

This section shows the isoprene emission data, measured using the enclosed
chamber method, from 41 studies including 244 plant species within 55 families. Note
that different studies have used different parts of the plants to apply the enclosure method

(e.g., leaf enclosure, branch enclosure, and whole plant enclosure). The emission flux



may represent one or both of the two forms (mass-based and area-based). Because most
of the studies did not measure the emission flux under standard light or temperature
conditions, the data were normalized to simulate a light intensity of 1000 umol m? s’
and a leaf temperature of 30 °C by using the following algorithm and its parameter set
(Guenther et al., 1993):

Ig=1/(L-T) (Equation 1-1),

where I is the isoprene emission flux at a given light intensity and leaf temperature
conditions, [ is the basal emission flux, and L and T are calculated variables
determined by functions of light intensity and leaf temperature, respectively. L is defined

as follows:

L =a-C,-PPFD/V1 + a? - PPFD? (Equation 1-2),

where a (0.0027) and C; (1.066) are empirical coefficients of light response. T

is defined as follows:

T =exp(Cry [T, —Ts]/[R*Ts - T, ])/(1 4+ exp [Crp - {T, — Ty}/{R " Ts - T, }])
(Equation 1-3),

where R is the gas constant (8.314 J K'! mol!), T, is the leaf temperature under
standard conditions (303.15 K); T, (K) is the leaf temperature at the time of sampling;
Cr1 (95000 J mol!) and Cr, (230000 J mol™') are the empirical coefficients; and T),
(314 K) is an empirical coefficient of the temperature of maximum isoprene emission
(Table 1-1). A constant temperature and light dependence based on Guenther et al. (1993)
for every species is assumed for this normalization, since information on the actual
quantities are not yet available.

Some species demonstrated considerable basal isoprene emission fluxes (e.g.,
Elaeis guineensis, Robinia pseudoacacia, and Quercus laevis), while some others
demonstrated no emission (e.g., Pinus canariensis, Adenostoma fasciculatum, and Citrus
limon), indicating a large inter-species variation (Table 1-1). This suggests that
observation is essential for the realistic evaluation of basal isoprene emission flux for

each species. Furthermore, large differences in basal isoprene emission flux within a



species (e.g., Liquidambar styraciflua, Quercus alba, and Quercus rubra) were observed
after repeated examinations. Discrepancies may occur because of different isoprene
collection approaches, long-term variations, or heterogeneity in the morphological and
physiological states among the measured leaves. This situation complicates the
determination of a reliable basal isoprene emission flux for a plant species. Furthermore,
some plant species were observed less frequently but exhibited considerable basal
isoprene emission fluxes, such as bamboo species.

The increase in the importance of bamboo, due to their increasing numbers in the
area, makes it inevitable to evaluate isoprene emissions of the plant. However, 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 (i.e., Okumura et al., 2018; Table 1-1) recorded the emission
fluxes for a limited number of leaves within a short period that is insufficient to represent
the dependence of isoprene emission on light and leaf temperature. These studies also
cannot account for the variability and determining factors of basal isoprene emission flux
in bamboo leaves. Thus, expanding the isoprene emission database for bamboo species,

to evaluate the isoprene emission flux from their leaves, is of utmost importance.



Table 1-1 Basal isoprene emission of 233 plant species within 55 families. The emission flux was
represented in two forms of unit (mass-based form, pg g h™l; area-based form, nmol m? s'); following
abbreviations are used: NR = not reported, BDL = below detection limit, and NED = no emissions detected.
In E (stands for enclosure) column, following abbreviations are used: L = leaf enclosure, B = Branch
enclosure, and P = whole plant enclosure. In N (stands for normalization) column, following abbreviations

are used: S = simulated by Guenther et al. (1993), D = Direct observed under standard light intensity and

leaf temperature.
Isoprene emission
Family Species N Reference
pggth!  nmolm?s?
Aceraceae Acer floridanum BDL NR B S Wineretal. (1983)
Acer rubrum NED NR B S Zimmerman (1979)
Acer saccharinum NED NR P D Evansetal. (1982)
Altingiaceae Liquidambar formosana 92.22 NR B S Changetal. (2012)
Liquidambar styraciflua 35.3 NR P S Corchonoy et al. (1992)
Liquidambar styraciflua 17.8 NR P D Evansetal. (1982)
Liquidambar styraciflua 68 37 L D Geronetal. (2001)
Liquidambar styraciflua 70 NR L S Guentheretal. (1996b)
Liquidambar styraciflua 71 NR L S Guentheretal. (1996a)
Liquidambar styraciflua 35 NR B S Zimmerman (1979)
Anacardiaceae Astronium graveolens NR 26 L D Kellerand Lerdau (1999)
Pistacia vera NED NR B S Wineretal. (1992)
Rhus ovata BDL NR B S Wineretal. (1983)
Schinus molle NED NR P S Corchonoy etal. (1992)
Schinus molle NED NR B S Wineretal. (1983)
Schinus terebinthifolius NED NR P S Corchonoy etal. (1992)
Schinus terebinthifolius BDL NR B S Wineretal. (1983)
Spondias mombin NR 33 L D Kellerand Lerdau (1999)
Annonaceae Annona hayesii NR 9 L D Kellerand Lerdau (1999)
Xylopia frutescens NR 15 L D Kellerand Lerdau (1999)
Apocynaceae Carissa macrocarpa BDL NR B S Wineretal. (1983)
Nerium oleander BDL NR B S Wineretal. (1983)
Nerium oleander NED NR B S Zimmerman (1979)
Agquilfoliaceae llex cassine NED NR B S Zimmerman (1979)
Arecaceae Acrocomia vinifera NR 20 L D Kellerand Lerdau (1999)
Elaeis guineensis 172.9 NR L D Cronnand Nutmagul (1982)
Phoenix dactylifera 15.8 NR B S Wineretal. (1983)
Sabel palmetto 4.7 NR B S Zimmerman (1979)
Serenoa repens 8.9 NR B S Zimmerman (1979)
Socratea exorrhiza NR 145 L D Lerdauand Throop (1999)
Thrinax morrisii NR 35 L D Lerdauand Keller (1997)




Table 1-1 (Continued)

Isoprene emission

Family Species N Reference
uggth?  nmolm?s?
Arecaceae Wasingtonia filifera 9.9 NR B S Wineretal. (1983)
Xylosma congestum 6.8 NR B S Wineretal. (1983)
Berberidaceae Nandina domestica 25.1 NR B S Wineretal. (1983)
Bignoniaceae Jacaranda mimosifolia NR NR P S Corchonoy et al. (1992)
Jacaranda mimosifolia NED NR B S Wineretal. (1983)
Tecomaria capensis BDL NR B S Wineretal. (1983)
Trichostema lanatum 0 NR P S Wineretal. (1983)
Burseraceae Bursera simaruba NR 32 L D Lerdauand Keller (1997)
Protium panamense NR 46.3 L D Lerdauand Throop (1999)
Trattinnickia aspera NR 55.1 L D Lerdauand Throop (1999)
Buxaceae Buxus sempervirens 20 NR B S Owenetal. (1998)
Calophyllaceae Calophyllum longifolium NR 11.9 L D Lerdauand Throop (1999)
Marila laxiflora NR 11.2 L D Lerdauand Throop (1999)
Capparaceae Capparis
NR 25 L D Lerdauand Keller (1997)
cyanophollophora
Capparis indica NR 23 L D Lerdauand Keller (1997)
Caprifoliaceae Sambucus simponii NED NR B S Zimmerman (1979)
Viburnum rufidulum NED NR B S Zimmerman (1979)
Clusiaceae Symphonia globulifera NR 16.8 L D Lerdauand Throop (1999)
Compositae Artemesia californica 0 NR B S Areyetal (1995)
Artemesia californica BDL NR P S Wineretal. (1983)
Convolvulaceae ~ Bonamia maripoides NR 18 L D Kellerand Lerdau (1999)
Connaraceae Cnestidium rufescens NR 26 L D Kellerand Lerdau (1999)
Cupressaceae Cunninghamia lanceolata 0.11 NR B S Changetal. (2012)
Cupressus forbesii 0 NR B S Areyetal (1995)
Cupressus sempervirens 0 NR B S Wineretal. (1983)
Juniperus chinensis 0 NR B S Wineretal. (1983)
Metasequoia
. 0 NR B S Changetal. (2012)
glyptostroboides
Dilleniaceae Doliocarpus major NR 32 L D Kellerand Lerdau (1999)
Ericaceae Arctostaphylos
NED NR B S Areyetal. (1995)
glandulosa
Arctostaphylos glauca BDL NR B S Wineretal. (1983)
Erica arborea 6.4 NR B S Hansenetal. (1997)
Erica arborea 18 NR B S Owenetal. (1997)
Erica multiyora 2 NR B S Owenetal. (1997)
Erica multiyora 2 NR B S Owenetal. (1998)

10



Table 1-1 (Continued)

Isoprene emission

Family Species N Reference
uggth?  nmolm?s?
Euphorbiaceae Croton discolor NR 100 L D Lerdauand Keller (1997)
Hevea brasiliensis 7.5 NR L D Cronnand Nutmagul (1982)
Macaraunga triloba 45.3 NR L D Cronnand Nutmagul (1982)
Mallotus paniculatis NR NR L D Cronnand Nutmagul (1982)
Fabaceae Albizia julibrissin 70.21 NR B S Changetal. (2012)
Cytisus sp. 27 NR B S Owenetal. (1997)
Dioclea guianensis NR 43 L D Kellerand Lerdau (1999)
Dussia munda NR 30.7 L D Lerdauand Throop (1999)
Genista scorpius 11 NR B S Owenetal. (1998)
Lonchocarpus
o NR 53 L D Lerdauand Throop (1999)
longifolium
Pictetia aculute NR 50 L D Lerdauand Keller (1997)
Robinia pseudoacacia 151 45 L D Geronetal. (2001)
Robinia pseudoacacia 17.8 NR B S Khedive etal. (2016)
Spartium junceum 6.4 NR B S Owenetal. (1997)
Fagaceae Quercus acuta NR 0 L S Taniand Kawawata (2008)
Quercus acutissima NR 0 L S Taniand Kawawata (2008)
Quercus agrifolia 77 50 L D Geronetal. (2001)
Quercus agrifolia 35.3 NR B S Wineretal. (1983)
Quercus aliena NR 18.3 L S Taniand Kawawata (2008)
Quercus alba NR 48 L D Fall and Monson (1992)
Quercus alba 125 79 L D Geronetal. (1997)
Quercus alba 99 NR L S Harleyetal. (1997)
Quercus alba 7.8 NR B S Lambetal. (1983)
Quercus alba 78 28 L D Litvaketal. (1996)
Quercus alba NR 33 L S Sharkeyetal. (1991)
Quercus alba 92 50 L D Geronetal. (2001)
Quercus berberidifolia 73 51 L D Geronetal. (2001)
Quercus borealis 19.7 NR P D Evansetal. (1982)
Quercus borealis 40.4 NR B S  Flyckt (1979)
Quercus chrysolepis 48 93 L D Geronetal. (2001)
Quercus coccinea 115 NR L S Harleyetal. (1997)
Quercus coccinea 20.1 NR B S Lambetal. (1983)
Quercus dentate NR 30 L S Taniand Kawawata (2008)
Quercus douglasii 71 41 L D Geronetal. (2001)
Quercus dumosa 5.2 NR B S Areyetal (1995)
Quercus dumosa 54.4 NR B S Wineretal. (1983)
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Table 1-1 (Continued)

Isoprene emission

Family Species N Reference
uggth?  nmolm?s?

Fagaceae Quercus engelmannii 39 27 L D Geronetal. (2001)
Quercus falcata 112 57 L D Geronetal. (2001)
Quercus frainetto 133.95 30.72 B S  Steinbrecher et al. (1997)
Quercus garryana 59.2 NR B S Lambetal. (1986)
Quercus gambelii 121 NR L S Guentheretal. (1996b)
Quercus gambelii 132 NR L D Harleyetal. (1996)
Quercus glauca NR 0 L S Taniand Kawawata (2008)
Quercus incana 45.6 NR B S Zimmerman (1979)
Quercus kelloggii 78 39 L D Geronetal. (2001)
Quercus laevis 151 79 L D Geronetal. (2001)
Quercus laevis 51 NR L S Guentheretal. (1996a)
Quercus laevis 24.3 NR B S Zimmerman (1979)
Quercus laurifolia 104 NR B S Zimmerman (1979)
Quercus lobata 86 39 L D Geronetal. (2001)
Quercus lobata 34 NR B S Wineretal. (1992)
Quercus mongolica var. )

) NR 27.3 L S Taniand Kawawata (2008)

crispula

Quercus myrsinaefolia NR 0 L S Taniand Kawawata (2008)
Quercus myrtifolia 15.2 NR B S Zimmerman (1979)
Quercus nigra 81 46 L D Geronetal. (2001)
Quercus nigra 24.6 NR B S Zimmerman (1979)
Quercus phellos 93 48 L D Geronetal. (2001)
Quercus phellos 32.2 NR B S Zimmerman (1979)
Quercus prinus 44 23 L D Geronetal. (2001)
Quercus prinus 71 NR L S Harleyetal. (1997)
Quercus prinus 6.5 NR B S Lambetal. (1983)
Quercus pubescens 78 NR B S Owenetal. (1998)
Quercus pubescens 90.73 16.68 B S  Steinbrecher et al. (1997)
Quercus robur 76.6 NR B S Isidorov etal. (1985)
Quercus rubra 67 30 L D Geronetal. (2001)
Quercus rubra 112 NR L S Isebrands etal. (1999)
Quervus rubra 14.8 NR B S Lambetal. (1983)
Quercus rubra NR 38 L D Loreto and Sharkey (1990)
Quercus rubra 77 43 L D Sharkey etal. (1996)
Quercus salicina NR 0 L S Taniand Kawawata (2008)
Quercus serrata NR 42.9 L S Okumuraetal. (2008)
Quercus serrata NR 27.8 L S Taniand Kawawata (2008)
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Table 1-1 (Continued)

Isoprene emission

Family Species N Reference
uggth?  nmolm?s?
Fagaceae Quercus sessilifolia NR 0 L S Taniand Kawawata (2008)
Quercus stellata 73 50 L D Geronetal. (2001)
Quercus stellata 84 NR L S Guentheretal. (1996a)
Quercus variabilis NR 0 L S Taniand Kawawata (2008)
Quercus velutina 157 72 L D Geronetal. (2001)
Quercus velutina 97 NR L S Harleyetal. (1997)
Quercus velutina 18.9 NR B S Lambetal. (1983)
Quercus virginiana 46 40 L D Geronetal. (2001)
Quercus virginiana 30.9 NR P S Tingeyetal. (1979)
Quercus virginiana 9.5 NR B S Zimmerman (1979)
Quercus wislizenii 125 NR B S Areyetal (1995)
Quercus wislizenii 74 50 L D Geronetal. (2001)
Ginkgoaceae Ginkgo biloba 0.34 NR B S Changetal. (2012)
Ginkgo biloba NED NR P S Corchonoy et al. (1992)
Juglandaceae Carya aquatica NED NR B S Zimmerman (1979)
Juglans regia NED NR B S Wineretal. (1992)
Lamiaceae Salvia mellifera 0 NR B S Areyetal (1995)
Salvia mellifera BDL NR P S Wineretal. (1983)
Lauraceae Cinnamomum camphora 4.31 NR B S Changetal. (2012)
Cinnamomum camphora NED NR P S Corchonoy etal. (1992)
Cinnamomum camphora NED NR B S Wineretal. (1983)
Persea americana BDL NR B S Wineretal. (1983)
Persea borbonia NED NR B S Zimmerman (1979)
Leguminosae Acacia farnesiana NED NR B S Zimmerman (1979)
Cercis canadensis 0 NR P D Evansetal. (1982)
Glycine max 0 NR P D Evansetal. (1982)
Pueraria lobata 9.6 NR P D Evansetal. (1982)
Robinia pseudoacacia 135 NR B S Lambetal. (1983)
Robinia pseudoacacia 10.1 NR B S Wineretal. (1983)
Lythraceae Lagerstroemia indica NED NR P S Corchonoy etal. (1992)
Lagerstroemia indica NED NR B S Wineretal. (1983)
Magnoliaceae Liriodendron chinense 0.11 NR B S Changetal. (2012)
Liriodendron tulipifera 4.1 NR B S Lambetal. (1983)
Magnolia grandiflora 0 NR B S Changetal. (2012)
Magnolia grandiflora BDL NR B S Wineretal. (1983)
Malvaceae Luehea seemanii NR 24 L D Kellerand Lerdau (1999)
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Table 1-1 (Continued)

Isoprene emission

Family Species N Reference
uggth?  nmolm?s?
Malpighiaceae Stigmaphyllon
NR 36 L D Kellerand Lerdau (1999)
hypargyreum
Menispermaceae  Cissampelos pareira NR 28 L D Kellerand Lerdau (1999)
Moraceae Brosimum utile NR 10.7 L D Lerdauand Throop (1999)
Ficus fistulosa 27 NR L D Cronnand Nutmagul (1982)
Ficus insipida NR 37 L D Kellerand Lerdau (1999)
Ficus nymphifolia NR 3.9 L D Lerdauand Throop (1999)
Ficus spp. NR 16 L D Kellerand Lerdau (1999)
Morus rubra NED NR B S Zimmerman (1979)
Perebea xanthochyma NR 14.7 L D Lerdauand Throop (1999)
Myristicaceae Virola spp. NR 13 L D Lerdauand Throop (1999)
Myrtaceae Callistemon citrinus 16 NR B S Wineretal. (1983)
Eucalyptus botryoides 5.3 3.87 P S Heetal (2000)
Eucalyptus calophylla 36.8 23.73 P S Heetal (2000)
Eucalyptus camaldulensis 16.6 6.57 P S Heetal (2000)
Eucalyptus citriodora 55.4 33.60 P S Heetal (2000)
Eucalyptus cladocalyx 6.9 3.02 P S Heetal (2000)
Eucalyptus forrestiana 40.6 35.23 P S Heetal (2000)
Eucalyptus globulus 57 NR P D Evansetal. (1982)
Eucalyptus globulus 68.5 30.22 P S Heetal (2000)
Eucalyptus
17.1 9.91 P S Heetal (2000)
gomphocephala
Eucalyptus grandis 61.1 22.71 P S Heetal (2000)
Eucalyptus maculata 43 31.81 P S Heetal (2000)
Eucalyptus marginata 29 26.30 P S Heetal (2000)
Eucalyptus robusta 49.9 23.65 P S Heetal (2000)
Eucalyptus rudis 61.4 38.78 P S Heetal (2000)
Eucalyptus sargentii 28.5 25.89 P S Heetal (2000)
Eucalyptus viminalis 8 NR B S Wineretal. (1983)
Eucalyptus wandoo 6 4.00 P S Heetal (2000)
Eugenia grandis 12.1 NR L D Cronnand Nutmagul (1982)
Eugenia xerophytical NR 45 L D Lerdauand Keller (1997)
Myrtica cerifera NED NR B S Zimmerman (1979)
Myrtus communis 137 NR B S Owenetal. (1997)
Myrtus communis 25.2 NR B S Hansenetal. (1997)
Myrtus communis 34 NR B S Wineretal. (1983)
Rhamnus lycoides 22 NR B S Owenetal. (1998)
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Table 1-1 (Continued)

Isoprene emission

Family Species N Reference
uggth?  nmolm?s?

Myrtaceae Ulex parvifolia 22 NR B S Owenetal. (1998)

Nyctaginaceae Pisonia albida NR 30 L D Lerdauand Keller (1997)

Nyssaceae Nyssa sylvatica 77 30 L D Geronetal. (2001)
Nyssa sylvatica 13 NR L S Guentheretal. (1996a)

Oleaceae Fraxinus caroliniana NED NR B S Zimmerman (1979)
Fraxinus uhdei BDL NR B S Wineretal. (1983)
Ligustrum lucidum 1.81 NR B S Changetal. (2012)
Ligustrum lucidum BDL NR B S Wineretal. (1983)
Olea europaea BDL NR B S Wineretal. (1983)
Olea europaea NED NR B S Wineretal. (1983)
Osmanthus fragrans 0 NR B S Changetal. (2012)

Pinaceae Cedrus deodara NED NR P S Corchonoy et al. (1992)
Cedrus deodara BDL NR B S Wineretal. (1983)
Picea engelmannii 16.3 NR P D Evansetal. (1982)
Picea sitchensis 4 NR P D Evansetal. (1982)
Pinus canariensis NED NR P S Corchonoy et al. (1992)
Pinus canariensis BDL NR B S Wineretal. (1983)
Pinus clausa NED NR B S Zimmerman (1979)
Pinus elliottii 0.11 NR B S Changetal. (2012)
Pinus ellotii NED NR P D Evansetal. (1982)
Pinus ellotii NED NR P S Tingeyetal. (1979)
Pinus ellotii NED NR P S Tingey etal. (1980)
Pinus ellotii NED NR B S Zimmerman (1979)
Pinus halepensis NR NR P S Corchonoy etal. (1992)
Pinus halepensis BDL NR B S Wineretal. (1983)
Pinus massoniana 0.45 NR B S Changetal. (2012)
Pinus palustris NED NR B S Zimmerman (1979)
Pinus pinea NED NR P S Corchonoy et al. (1992)
Pinus pinea BDL NR B S Wineretal. (1983)
Pinus radiata NED NR P S Corchonoy etal. (1992)
Pinus radiata BDL NR B S Wineretal. (1983)
Pinus sylvestris NED NR B S Isidorov etal. (1985)
Pseudotsuga macrocarpa 0 NR B S Areyetal (1995)

Pittosporaceae Pittosporum tobira BDL NR B S Wineretal. (1983)
Pittosporum undulatum BDL NR B S Wineretal. (1983)
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Table 1-1 (Continued)

Isoprene emission

Family Species N Reference
uggth?  nmolm?s?
Platanaceae Platanus acerifolia 10.1 NR B S Changetal. (2012)
Platanus occidentalis 27.5 NR P D Evansetal. (1982)
Platanus occidentalis 71 22 L D Geronetal. (2001)
Platanus orientalis 45 NR B S Khedive etal. (2016)
Platanus racemosa 10.9 NR B S Wineretal. (1983)
Poaceae Arundo donax 140 NR B S Owenetal. (1998)
Bambusa oldhamii NR 99.1 L S Okumuraetal. (2018)
Bambusa multiplex NR 62.4 L S Okumuraetal. (2018)
Chimonobambusa quadra
] NR NED L S Okumuraetal. (2018)
ngularis
Phyllostachys pubescens 116.15 NR Chang et al. (2012)
Phyllostachys pubescens NR 51.1 L Okumura et al. (2018)
Phyllostachys
] NR 48 L S Okumuraetal. (2018)
bambusoides
Phyllostachys nigra var.
) NR 11.6 L S Okumuraetal. (2018)
henonis
Phyllostachys aurea NR 57.4 L S Okumuraetal. (2018)
Pleioblastus hindsii 36.64 NR B S Changetal. (2012)
Pleioblastus simonii NR 0.7 L S Okumuraetal. (2018)
Pseudosasa japonica NR 1 L S Okumuraetal. (2018)
Sasa veitchii NR NED L S Okumuraetal. (2018)
Sasa kurilensis NR 24 L S Okumuraetal. (2018)
Semiarundinaria fastuosa NR 57.8 L S Okumuraetal. (2018)
Semiarundinaria
NR 53.6 L S Okumuraetal. (2018)
yashadake
Sinobambusa tootsik NR 36.6 L Okumura et al. (2018)
Podocarpaceae Podocarpus gracilior BDL NR Winer et al. (1983)
Polygonaceae Eriogonum fasciculatum BDL NR Winer et al. (1983)
Polypodiaceae Thelypteris
o 24.5 NR P D Evansetal. (1982)
decursivepinnata
Rhamnaceae Ceanothus crassifolius BDL NR B S Wineretal. (1983)
Ceanothus leucodermis NED NR B S Wineretal. (1983)
Ceanothus spinosus 0 NR B S Areyetal (1995)
Krugiodendron ferreum NR 30 L D Lerdauand Keller (1997)
Reynosia guama NR 100 L D Lerdauand Keller (1997)
Rhamnus californica 29.3 NR P D Evansetal. (1982)
Rhamnus crocea 54.4 NR B S Wineretal. (1983)
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Table 1-1 (Continued)

Isoprene emission

Family Species N Reference
uggth?  nmolm?s?

Rosaceae Adenostoma fasciculatum NED NR B S Areyetal (1995)
Adenostoma fasciculatum NED NR B S Wineretal. (1983)
Adenostoma fasciculatum NED NR B S Wineretal. (1992)
Cercocarpus betuloides NED NR B S Areyetal (1995)
Cotoneaster pannosus BDL NR B S Wineretal. (1992)
Prunus armeniaca NED NR B S Wineretal. (1992)
Prunus avium NED NR B S Wineretal. (1992)
Prunus domestica NED NR B S Wineretal. (1992)
Prunus dulcis NED NR B S Wineretal. (1992)
Prunus persica NED NR B S Wineretal. (1992)
Pyrus kawakamii BDL NR B S Wineretal. (1983)
Rhaphiolepis indica BDL NR B S Wineretal. (1983)

Rutaceae Citrus limon NED NR B S Wineretal. (1989)
Citrus limon ‘Meyer’ BDL NR B S Wineretal. (1983)
Citrus sinensis NED NR B S Wineretal. (1992)
Citrus sinensis 'Valencia' NED NR B S Wineretal. (1992)

Salicaceae Populus deltoides 37 NR P D Evansetal. (1982)
Populus deltoides 97 43 L D Geronetal. (2001)
Populus euroamericana 153 NR L S Isebrands etal. (1999)
Populus fremontii NR 74 L D Fall and Monson (1992)
Populus nigra 63 NR B S Owenetal. (1998)
Populus tremula 45 NR B S Hakolaetal. (1998)
Populus tremuloides 50.2 NR P D Evansetal. (1982)
Populus tremuloides 78 NR L S Isebrands etal. (1999)
Populus tremuloides 165 59 L D Litvaketal. (1996)
Populus tremuloides NR 68 L S Sharkeyetal. (1991)
Populus trichocarpa 97 44 L D Geronetal. (2001)
Salix babylonica 133.05 NR B S Changetal. (2012)
Salix babylonica 115 NR B S Wineretal. (1983)
Salix caroliniana 125 NR B S Zimmerman (1979)
Salix discolor 91 NR L S Isebrands etal. (1999)
Salix humulis 41 NR L S Isebrands etal. (1999)
Salix petiolaris 102 NR L S Isebrands etal. (1999)
Salix phylicifolia 50 NR B S Hakolaetal. (1998)
Salix nigra 25.2 NR P D Evansetal. (1982)
Salix nigra 93 37 L D Geronetal. (2001)
Salix subsericea 57 NR L S Isebrands etal. (1999)
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Table 1-1 (Continued)

Isoprene emission

Family Species N Reference
uggth?  nmolm?s?
Sapindaceae Cupaniopsis
o 50.9 NR P S Corchonoy et al. (1992)
anacardioides
Koelreuteria integrifolia 0.09 NR B S Changetal. (2012)
Taxodiaceae Taxodium sp. NED NR B S Zimmerman (1979)
Thymelaeaceae Edgeworthia chrysantha NR 7.3 L S Taniand Fushimi (2005)
Ulmaceae Ulmus americana BDL NR B S Wineretal. (1983)
Ulmus americana NED NR B S Zimmerman (1979)
Ulmus parcifolia BDL NR B S Wineretal. (1983)
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1.3. Expansion of Bamboo Species in Eastern Asia

Bamboos belong to the Bambusoideae subfamily, comprising over 1500 species
with highly diverse growth traits (Kleinhenz and Midmore, 2001; Clark et al., 2015). In
Japan, bamboo includes two major subtribe classifications: Arundinariinae and
Shibataeinae. Shibataeinae includes species with woody culms, and Arundinariinae is
composed of both woody and dwarf bamboos. Shibataeinae is believed to have originated
from tropical, subtropical, or warm-temperate climatic regions of China, later imported
and adapted in Japan, while Arundinariinae originated from warm-temperate to temperate
regions in Japan. Bamboos grow in diverse habitats; even different species within a genus
might originate from different climates (e.g., Pleioblastus hindsii from subtropical
regions; Pleioblastus chino from temperate regions), which implies different degrees of
heat stress. Additionally, the two subtribes of bamboos grow in different niches, where
dwarf bamboos usually grow in more shaded environments than woody species.

Bamboo forests are important components of ecosystems, accounting for 3.2 %
(36.8 million hectares) of the global forest area, and occupy 23.6 million hectares in Asia
(Lobovikov et al., 2007). Currently, several bamboo species, regardless of growth type,
have invaded multiple regions (Okutomi et al., 1996; Torii, 2003; Chiou et al., 2009; Kudo
etal., 2011; Takada et al., 2012). In Japan, a nonnative bamboo (i.e., P. pubescens) that is
used for agriculture, has been reported to spread to the neighboring forests owing to
mismanagement and abandonment (Torii, 2003; Song et al., 2011). The forest coverage
of P. pubescens increased from 24 km? to 174 km? between 1953 and 1985 in Kyoto,
Japan (Okutomi et al., 1996); P. pubescens forest area has been reported to increase from
21.6 hectare to 42.4 hectare between 1967 and 1985 in Mount Hachiman, Shiga
Prefecture (Suzuki, 2015). Fast growth, shade tolerance of sprouts, and horizontally
running rhizomes enable this bamboo to replace other forest trees (Wang and Kao, 1986;
Yen et al., 2010; Wang et al., 2016). According to ecological niche simulations, bamboos,
including P. pubescens, will expand greatly in the future owing to global warming,
invading the northern or mountainous areas (Takano et al., 2017; Song et al., 2013). This
rapid bamboo expansion has raised concerns on its impact on regional biodiversity and

carbon and water cycles.
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1.4. Objectives and Outline

Understanding isoprene emission dynamics can provide critical information on
mitigating its negative effects. Regional isoprene emission patterns may be altered if the
invading bamboo has isoprene emission characteristics different from the original
vegetation. Since several bamboo species have been shown to have high potential
isoprene emission rates, there is a critical need to evaluate their isoprene emission fluxes.
However, to estimate isoprene emission from bamboo leaves, using the current empirical
model, the dependence of isoprene emission flux on temperature and light intensity needs
to be examined since there is a lack of observations with regard to bamboo species.
Furthermore, owing to high heterogeneities in emission flux among the leaves of a single
species, it becomes difficult to define a representative emission flux for the current
empirical model. Although, traditionally, an empirical model can obtain a statistically
representative value of isoprene emission flux by observing a certain number of samples,
the current knowledge of isoprene emission controllers can help determine representative
isoprene emission flux with more process-based senses. For example, the basal isoprene
emission flux can be deemed as a function of controller variables such as electron
transport rate (ETR). This will allow a more reliable and economical way to determine
the emission flux, instead of conducting massive examination of the basal isoprene
emissions. This study aims to observe isoprene emissions from bamboo species and verify
the potential effects of morphology and physiological state, at leaf-scale, on isoprene
biosynthesis in bamboo species.

In the following chapters, 1 describe my research on characterizing isoprene
emission fluxes of bamboo species by field measurements of isoprene emission flux of
bamboo leaves of different species and recording the meteorological, morphological, and
physiological variables to verify their potential influences on isoprene emission fluxes.

Chapter 2 discusses the response of leaf isoprene emission flux to leaf temperature
and light intensity, for a woody bamboo species (Phyllostachys pubescens), to validate
the reproducibility of the isoprene emission model of Guenther et al. (1993) and to
determine whether there is a need to formulate a parameter set for woody bamboo. Since
the default parameters in the model were obtained from trees of North America, it might

not be suitable for evaluating emissions from bamboo leaves.
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From the isoprene emission data for bamboo leaves, I intend to find the potential
factors controlling the isoprene emission capacity. In Chapter 3, I propose the hypothesis
that leaf morphology (i.e., leaf mass per area; LMA) can influence isoprene emission
capacity and cause inter-leaf variation. To test this hypothesis, | selected a hillslope, that
had a high morphological diversity of P. pubescens culms, to measure isoprene emissions
under constant environmental conditions and compare the results with those of other sites.

Chapter 4 documents the tests on the potential effects of the factors confirmed in
the last two chapters and an additional factor (i.e., ETR) for 18 bamboo species within 5
genera in different niches to verify (1) whether there is a distinction of isoprene emission
traits among bamboo species, and if so, (2) whether the differences could be explained by
the potential factors.

Finally, Chapter 5 summarizes the results from each of the preceding chapters to
present the conclusions of this study. With measurements for multiple sites and bamboo
species, this study can provide useful data for expanding the database of BVOC emissions
from bamboo leaves and enable a better understanding of the characteristics of isoprene
emissions from bamboo species. This will help in the efforts to better estimate global

BVOC emissions.
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Chapter 2

Temperature and light response of isoprene emission flux

from leaves of moso bamboo (Phyllostachys pubescens)

2.1. Chapter introduction and objective

It has been reported that different plant species have different isoprene emission
capabilities (Benjamin et al., 1996). For instance, Eucalyptus spp. and Quercus spp. have
been recognized as significant isoprene emitters (Benjamin et al., 1996; He et al., 2000;
Geron et al., 2001; Okumura et al., 2008), while part of Quercus spp. showed very low or
no detectable isoprene emissions (e.g., Tani and Kawawata, 2008). In addition, several
studies have reported that isoprene emission from plants can respond to environmental
factors such as light and temperature (e.g., Sanadze and Kalandadze, 1966; Rasmussen
and Jones, 1973). Light can activate substrate biosynthesis of isoprene, which is related
to photosynthetic metabolism, enabling isoprene production in plant leaves (Li and
Sharkey, 2013); temperature can both regulate the activity of isoprene synthase and the
concentration of substrate for isoprene production in photosynthetic metabolism (Rasulov
et al., 2010). These two factors are the most widely used environmental factors in model-
based estimations of isoprene emission flux from plants (e.g., Tingey et al., 1979;
Guenther et al., 1993; Niinemets et al., 2010). It should be noted that responses to light
and temperature differ considerably among species (Oku et al., 2008; Mutanda et al.,
2016).

Bamboos are a dominant forest type, accounting for 3.2% (36.8 million ha) of forest
area all over the world, and most bamboo areas (23.6 million ha) are distributed
throughout Asia (Lobovikov et al., 2007). It was recently reported that some bamboo
species can emit isoprene (Crespo et al., 2013; Bai et al., 2016; Okumura et al., 2018). In
particular, Phyllostachys pubescens (moso bamboo) can be a strong isoprene emitter, with
basal isoprene emission fluxes of 51.1 £ 7.7 nmol m™ s™! in Kyoto, Japan (Okumura et al.,

2018). Moso bamboos were originally distributed in the southern part of mainland China,
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covering approximately 3 million ha (Fu, 2001). Currently, moso bamboo is widely
spreading throughout eastern Asia due to active plantation for agricultural purposes or
natural extension of abandoned moso bamboo forests (Torii, 2003; Song et al., 2011). Its
fast growth, the shade tolerance of its sprouts, and its horizontally extending rhizomes
enable moso bamboo to expand and invade forest ecosystems (Wang and Kao, 1986; Yen
et al., 2010; Wang et al., 2016). For instance, moso bamboo coverage increased from 24
km? to 174 km? from 1953 to 1985 in Kyoto, Japan (Okutomi et al., 1996); similar trends
were also found in Taiwan (Chiou et al., 2009). An ecological niche modeling also showed
that the expansion would be faster under the context of global warming in Japan (Takano
et al., 2017). There is an urgent need to assess how moso bamboo expansions can alter
regional isoprene emissions.

Modeling is a useful approach for assessing the potential impacts of moso bamboo
expansion on total isoprene emissions at stand or regional scales. Many previous studies
have worked on simulating isoprene emissions from plants (e.g., Tingey, 1981; Evans et
al., 1985; Lamb et al., 1987; Guenther et al., 1993). Among them, the model established
by Guenther et al. (1993), which includes light and temperature dependencies (known as
the G93 algorithm), is widely used in simulating isoprene emission fluxes from leaves.
Although the G93 algorithm with its suggested parameters has been reported with good
reproducibility of isoprene emissions from tree species in North and South America
(Harley et al., 2004), it has been seldom used on bamboo species. There are only few
studies have quantified isoprene emission fluxes from moso bamboo leaves (e.g., Zhang
et al., 2002; Okumura et al., 2018), and only investigated the emission for a short term
(about one day) with limited light and temperature changes. Thus, the validity of the G93
algorithm, including responses to environmental factors such as light and temperature still
needs to be tested. In brief, the characteristics of isoprene emission from moso bamboo
leaves, particularly the isoprene emission ability of moso bamboo and its dependency on
light and temperature, are still unclear for conducting estimations with modeling.

To understand how moso bamboo expansion might alter regional isoprene
emissions, this chapter aimed to establish a better model description that can simulate
isoprene emission from moso bamboo leaves based on field measurements. The model

can be combined with one-dimensional biosphere-vegetation models (e.g., multi-layer
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models and big leaf models), enabling us to calculate total isoprene emissions from moso
bamboo leaves at stand or regional scales. To this end, this chapter measured isoprene
emissions from moso bamboo leaves under different light conditions from September
2015 (summer) to March 2016 (spring). And then, the measurements of isoprene emission
fluxes were used for validating the G93 algorithm. This chapter also compared the
calculations from the G93 algorithm using the original parameters with those from the
(G93 algorithm using species-specific parameters determined using the field data in this

site.
2.2. Materials and methods

2.2.1. Site description

The test was conducted at two sites: a bamboo specimen garden and a pure moso
bamboo forest in the National Taiwan University Experimental Forest, in Xitou, central
Taiwan (23°40'N, 120°47'E, elevation 1120 m). According to data acquired from the
meteorological station in Xitou from 1950 to 2008, the annual mean temperature was
~16.5°C; the highest and the lowest monthly mean temperatures occurred in July (20.5°C)
and January (11.2°C), respectively. The annual mean precipitation was 2567 mm; most
precipitation (~78% of annual precipitation) occurred from May to September, and the

least precipitation occurred from October to January (Tseng et al., 2017).

2.2.2. Isoprene flux observation

Observation of isoprene emission fluxes and corresponding environmental
conditions including light intensity and leaf temperature was conducted with a
photosynthesis measuring system (LI-6400XT, Li-Cor Inc., Lincoln, NE, USA). A
diagram of this measurement system is shown in Figure 2-1. To collect leaf-emitted
isoprene, a modification was applied to the Li-Cor 6400XT following the assembly
method described in Okumura et al. (2008) and Tani et al. (2017), which divides the outlet
airflow from the leaf cuvette into two channels by adding a Teflon T-junction. This
allowed the air to flow into both the built-in infrared gas analyzer through one channel
and a stainless steel tube containing adsorbent through the other. The air supplied to the
LI-6400XT system was drawn through a 30-L capacity buffering box and a granular

activated charcoal filter to supply VOC-free air, and warm up for one hour to ensure VOC
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are flushed from the system before starting the isoprene observations. The adsorbent
consisted of 200 mg Tenax TA (GL science Inc., Tokyo, Japan) and 100 mg Carbotrap b
(Supelco Inc., Bellefonte, PA, USA) to trap VOCs emitted from the leaf. The adsorbent
tubes were preconditioned at 280°C for 10 min with a thermal desorption system (ATD-
400, Perkin Elmer Inc., Waltham, MA, USA) to remove any VOCs in the adsorbent.
When sampling the air from a leaf in the leaf cuvette, one side of the adsorbent tube is
connected to the Li-Cor 6400XT, while the other side is connected to a minipump (MP-
Y30NII, Sibata Inc., Tokyo, Japan) with a flow rate set at 200 mL min™'. The sampling
period was 10 min. During sampling, the environmental conditions were automatically
measured by the LI-6400XT once per minute (nine times during a single collection). After
each sampling, the adsorbent tube was sealed with brass caps and stored at temperature
lower than 5°C and sent to analysis within one month.

VOCs collected by absorbent tubes were analyzed using a gas chromatograph
equipped with a flame ionization detector (GC-17A, Shimadzu Inc., Kyoto, Japan)
coupled with the ATD-400 thermal desorption system. In the thermal deposition process,
samples were desorbed at 250°C for 10 minutes. Desorbed VOCs were first captured in a
Tenax-TA-filled cold trap at -5°C, then quickly heated to 280°C to introduce analytes to
the GC. VOCs separated in an SPB-1 capillary column (length: 60 m, diameter: 0.25 mm,
ID, 1 pum, Supelco Inc.) with helium (purity > 99.9995%) as the carrier gas. The
temperature in the column was maintained at 35°C for 5 min, increased to 200°C at 5°C
min’!, and increased again to 250°C at 40°C min™'. The carrier gas pressure, column flow
rate, linear velocity, and split ratio were 108.5 kPa, 1.0 mL min’!, 25.7 cm s, and 8:1,
respectively. An analytical curve was obtained by collecting and analyzing different
volumes (10, 20, 40, 60, and 80 mL) of isoprene standard gas (1.03 ppmv) (R = 0.999).
The retention time of the isoprene signal appears at ~7.7 min. As an acceptance criterion,
the signal/noise ratio (S/N ratio) that is larger than 3 is acceptable; peak with S/N ratio <

3 was deemed to be no detection (n.d.).
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To convert the isoprene emission from quantity (nmol) to flux (nmol m2 s'), the
sampling period (set to 600 seconds) and the valid leaf area from the isoprene
measurements are required. There were two conditions when determining the leaf area:
in the first, the leaf area exceeded the cuvette area; in the second, the in-cuvette leaf area
was smaller than the cuvette area. In the first situation, I used the in-cuvette area as the
leaf area (0.0006 m?); in the second, the in-cuvette leaf samples were taken back to
laboratory where the in-cuvette leaf area was calculated using an image processing

software (ImageJ, National Institutes of Health, Bethesda, MD, USA).
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Figure 2-1 Diagram of isoprene measuring system including a photosynthesis measuring system (LI-6400XT), a minipump, an adsorbent

tube, and a cylinder containing activated charcoal.
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2.2.3. Sample selection and field sampling procedure

To investigate the variation in isoprene emission flux from moso bamboo, isoprene
emission flux measurements under variable light conditions were conducted in the pure
moso bamboo forest every month during the period from September 2015 to March 2016.
At this site, culm density, mean diameter at breast height, and mean height were 6300
culms per hectare, 8.2 cm, and 15 m, respectively. In each measurement campaign, the
isoprene emission fluxes were measured on three leaves from different individuals. The
individuals for the measurements were selected near to the bordor of the stand. Although
the leaves were collected from the lower part of the canopy, they were exposed to sunlight.
Each measurement campaign was completed within two days (i.e., September 21 and 22;
October 26; November 14; December 20 and 21; January 27 and 28; February 27 and 28;
and March 15 and 16).

Light controls were performed during each leaf measurement with a LED light
source leaf cuvette (LI-6400-02B, Li-Cor Inc.). For each leaf, the isoprene emission
fluxes were measured under four to six different light levels with the LED light source.
At each light level, the light condition was set at a stable photosynthetic photon flux
density (PPFD; umol m? s™!), and the PPFD was adjusted within the range of 250-2500

pmol m2 s7!,

2.2.4. Modeling isoprene emission from P. pubescens leaves

The G93 algorithm established by Guenther et al. (1993) is a widely-use model for
assessing isoprene emission fluxes from plant leaves (e.g., Benjamin et al., 1996; Geron
et al., 2001; Okumura et al., 2018). This model considers light and leaf temperature

dependencies of isoprene emission flux from plant leaves and is described as follows:
[ =1Ig-L-T (Equation 2-1),

where [ is the isoprene emission flux at given light and leaf temperature
conditions; Ip is the basal emission flux at a standard condition (PPFD = 1000 pmol m"
2 5! and leaf temperature (T},) = 30°C); L and T are calculated variables determined by

functions linked to PPFD and T}, respectively. L is defined as:
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L=a-C,-PPFD/V1+ a? - PPFD? (Equation 2-2),

where a and C; are empirical coefficients related to light response. T is defined

as:

T =exp(Cry [T, —Ts1/[R Ts - T.D/(1 +exp [Crp - {T, — Tu}/{R " Ts - T3]
(Equation 2-3),

where R is the gas constant (=8.314 J K" mol!); T is the leaf temperature under
standard conditions (= 303.15 K); T, is the leaf temperature (unit: K) at time of
sampling; Cr; and Cp, are the empirical coefficients related to leaf temperature; Ty,
is an empirical coefficient relate to temperature of maximum isoprene emission. The
values for a (=0.0027), C, (= 1.066), Cr1(= 95000 J mol™), Cr, (=230000 J mol™Y),
and Tj; (=314 K) were used in the original G93 algorithm, and were determined with
data derived from eucalyptus, sweet gum, aspen, and velvet bean in Alabama, US
(Guenther et al., 1993).

To confirm the reproducibility of the G93 algorithm for isoprene emission from
moso bamboo leaves, the isoprene emission fluxes calculated from the G93 algorithm
using original coefficients in Guenther et al. (1993) (the original G93 algorithm) were
compared with those from the G93 algorithm using specific parameters for the moso
bamboo leaves of this site (the G93 algorithm for moso bamboos). In here, I optimized
Iz and the empirical coefficients in the G93 algorithm for moso bamboos; and optimized
Iz only in the original G93 algorithm. The optimization was conducted by using a solver
gram (Frontline Solver, Frontline Systems Inc., Incline Village, NV, USA). The
parameters were determined by minimizing the root mean square deviation (RMSD)
between the observed isoprene emission fluxes from moso bamboo leaves measured at
PPFD > 1000 pmol m™ s (O) and those calculated from the G93 algorithm (I). The
RMSD is defined as:

RMSD = /X7 (0; — I;)?/n (Equation 2-4),

where n is the total number of observed data, 0; is the i™® observed isoprene
emission flux from moso bamboo leaves, and I; is the i*" simulated isoprene emission

atagiven PPFD and T, acquired using the G93 algorithm. To avoid the effects of outliers
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on the model performance, data from individuals that showed extreme fluxes were
regarded as outliers and excluded from the optimization process. Outliers were
determined using the boxplot-whisker method. First, the individual mean data were
separated by leaf temperature into 2.5°C intervals; then, a boxplot analysis was applied
to each interval. If the flux value of the datum > Q3 + (IQR x 1.5) or < Q; — (IQR x 1.5),
it was defined as an outlier, where Qs, Q1, and IQR represent the third quartile, the first
quartile, and the interquartile range (Q3 — Qi) of the individual mean flux data set,
respectively.

The coefficients in L were not parameterized because temperature was not
controlled, thus the effect of leaf temperature on isoprene emission was not the same in
each measurement campaign. In addition, Cr, and T, were not parameterized as the
decreasing tendency of the isoprene emission fluxes was not observed under conditions

of high leaf temperature.
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2.3. Results

2.3.1. Light response of isoprene emission flux

The isoprene emission fluxes from moso bamboo leaves generally increased with
PPFD; responses to PPFD differed among individuals (Figure 2-2). Most emission fluxes
saturated at approximately PPFD = 1000 pumol m™ s, but the emission fluxes of
Individual I in November 2015 showed no saturation with PPFD. In addition, the
emission fluxes at saturation differed among the months. The emission fluxes from
September 2015 to November 2015 were larger than those from December 2015 to March

2016. The emission fluxes were even lower in February 2016 and March 2016.
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Figure 2-2 Observed isoprene emission fluxes (nmol m? s!) from moso bamboo leaves at different PPFDs (umol m™ s™') (dots) and the

corresponding simulated light dependence curves (lines) using the G93 algorithm during the period from September 2015 to March 2016.

In each panel, the data are differentiated by individual, using different symbols. The individuals were randomly selected from the research

plot in each month.

47



2.3.2. Temperature response of isoprene emission flux

The measurements whose PPFD were set to larger than 1000 pmol m?s™! (i.e. 1000,
1500, 2000 and 2500 pmol m? s') demonstrate the isoprene emission fluxes increased
with leaf temperature during the period from September 2015 to March 2016 (Figure 2-
3). At high leaf temperature conditions (> 23°C), the emission fluxes showed larger
divergence. Larger emission fluxes were observed from September 2015 to November
2015 with higher leaf temperatures (> 23°C), while low or zero emission fluxes were

observed from December 2015 to March 2016 with lower leaf temperatures (< 23°C).
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Figure 2-3 Observed isoprene emission fluxes (nmol m™ s') from moso bamboo leaves
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with PPFD >1000 pmol m? s!. The data were differentiated by month, using different

symbols (i.e., solid circles, open circles, solid triangles, open triangles, solid boxes, open

boxes, and crosses).
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2.3.3. Reproducibility of model estimation on isoprene emission

The original G93 algorithm overestimated the isoprene emission flux at lower leaf
temperatures (< 23°C) (Figure 2-4). In the temperature dependence curves of the G93
algorithm for moso bamboos, Cr; and Iy became larger (Cz; = 192000 J mol! and Iy
=72.3 nmol m? s™!) than in the original G93 algorithm (Cy; = 95000 J mol™ and I =
39.8 nmol m? s!) (Table 2-1). Note that Cr, and Ty were not optimized in here, as the
leaf temperatures in all measurement campaigns never exceeded 7 (= 314 K). According
to Equation 2-1, 2-2 and 2-3, calculated isoprene emission flux (/) with the larger Cp,
and Iz was increased when leaf temperature (77) larger than 23°C, and was decreased
when 77 smaller than 23°C. As a result, the new Cr; and Iz reduced discrepancy
between the observation and the simulation of the isoprene emission fluxes of moso
bamboo in this site (Figure 2-5). The equation of the original G93 algorithm is defined

as:

[ =39.8-0.0027-1.066 - PPFD

//1+ 0.00272 - PPFD2 - exp (9.5 - 10* - [T, — 303]/[8.314 - 303 - T, ])
/(1 + exp [2.3 105 - {T, — 314}/{8.314-303 - T,}]) (Equation 2-5);

the equation of optimized algorithm is defined as:

[ =72.3-0.0027-1.066 - PPFD

/A/1+ 0.00272 - PPFD2 - exp (1.92 - 105 - [T, — 303]/[8.314 - 303 - T;,])
/(1 + exp [2.3-10° - {T, — 314}/{8.314-303 - T,}]) (Equation 2-6).

The G93 algorithm for moso bamboos has higher reproducibility (slope of the linear
regression = 0.823; R? = 0.724; RMSD = 7.542 nmol m? s!) than the G93 algorithm with
the original coefficients (slope of the linear regression = 0.759; R? = 0.685; RMSD =
8.816 nmol m™ s™!) (Table 2-1).
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Figure 2-4 Isoprene emission fluxes in relation to leaf temperature. The solid circles
represent the mean values of observed data measured at PPFD > 1000 umol m? s! for
each individual; the opened circles (data from Individual I, November 2015) were
excluded in the optimization procedure due to outlier classification based on the boxplot
analysis (see main text). The vertical and horizontal error bars represent the highest and
lowest measurements of isoprene emission fluxes and leaf temperature, respectively. The
dashed lines represent the leaf temperature dependence curves of original G93 algorithm
with PPFD values of 2500 pmol m? s’ (c) and 1000 umol m™ s! (d). The solid lines
represent leaf temperature dependence curves of the G93 algorithm for moso bamboos

determined in here with PPFD values of 2500 pmol m? s (a) and 1000 umol m? s (b).
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Table 2-1 Parameters of temperature and light dependence curves used in this site. Reproducibility of the G93 algorithm with the original

parameters in Guenther et al. (1993) and site-specific parameters for moso bamboo are shown using the slope of the linear regression with

the coefficient of determination (R?) and the root mean square deviation (RMSD) between the observed and calculated isoprene emission

fluxes from moso bamboo leaves.

The original G93 algorithm (Guenther et al., 1993) The G93 algorithm for moso bamboo (This site)
Is 39.8 nmol m?s! 72.3 nmol m? s!
Parameters in Cri 95000 J mol! 192000 J mol-!
temperature Crz 230000 J mol-!
dependence Tu 314K
Parameters in light 0.0027
dependence
Cr 1.066
Reproducibility slope 0.759 0.823
R? 0.685 0.724
RMSD 8.816 nmol m2 s°! 7.542 nmol m? s!
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2.4, Discussion

The basal emission flux conducted from the moso bamboo stand during the period
from September 2015 to March 2016 was significant (~39.8 nmol m?s™!). Okumura et al.
(2018) also showed moso bamboo species had large emissions, for instance, the basal
isoprene emission fluxes from moso bamboo leaves were ~51.1 nmol m™ s!, which is
comparable to those of worldwide isoprene heavy emitter species in previous studies. For
instance, Geron et al. (2001) reported basal isoprene emission fluxes of ~46 nmol m™ s™!
in 18 Quercus spp. in North America; He et al. (2000) reported basal isoprene emission
fluxes of 3 to 39 nmol m? s in 15 Eucalyptus spp. in Australia. Benjamin et al. (1996)
reported basal isoprene emission fluxes from 377 species, and the isoprene emission
fluxes from moso bamboo in this site were the second largest (only Elaeis guineensis
showed a larger emission flux than the bamboos). This suggests the isoprene emissions
from moso bamboo in Taiwan might be significant.

In addition, the measurements here demonstrated that the isoprene emission fluxes
with PPFD > 1000 pmol m? s were related to leaf temperature, suggesting that the
seasonal changes in isoprene emission fluxes could be regulated by not only light
condition but also leaf temperature in moso bamboo. This was consistent with results
from previous studies demonstrating that leaf temperature and light intensity strongly
affects isoprene emission flux (e.g., Tingey et al., 1979; Sharkey and Loreto, 1993).
Variation in isoprene emission flux was found among different leaves despite sharing the
same environment, leading to large divergence at leaf temperature > 23°C. The
discrepancies may be attributed to the different leaf development stage, which can cause
different isoprene emission ability (Kuzma and Fall, 1993; Alves et al., 2014).

Generally, the light dependency in the G93 algorithm with the original coefficients,
which is based on the light—photosynthesis curve, could reproduce the isoprene emission
fluxes from moso bamboo leaves. This suggests the robustness of the G93 algorithm with
the original coefficients for reproducing isoprene emission fluxes from moso bamboo
leaves.

Guenther et al. (1993) defined the instant temperature dependency of isoprene
emission in the algorithm based on the Arrhenius equation, showing the decreasing

tendency of isoprene emission fluxes at high temperature conditions (i.e., temperature >
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Tv). The isoprene emission from moso bamboo leaves did not show a decreasing
tendency under high temperature conditions (Figure 2-3). During the measurement, the
leaf temperature of moso bamboos ranged between 15°C and 27°C. According to previous
studies, the temperature of maximum isoprene emission flux appeared above 35°C (e.g.,
Monson and Fall, 1989; Guenther et al., 1991; Monson et al., 1992; Guenther et al., 1993;
Rasulov et al., 2010), which is much higher than the leaf temperatures measured in this
site. Historical records also showed that air temperatures rarely exceed 30°C at this site,
suggesting that leaf temperatures would not exceed 35°C. Further investigation including
indoor-incubation or field measurements under episodic high temperature conditions are
needed to clarify the isoprene emission characteristics at temperatures higher than the
temperature of maximum emission.

A discrepancy between the measured and calculated isoprene emission fluxes by
the original G93 algorithm (Guenther et al., 1993) was found (Figure 2-4). This
discrepancy mainly originated from the overestimation of isoprene fluxes under low
temperature conditions (< 23°C). The possible explanation for the low emissions from
moso bamboo leaves at low temperatures might be the result of suppression of isoprene
emission in isoprene-emitting species under colder conditions. Previous studies reported
that plant leaves need a certain period of exposure to higher temperatures to break through
the suppression (e.g., Sharkey and Loreto, 1993; Oku et al., 2014). It is reasonable for
plants in tropical areas to suppress isoprene emission under cold conditions because plants
produce isoprene to protect leaf cells from thermal damage. Suppressing the production
of isoprene can strategically prevent the waste of energy and carbon.

Parameterization of the G93 algorithm using field observation data conducted from
summer to spring could improve the reproducibility of the isoprene emission fluxes from
moso bamboo leaves, implying that the seasonal variation of isoprene emission fluxes in
moso bamboo can be reproduced by the G93 algorithm with site-specific parameters and
that assessments for impacts of moso bamboo expansion on regional isoprene emissions
should be performed with a parameterized G93 algorithm. However, when applying this
approach for long-term assessment, it should be noted that previous studies indicated
plant acclimation to temperature changes, leading to changes in isoprene emission ability

(Sharkey et al., 1999; Pétron et al., 2001; Rasulov et al., 2015), and the responses of
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isoprene emission to light and leaf temperature (Monson et al., 1992; Harley et al., 1999;
Rasulov et al., 2015). In addition, the highest temperature recorded during the
measurements was quite low (< 27°C) because of that this site is under the influence of a
cloud-forest-type climate in subtropical region, the air temperature beyond the canopy
rarely exceed 30°C (Laplace et al., 2017; Tseng et al., 2017). This resulted in uncertainty
of the characteristics of isoprene emission flux at high temperatures. Thus, further study
including the isoprene emission response to long-term factors in moso bamboo is needed

to improve the accuracy of models in response to marginal trends of climate change.

2.5. Chapter conclusion

This chapter was conducted to characterize the isoprene emission ability and
responses to environmental variables of moso bamboo leaves for simulating isoprene
emission fluxes from them. The result reveals that moso bamboo can be a significant
isoprene emitter, and the emission ability of moso bamboo was equivalent to that of strong
isoprene emitters reported in previous studies. The measurements conducted under
variable environmental conditions showed that isoprene emission fluxes from moso
bamboo leaves increased with light conditions with large individual variations in this site.
The seasonal changes in isoprene emissions with PPFD > 1000 pmol m™ s were mainly
regulated by leaf temperature, and low fluxes were observed under cold seasons. Because
of the low emission fluxes at leaf temperatures < 23°C, overestimations were observed in
the calculation by the original G93 algorithm under low temperature conditions. This
problem was improved by optimizing the parameters in the G93 algorithm using
measured isoprene emission fluxes. Further studies are needed to clarify the alteration to
light and leaf temperature dependence of isoprene emission fluxes from moso bamboo
caused by long-term effects. Also, researches on the responses of the isoprene emission

fluxes to high leaf temperatures are needed in the context of global climate change.
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Chapter 3

Dependency of isoprene emission capacity of P. pubescens

leaves on leaf mass per area

3.1. Chapter introduction and objectives

The current global estimation of isoprene emissions, such as the Model of
Emissions of Gases and Aerosols from Nature (MEGAN, Guenther et al., 1995; 2006;
2012) combines meteorological data, land use maps, emission inventories (i.e. basal
isoprene emission, the isoprene emission capacity under a specific light and leaf
temperature), activity factors including responses to light, temperature, leaf age, soil
moisture, leaf area index, and CO: inhibition. It has been shown that estimation results
are highly sensitive to emission inventory (Henrot et al., 2017). Since isoprene emission
capacity could change among different species and have intraspecific variation,
determination of emission inventory should be carefully obtained from field observations
or scientific estimations.

Physiology-linked factors (e.g., temperature, leaf nitrogen concentration,
photosynthetic limitations) of isoprene emission capacity of the plant leaves have been
well shown by previous studies (e.g., Oku et al., 2014; Litvak et al., 1996; Rosenstiel et
al., 2004; Niinemets et al., 1999; Beckett et al., 2008). Currently, however, knowledge of
the relationship between morphologic effect and isoprene emission is limited, only Harley
et al. (1997) reported that sunlit leaves with higher leaf mass per area (LMA) showed
higher area-based isoprene emission flux than shaded leaves for deciduous oak species.
It has been showed that the LMA of moso bamboo leaves could vary largely, from 25 to
70 g m2 (Lin et al., 2020), but only isoprene emission from leaves with higher LMA (>
55 g m) has been observed. Because the area-based isoprene emission flux is often used
for model estimation, leaf morphology could play a critical role in determining isoprene
emission capacity. Therefore, by clarifying the relationship between LMA and isoprene
emission, a better determination of the emission factor for isoprene could be achieved.

This chapter aims to determine the relationship between isoprene emission capacity
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and LMA. Here | hypothesize a linkage between area-based isoprene emission flux and
LMA to explain the variation in isoprene emission capacity for moso bamboo. To test this
hypothesis, this chapter conducted isoprene emission measurements in constant
environmental conditions on a hillslope that demonstrates a high morphological diversity
for moso bamboo culms. Due to the lack of isoprene emission observations of moso
bamboo leaves with LMA of < 55 g m™, this chapter conducted measurements on leaves
of overtopped moso bamboo culms to fill the gap in isoprene emission traits with lower
LMA. Because the photosynthetic rate and nitrogen concentration could also influence
isoprene emission capacity (Niinemets et al., 1999; Rasulov et al., 2009; Harley et al.,
1994; Litvak et al., 1996; Rosenstiel et al., 2004), these factors were also recorded in this
chapter to help in determining the attribution of LMA.

3.2. Materials and methods

3.2.1. Site description and sample selection

The field work of this chapter was conducted in an unmanaged pure moso bamboo
stand on a hillslope in Fukuoka Prefecture, Japan (33°38' N, 130°33' E) with a slope angle
of 42.8°. This site has a subtropical monsoon climate with an average annual temperature
of 15.9 °C and annual precipitation of 1833 mm. Average culm density, diameter at breast
height (DBH), and height of 8000+480 culms per hectare, 9.5£0.7 cm, and 11.1+0.7 m
were recorded, respectively. Previous investigations of vegetation and soil indicated large
spatial variations in culm density, culm height, DBH, biomass distribution, soil nitrogen
content, and soil moisture at this site (Ichihashi et al., 2015; Shimono et al., 2021). Eight
moso bamboo culms (Culm A to Culm H) were chosen for measurement at the site, each
of which demonstrated different DBH and culm height values (Table 3-1). Note that the
chosen culms demonstrated lower culm height (4.2-7.9 m), DBH (2.0-5.2 cm), and
weaker light exposures to their neighboring culms. For each culm, four leaves near the
top of the crown were measured for isoprene emission flux, photosynthetic rate, nitrogen

concentration, and LMA.
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3.2.2. Observations and sampling process

The culm height and DBH were measured for each of the selected culms, and the
isoprene emission flux, photosynthetic rate, LMA, and nitrogen concentration were
measured for each of the chosen leaves from the selected culms.

The measurement period of isoprene emission flux and photosynthetic rate was
August 14-17, 2019. A portable photosynthesis measuring system (LI-6400, Li-Cor Inc.,
Lincoln, NE, USA) equipped with an LED cuvette (LI-6400-02B, Li-Cor Inc.) was used
to conduct the measurements. To capture isoprene, a T-junction (made of Teflon to avoid
adsorption of VOCs) was added to replace the original tube between the leaf cuvette of
LI-6400 and its embedded infrared gas analyzer (IRGA), adding another channel that can
be plugged to an adsorbent tube; a granular filter filled with activated charcoal was
connected to the air inlet of the LI-6400 system to supply VOC-free air. The adsorbent
tube used for isoprene collection is made of glass and filled with 250 mg Tenax-TA 60/80
mesh (GL Science Inc., Tokyo, Japan), based on the method tested and verified by Chang
(2009).

During sampling, the light and leaf temperatures in the cuvette were set at a
photosynthetic photon density flux (PPFD) of 1000 pmol m? s™! and a temperature of
30 °C. Leaves were clapped by the leaf cuvette for approximately 5 min to record the
photosynthetic rate and stabilize the isoprene concentration in the cuvette. Then, an
adsorbent tube was plugged into the T-junction channel on one side and a micropump
(MP-Z30NII, SIBATA Inc., Tokyo, Japan) on the other side. The pumping rate was set at
150 mL min™!' to draw out the air from the leaf cuvette for 400 s. Air (1 L) was passed
through the adsorbent tube to trap the isoprene component. The collected adsorbents were
stored at a temperature of approximately 5 °C for less than 14 days until isoprene levels
were quantified. The area-based photosynthetic rate (4.4rea, pmol m? s™') and mass-based

photosynthetic rate (Auass, mg g hr'!') were determined as follows:

Aprea = AOrigin ' RCuvette/ROrigin (Equation 3-1),

Apass = Aarea " Mco, * RLeaf/MLeaf (Equation 3-2),

where Aorigin (Wmol m? s7) is the measured value of the photosynthetic rate with

the default leaf area (Royigin) set at 6 cm?, Rcuvene (cm?) is the actual in-cuvette leaf area,
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Mco: is the molecular mass of CO; (44.01 g mol ™), Rreqr (cm?) and Myeqr (g) are the whole
leaf area and dry mass of the measured leaf, respectively.

The LMA (g m’2) of the leaves was determined using Rreqrand Mieqr. To obtain Rieqs;
the leaves were scanned quickly after excision with a scanner (GT-S650, Seiko Epson
Corporation, Nagano, Japan) before deformation due to dehydration, and measured using
an image processing software (Imagel, National Institutes of Health, Bethesda, MD,
USA). The scanned leaves were then dried in an oven at 60 °C for 72 h for Mieqr
measurement with a microbalance (accuracy: 0.1 mg).

The quantification of isoprene emissions was determined by gas chromatography-
mass spectrometry. The isoprene content in the adsorbent tube was first desorbed and re-
trapped with a preconcentrator (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. A calibration
line (R? > 0.995) was obtained by testing standard samples at different isoprene
concentrations (5, 10, 20, 50, and 100 ppb) with the same air flow as the actual field
measurements. The obtained isoprene concentration (Cisoprene) Was then used to calculate
the area-based isoprene emission flux (Z4es, nmol m? s') and mass-based isoprene

emission flux (Juass, pg g hr'!) using the following equation:

Lyrea = CIsoprene 'V /Rcuvette (Equation 3-3),
Inass = larea Misoprene ’ RLeaf/MLeaf (Equation 3-4),

where ¥ (umol s!) is the flow velocity of the LI-6400 air inflow, and Misoprene is the
molecular mass of isoprene (68.12 g mol™).

The whole leaf nitrogen content (Ncontent, Mg) was determined using an element
analyzer (JM1000 system, J-SCIENCE LAB, Co., Ltd., Japan) based on the Pregl-Dumas
method. A calibration line (R? > 0.999) was established by testing the standard material
(hippuric acid, CgHgNO3) in different masses (3, 6, 9, 20, 30, and 50 mg). Area-based
nitrogen concentration (Narea, § M) and mass-based nitrogen concentration (Nwass, %)

are defined as follows:

Nprea = NContent/RLeaf (Equation 3-5),
Nyass = NContent/MLeaf (Equation 3-6),

66



3.3. Results
3.3.1. Observation result of isoprene emission flux and its related factors

The moso bamboo culms selected for measurement exhibited various morphologies,
with differing DBH and culm height measured; observations including larea, Imass, LMA,
Aarea, Amass, Narea, and Nmass also demonstrated variations among culms (Table 3-1). Even
under the same irradiance (PPFD = 1000 pmol m2 s?) and leaf temperature (~30 °C),
large variations in isoprene emission fluxes were recorded (larea: 1.4-32.2 nmol m2 s;
Imass: 12.4-164.8 ng gt hr'l). The observed factors also demonstrated variations among
leaves, where LMA exhibited a range of 27.5-47.9 g m2; Aarea and Awmass exhibited ranges
of 0.6-7.7 umol m? st and 3.5-31.4 mg g* hr?, respectively; Narea and Nwass exhibited
ranges of 0.7-1.4 g m? and 2.3-3.3 %.
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Table 3-1 DBH, culm height, leaf mass per area (LMA), area-based isoprene emission flux (larea), mass-based isoprene emission flux
(Imass), area-based photosynthetic rate (Aarea), mass-based photosynthetic rate (Amass), area-based leaf nitrogen concentration (Narea), and

mass-based leaf nitrogen concentration (Nmass) of each moso bamboo culm. (Mean * standard deviation)

culm larea Imass LMA Anrea AMass Narea Nmass DBH Height
(nmol m?s*)  (ugg™hr?) @@m?)  (umolm?s?)  (mgg*hrt)  (gm? (%)  (cm) (m)

A 24.1+6.0 135.4+28.8  43.6+4.6 4.8+2.1 17.3+6.9 1.2#02 2.7+0.2 2.7 59

B 16.4+6.2 104.3+42.6 39.5+5.0 5.3+£2.7 22,0116 1.0+0.1 25x0.1 3.9 6.8

C 14.5+3.8 95.3+248  37.3+13 4.7+1.4 20.0£56 1.0+0.1 2.6x0.1 5.0 7.9

D 11.745.2 90.6+45.3 32.4+2.6 3.9+2.2 18.6+10.2 0.8+0.1 2.6+0.2 2.0 4.7

E 11.4+3.0 87.1+18.1 31.8+2.3 2212 112458 0.9+0.1 2.8+0.1 3.0 4.2

F 10.1+2.3 83.9+185  32.2+1.0 3.3x1.2 159457 09+0.1 2.8+0.3 3.3 6.9

G 8.6+7.5 59.2+48.3 34.7+2.7 4.6+1.6 20.9+6.4 09+0.1 25+0.2 5.2 7.9

H 5.3+5.0 43.6+40.3 290.2+1.2 2.2+1.4 11676 09+0.0 3.1+0.0 2.6 6.7
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larea @nd Ivass Were more likely to be associated with varying leaf morphology
instead with DBH or culm height though the culms exhibited a large variety in these culm
morphologies (Table 3-1). As shown in Figure 3-1, larea Significantly increased with LMA.
Statistical tests showed a strong correlation between larea and LMA (P <0.001; R = 0.666),
and LMA was determined to be the most significant factor influencing larea; the effect of
LMA on Ivass Was less, but still significant (Table 3-2).

Both Aarea and Narea exhibited significant positive correlations with larea (Table 3-
2). No relationship was detected, however, between Nwmass and Imvass or between Amass and
Imass. Note that all three observations in the area-based units demonstrated strong

correlations with LMA, which explained most of the variation in them (Table 3-2).
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Figure 3-1 Relationship between area-based isoprene emission flux and leaf mass per
area. Gray dots represent all the observations. Solid and open circle, triangle, square, and
diamond represent observation averages with standard deviation error bars (N = 4) from

different culm.
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Table 3-2 Correlation coefficient (R) and significance determined by p-value of each pair between area-based isoprene emission flux
(l4rea), mass-based isoprene emission flux (/auss), leaf mass per area (LMA), area-based photosynthetic rate (A44r.), mass-based

photosynthetic rate (4uuss), area-based leaf nitrogen concentration (N4re.), and mass-based nitrogen concentration (Nazuss).

LMA Aarea Amass Narea NMmass

R  p-value R p-value R p-value R  p-value R p-value
larea 0.666 *xxk 0432 * 0.255 0.586 o -0.227
IMass 0.437 * 0315 0.190 0.352 -0.227
LMA 0.507 ** 0.292 0.816 **%  .0.364 *

*: statistically significant correlation (p-value <0.05) **: strong correlation (p-value <0.01) ***: very strong

correlation (p-value < 0.001)
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3.3.2. Relationship between isoprene emission flux and leaf mass per area across sites

By comparing the results with other studies on isoprene emission from moso
bamboo (Chang et al., 2019; under submission), it demonstrates that larea in here was
remarkably lower than those in the other sites (Figure 3-2a). These three sites had
different stand characteristics. The site of Chang et al. (2019) was in a pure moso bamboo
stand in central Taiwan under an influence of humid subtropical climates. This site keeps
well-grown culms with a height of 15 m, and the measured leaf demonstrated the largest
LMA among the sites (77.7+16.3 g m). The data selected for comparison of this site
were recorded in September 2015 with a leaf temperature of 25.7+1.6 °C and PPFD of
1000 umol m s, The site of Chang et al. (under submission) was in a specimen garden
in Kyoto, Japan. Although the height of the measured culm was relatively low (6.5 m),
the leaves were well exposed to sunlight due to a far distribution between each culm at
this site and demonstrated a moderate LMA among the sites (52.7+2.3 g m™). The data
collected from this site were recorded in August 2019 with a leaf temperature of
31.4+1.0 °C and a PPFD of 1000 umol m? s, With larea adjusted by the G93 model
(Guenther et al., 1993) to simulate a temperature of 30 °C, a generally consistent pattern
across the different sites could be seen between the adjusted larea and LMA (R? = 0.830)
(Figure 3-2).
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Figure 3-2 Relationship between (a) area-based isoprene emission flux and leaf mass per area, and (b) area-isoprene emission flux adjusted

by G93 algorithm (Guenther et al., 1993) and leaf mass per area in different sites (This chapter, Chapter 2, and Chapter 4). Open circles

represent the observation averaged by each selected culm in this site (N = 4 per culm, leaf temperature = 29.9+0.0°C); solid square

represents the averaged observation from a newly abandoned moso bamboo stand in Taiwan (N = 4, leaf temperature = 25.7+1.6 °C); solid

triangle represents the averaged observation from a moso bamboo plot in a specimen garden in Kyoto (N = 3; leaf temperature =

31.4£1.0 °C).
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3.4. Discussion

There is no direct evidence of the effect of growth light on LMA for woody
bamboos, yet, according to Poorter et al. (2009), LMA is strongly related to light of
growth environment in most vegetation. Therefore, a lower LMA would be expected in
the overtopped moso bamboo culms in this site. These overtopped leaves demonstrated
lower LMA (27.5-47.9 ¢ m?) when compared to recorded averages according to Lin et
al. (2020). The large range of LMA recorded in here could be due to the consequently
various canopy gap sizes to the large spatial variation in culm density in this site. Even
under the same incident light and temperature, isoprene emission fluxes demonstrated
large variance among the selected leaves in this site. By plotting the isoprene emission
fluxes and LMA, it could be found that LM A explained most of the variation in /4., and
part of the variation in /. Considering the measurements in a previous study on moso
bamboos (i.e., Chang et al., 2019; under submission) conducted under similar incident
light and season, a consistent pattern was observed between the 4., and LMA across
these sites. The linkage between /4.« and LMA could be explained by the higher quantity
of chloroplasts per unit leaf area for leaves with higher LMA. Assuming that the leaf
density is consistent for all leaves, a higher LM A implies thicker mesophylls, which tend
to have larger chloroplasts per area (Hanba et al., 1999; Liakoura et al., 2009; Ivanova et
al., 2018); 1soprene is produced only by chloroplasts in leaves (Wildermuth and Fall,
1996; 1998; Sasaki et al., 2005), meaning a larger quantity of chloroplasts per area could

induce larger Ly at the leaf scale.
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The positive correlation between Iyuss and LMA (Table 3-2) could be partially
explained by an increased proportion of mesophyll in leaves with larger LMA. By
analyzing the effect from nitrogen concentration and photosynthetic rate on isoprene
emission capacity, correlations between l4req, Narea, and A4r.a were detected. However,
since L4rea, Narea, and A4rea were all demonstrated strong correlations with LMA, LMA
could be a confounding variable and lead to spurious correlations between Nes and Lyrea
and between Areq and Lyeq. To exclude this effect, I analyzed the mass-based form and
found no correlation between Auzass and Iyzass, nor between Nasss and Iyass. Since nitrogen
in ammonium form could potentially enhance isoprene production by enlarging the
substrate (i.e., DMAPP) pool of isoprene synthesis (Rosenstiel et al., 2004), no correlation
between Iuass and Nawss implies a possibility that the substrate for isoprene production
was not constrained by nitrogen status of leaf during the measurement. The dependency
of isoprene production on photosynthesis mainly comes from the energetic and reductive
agents produced in light-dependent reactions. Previous studies have revealed that this
dependency is more likely to relate to the electron transport chain rather than the whole
photosynthesis process since photosynthetic rate could be limited by other factors such
as stomatal conductance (Rodrigues et al., 2020). Although Aauss did not explain Zyzass, the
effect of electron transport rate could not be excluded, which has been reported to have a

significant influence on isoprene emissions (Rasulov et al., 2009).

3.5. Chapter conclusion

In this chapter, | measured isoprene emission flux from low-LMA moso bamboo
leaves under a constant light of 1000 umol m2 s and leaf temperature of ~30 °C. By
combining the observations of moso bamboo with higher LMA conducted in previous
studies, this chapter filled the knowledge gap in the relationship between isoprene
emission capacity and LMA. Because area-based isoprene emission capacity is a critical
factor in current global-scale isoprene emission estimation methods, the detection of

LMA can provide a better way to determine the isoprene emission capacity of plant leaves.
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Chapter 4

Characteristics of isoprene emission flux from leaves of 18

bamboo species

4.1. Chapter introduction

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 species, regardless of growth type, have been
reported to expand and invade multiple regions (Okutomi et al., 1996; Torii, 2003; Chiou
et al., 2009; Kudo et al., 2011; Takada et al., 2012; Akutsu 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 woody culms, and Arundinariinae is
composed of both woody 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 diversity 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 woody bamboos.

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
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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-phosphate/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 synthase (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 UD2ckP0JMS8D), 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 (i.e.,
Okumura et al., 2018) 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
flux because isoprene is produced in chloroplasts; 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
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to the DMAPP pool size, which incorporates 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; Lichtenthaler, 1999). The
pool size of DMAPP is highly related to photosynthetic 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; Rasulov et al., 2018). Thus, there is a need to discriminate between 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
chapter measured isoprene emission fluxes and other factors of 18 species of bamboos
within five genera, including dwarf and woody bamboo types; part of the genera includes species

originating from different climates.
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4.2. Materials and methods

4.2.1. Site description and selected bamboo species

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. I selected the following 18 species within five genera as
measuring subjects: Phyllostachys makinoi, Phyllostachys aurea, Phyllostachys
bambusoides, Phyllostachys pubescens, Phyllostachys nigra f. henonis, Semiarundinaria
fastuosa, Semiarundinaria yashadake, Semiarundinaria fortis, Semiarundinaria
kagamiana, Pleioblastus hindsii, Pleioblastus linearis, Pleioblastus simonii, Pleioblastus
chino, Sasa tsuboiana, Sasa veitchii, Sasa chartacea, Sasaella ramosa, Sasaella hortensis
(Phyllostachys, Semiarundinaria, 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 woody species, whereas Sasa spp. and
Sasaella spp. are dwarf species. Basing on the distribution region described in Ohrnberger
(1999), Suzuki (1996), and Kobayashi (2017), I 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 PI. 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 to 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
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leaf lifespan of P. pubescens was also reported by previous study (Li et al., 1998a,b).

4.2.2. 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. The measurements of isoprene observations were conducted using the
same procedure and described in Section 3.2.2. In addition to Section 3.2.2., a
fluorescence cuvette (LI-6400-40) was used during the ETR measurement. Three steps
were performed during each measurement of every leaf. First, the leaf was clapped by the
leaf cuvette with controls on irradiance (1000 umol m? s! of photosynthetic photon
density flux, PPFD), and also on 7; for each monthly measurement campaigns from
September to December 2019, where stable 77 were supplied to 30, 25, 20, and 10 °C
respectively from September to December 2019 which were close to the ambient
temperature corresponding to each month with an LED cuvette (LI-6400-02B, Li-Cor
Inc.). Manipulating 77 into 30 °C was attempted in August 2019, however, the strong heat
from sunlight caused a major influence to cause different 7, among measurements.
According to the meteorological data in Kyoto City, daily average and maximum air
temperature during overavation days in August were 31.7+0.3 and 37.6+0.6, respevtively.
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 here were
calculated in area-based form (4.4req, pmol m s™') and mass-based form (Ausss, pmol g!

s™)) using the following equations:

Aprea = AOrigin ' RCuvette/ROrigin (Equation 4-1),

Amass = Aarea” RLeaf/MLeaf (Equation 4-2),

where Aorigin (Wmol m s7) is the measured value of the photosynthetic rate with

the default leaf area (Royigin) set at 6 cm?, Rcuvere (cm?) is the actual in-cuvette leaf area,
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Rieqr (cm?) and Mieqr (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 umol m? s of PPFD
with 10 % blue light was supplied to the leaf, and the steady state fluorescence (Fs, pmol
m™ s7!) was recorded when it stabilized. A one-second light pulse with over 7000 pmol
m2 s was then applied to acquire the maximum fluorescence (F,, pmol m™ s™). Area-
and mass-based ETR (ETR 4req, pmol m™ s!; ETRyss, pmol g! 1) were calculated using

the following equations:

ETRureq = ((Bn — F5)/Ep) "L Q * Qpear (Equation 4-3),
ETRuyass = Earea RLeaf/MLeaf (Equation 4-4),

where L is the PPFD of standard light (1500 umol m? s), O is the fraction of
absorbed quanta used by photosystem II (assumed to be 0.5), and azecqr is the leaf
absorptance (assumed to be 0.84).

4.2.3. Isoprene flux observation

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 Rieaf, Rcuveres Mrear, and LMA.

To determine the isoprene concentration (Cisoprene), 1soprene content in the
adsorbent tube was desorbed and re-trapped with a preconcentrator (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 (L4, nmol m? s!)
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and mass-based isoprene emission flux (/yass, nmol g s) were calculated as follows:

Lpreqa = Clsoprene ) V/RCuvette (Equation 4-5),
Ivass = larea " RLeaf/MLeaf Equation (4-6),

where V (umol s) is the flow velocity of LI-6400 air inflow.

4.3. Results

4.3.1. 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 Lieq (from 0 to 50.21 nmol m™ s™). 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 4-1; 4-2).

A large discrepancy in the relationship between isoprene emission and leaf
temperature in each genus was recorded between the woody species (Phyllostachys,
Semiarundinaria, and Pleioblastus spp.) and the dwarf species (Sasa and Sasaella spp.).
The woody 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 (Figure 4-1).
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Table 4-1 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.

August 2019 September 2019 October 2019 November 2019 December 2019
pecies larea To larea TL larea To larea TL larea To
(nmol m2s?) (°C)  (nmol m2s?) (°C)  (nmol m?2s?) (°C)  (nmol m2s?) (°C)  (nmol m2s?) (°C)
P. makinoi 36.8+12.3 30.3+0.5 13.3+6.4 30.0+0.1 3.3+0.5 24.9+0.0 7.7£1.5 19.940.0 3.8+0.4 10.0£0.1
P. aurea 14.9+5.7 30.7+0.7 11.3£2.6 29.9+0.0 4.0+1.2 25.0+0.0 7.7+1.1 19.9+0.0 3.9+0.2 9.9+0.0
P. bambusoides 17.5+2.1 30.2+0.5 6.3£1.2 30.0+0.0 1.5+0.3 24.9+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 2.24+0.3 20.0+0.1 4.3+0.2 10.0+0.0

P. nigra f. henonis 4.9+3.7 30.2+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 30.8+0.2 6.2+0.8 30.0+0.0 0.8+0.1 24.8+0.1 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 24.8+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 1.24+0.2 24.8+0.1 0.9£0.1 19.9+0.0 0.7+1.2 10.0+0.0
PI. hindsii 30.0+£2.2 32.0£1.0 16.7+1.4 30.0+0.1 1.0+£0.9 24.8+0.0 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 23.8+0.6 n.d. 19.8+0.2 n.d. 9.7+0.0

P1. 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

PI. chino 24.0+7.9 33.54+0.2 18.3+2.4 29.9+0.0 2.6+0.3 24.9+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 30.4+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. 29.8+0.2 n.d. 24.7+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 4-2 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.

January 2020 February 2020 March 2020 April 2020 May 2020
Species larea To IArea To larea To larea To larea To
(nmol m2s1) (°C)  (nmol m?2s?) (°C)  (nmol m2s7?) (°C)  (nmol m2s7?) (°C)  (nmol m?2s7) (°C)
P. makinoi 0.4+0.7 5.2+0.2 0.1£0.1 10.94+0.0 0.1£0.1 15.440.3 0.0£0.0 12.9+0.4 0.0£0.0 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 5.54+0.5 0.1+0.0 11.0+0.0 0.4+0.2 14.8+0.1 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 0.2+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 0.1+0.1 14.5+0.1 n.d. 15.740.1 1.242.2 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 1.9+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+0.00 12.8+0.6 1.0£0.1 22.4+1.1 7.0£2.5 31.9+0.3
Se. kagamiana n.d. 5.24+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
PI. 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 22.1+0.1 0.2+0.2 29.7+1.2
PI. linearis n.d. 7.6+0.0 n.d. 11.3£0.0 0.2+0.1 13.9+0.6 0.1+0.1 20.7+0.4 1.8+1.5 27.6x1.7
Pl. simonii n.d. 7.3+£0.0 n.d. 10.6+0.0 0.1+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. 4.8+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 0.10.0 21.8+0.4 0.1+0.2 28.3+0.7
Sa. ramosa n.d. 4.9+0.0 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. 25.840.0

n.d.: No detection
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Figure 4-1 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.
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Since the major difference in isoprene emissions among the bamboo species was
recorded in August and September 2019, the averaged l4., and 71 of each species in
August and September 2019 are plotted in Figure 4-2. In August 2019, nine out of thirteen
woody bamboo species exhibited isoprene emission fluxes larger than 20 nmol m™ 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? s™. On average, woody
species demonstrated higher isoprene emission fluxes (August 2019: 25.24+12.71 nmol
m s7!; September 2019: 11.37+4.66 nmol m™ s™') compared to those of the dwarf species
(August 2019: 1.96+2.80 nmol m s™!; September 2019: 0.34+0.60 nmol m= s™).
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Figure 4-2 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. Woody and dwarf represent

two different growth types in bamboo stem.
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Moreover, when the isoprene emission fluxes were compared based on the climate
of the region of origin, no significant difference in /4., was observed among different
climatic origins for both woody and dwarf species during August and September (Table
4-3).

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.
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Table 4-3 One-way ANOVA of the effect from climatic origins on isoprene emission fluxes for the woody
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.

Woody, August 2019

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

Between Climates 601.64 2 300.82 1.96 0.16
Within Climates 5539.17 36 153.87
Total 6140.81 38

Woody, September 2019

Between Climates 89.29 2 44.65 2.19 0.13
Within Climates 714.30 35 20.41
Total 803.59 37

Dwarf, August 2019

Between Climates 1.08 1 1.08 0.12 0.73
Within Climates 116.14 13 8.93
Total 117.22 14

Dwarf, September 2019

Between Climates 1.62 1 1.62 0.18 0.68
Within Climates 3.71 13 0.29
Total 5.33 14
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4.3.2. Relationship between LMA and isoprene emission flux

Positive relationships were observed between area-based isoprene emission flux
and LMA of the woody species when the monthly linear relationship was evaluated
separately (Table 4-4). The woody species exhibited slopes of 0.574 and 0.238 in August
and September 2019, respectively; no linear relationship between area-based isoprene
emission flux and LMA was observed in the dwarf species (Figure 4-3). Although there
was no significant difference in LMA between the dwarf species and the woody species
(Table 4-5), the isoprene emission of the dwarf species was lower than that of the woody

species under any degree of LMA.
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Figure 4-3 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.
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Table 4-4 Coefficient of determination (R?) and p-value of each pair between area-based isoprene emission flux (L4q), mass-based
isoprene emission flux (/uuss), leaf mass per area (LMA), area-based electron transport rate (ETR4r..), mass-based electron transport rate

(ETRwmuss), area-based photosynthetic rate (4.4r..), and mass-based photosynthetic rate (4uass) for 13 species of woody bamboos.

Aug 2019, Woody species

|Mass LMA ETRATE& ETRMass AArea AMass
Rz p-value R?  p-value Rz  p-value R?  p-value Rz p-value R?  p-value
lArea 0.896 *** 0.237 ** 0.378 *** 0.168 ** 0.257 *** 0.099

Ivtass \ 0.043 0.338 *** 0.287 *** 0.233 ** 0.165 *
LMA \ 0.157 * 0.011 0.057 0.018
ETRarea \ 0.741 **x 0.406 *** 0.285 **x
ETRuass \ 0.315 *** 0.436 **x

AArea 0843 **k*

Sep 2019, Woody species

larea 0.853 *** 0.277 *** 0.542 *** 0.418 *** 0.472 *** 0.355 ***

|Mass\ 0.032 0434 **x 0.448 **x 0.242 ** 0.277 ***

LMA \ 0177 ** 0.030 0.463 0.137 *
ETRarea \ 0.926 *x* 0.428 0.369 ***
ETRuwass \ 0.259 0.302 ***

AArea 0.856 ***

*: statistically significant correlation (p-value < 0.05) **: strong correlation (p-value <0.01) ***: very strong correlation (p-value < 0.001)
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Table 4-5 Coefficient of determination (R?) and p-value of each pair between area-based isoprene emission flux (L4q), mass-based
isoprene emission flux (/uuss), leaf mass per area (LMA), area-based electron transport rate (ETR4r..), mass-based electron transport rate

(ETRwmuss), area-based photosynthetic rate (4.4r.a), and mass-based photosynthetic rate (4uass) for 5 species of dwarf bamboos.

Aug 2019, Dwarf species

Iass LMA ETRarea ETRuass Anrea Anvass
R? p-value R? p-value R? p-value R? p-value R? p-value R? p-value
laea  0.999  *x* 0.145 0.207 0.012 0.028 0.069
Ivass \ 0.128 0.222 0.018 0.027 0.063
LMA \ 0.058 0.466 ** 0.028 0.049
ETRarea \ 0.749 **x 0.123 0.234
ETRuass \ 0.054 0.282 *
Anrea 0.839 **
Sep 2019, Dwarf species
laea  0.999 ** 0.014 0.544 *x 0.486 ** 0.047 0.037
|Mass\ 0.013 0.538 ** 0.485 ** 0.047 0.036
LMA \ 0.073 0.023 0.108 0.022
ETRarea \ 0.827 0.447 ** 0.404 *
ETRuass \ 0.324 * 0379 *
Anrea 0.958

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

**: strong correlation (p-value < 0.01)
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4.3.3. Relationship between photosynthetic traits and isoprene emission flux

In August and September 2019, the range of ETR4r. observation for the woody
species and dwarf species were 30—-160 pmol m? s™! and 60—150 umol m™ s°!, respectively,
and most of the species demonstrated lower ETR 4. in September 2019 regardless of their
growth types (Table 4-6; 4-7). No significant differences were recorded between the
woody species and dwarf species. Linear relationships between isoprene emission flux
and ETR 4.« were shown in the observations including those during August and September
2019 for the woody species; even more definitive relationships could be recorded if
monthly observations were separately evaluated for the woody species, where R? in
August and September 2019 were up to 0.378 and 0.525, respectively, and both of the
correlations were significant according to the analysis of T-test (p-value < 0.01) (Table 4-
4).

Since both the measurement of Il4e« and ETR4we. in the area-based 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 Iyuss increased
with ETRuass in August and September 2019 for the woody 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 woody species were included (Figure 4-4).
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Figure 4-4 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 deviations, indicate averaged observations of each species
in Sasa and Sasaella, respectively. Solid gray dots and open gray dots represent observations in the woody species (Phyllostachys,

Semiarundinaria, and Pleioblastus spp.) and the dwarf species (Sasa and Sasaella spp.), respectively.
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The woody species exhibited extremely positive correlations between L4req. and A rea
in August and September 2019 (Table 4-4); no correlation was exhibited by the dwarf
species (Table 4-5). Part of the correlation between Ly, and ETR 4., might be due to the
spurious correlation from the LMA. luas also increased with Amass in August and
September 2019 for the woody species (Figure 4-5), but with a lower correlation
compared to Lyreq and Areq (Table 4-4).

The photosynthetic rate did not show a large difference between the woody species
and dwarf species. Due to the discrepancy in isoprene emission, the ratio of carbon
emitted as isoprene to carbon fixed by net photosynthesis ( Carbon ratio (%) =
Lirea(umol m=2s™1) = Ayreq(umol m=2s™1) indicated a large variation. Woody
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 4-6; Table 4-7).

100



1
" August 2019 September 2019
=
S 0.8 _ 3 ® Phiyllostachys spp.
E - @ Semiarundinaria spp.
% :‘: 06 | L O Pleioblastus spp.
§ on A Sasa spp.
‘g g 04 + I A Sasaella spp.
== Woody
T a
E Dwarf
- 02 r -
w
=
=
0 + 1 | 1 L & 4 } + : . '
0 0.05 0.1 0.15 0.2 0.25 03 0 0.05 0.1 0.15 0.2 0.25 0.3

Mass-based photosynthesis rate (umol g's1)

Figure 4-5 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 deviations, indicate averaged observations of each species
in Sasa and Sasaella, respectively. Solid gray dots and open gray dots represent each observation in the woody species (Phyllostachys,

Semiarundinaria, and Pleioblastus spp.) and the dwarf species (Sasa and Sasaella spp.), respectively.
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Table 4-6 Area-based isoprene emission (14e.), area-based photosynthetic rate (4.4..), carbon ration, leaf temperature (77), and area-based electron transport rate

(ETR4req) in August and September 2019 for 13 species of woody bamboos. The values are represented in mean + standard deviation.

larea (NMol M2 s72) Aarea (Lmol m2 s?) Carbon ratio (%) TL(°C) ETRarea (umol m2 s?)
Genus Species
Aug 2019  Sep 2019 Aug 2019 Sep 2019 Aug2019 Sep2019 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  29.9+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 0.6+0.1 30.2+0.5  30.0£0.0  62.2+17.1 35.9+5.2
P. pubescens 25.6+8.9 12.1+£3.2 7.9+2.8 7.6+3.4 1.8+0.9 0.9+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 6.2+2.3 0.5+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 6.2+0.8 10.844.5  7.9+0.2 0.8+0.5 0.4+0.0 30.8+0.2  30.0+0.0  88.2+13.9 51.9+3.0
Se. yashadake 29.5+15.9 10.3+1.4 10.3£3.0  11.8+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 29.9+0.0 107.1+29.9 84.2+13.5
Se. kagamiana 23.5£5.8 9.843.1 7.9£2.5 6.5£1.5 1.5+0.4 0.7%0.1 31.7£0.3  30.0£0.0  98.8+13.1 74.849.2
Average 22.2+9.6 9.7+3.4 9.8+3.0 9.0+2.5 1.2+0.4 0.6+0.2 314404  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 13.1434 27415 0.7+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
PI. simonii 43.0£8.8 15.7£1.4 10.2+0.8  10.9+2.5 2.1+0.5 0.8+0.2 33.240.5 29.9+£0.0 104.9+19.7 102.8£2.1
Pl. chino 24.0+£7.9 18.3+2.4 5.3%1.1 144445 22403 0.7+0.1 33.540.2  29.9+0.0 53.7425.2 180.3+22.3
Average 34.9£10.3 14.6+4.8 8.5+£3.2 12.243.3 2.2+0.8 0.6+0.2 332409 29.9+0.0 95.3+32.8 109.1£51.4
Average 25.2+12.7 11.44+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
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Table 4-7 Area-based isoprene emission (Z4e.), area-based photosynthetic rate (4.4..), carbon ration, leaf temperature (77), and area-based electron transport rate

(ETR 4rea) in August and September 2019 for 5 species of dwarf bamboos. The values are represented in mean + standard deviation.

larea (NMol M2 s1) Aarea (umol m2 st) Carbon ratio (%) TL(C) ETRArea (umol m2 s1)
Genus Species
Aug 2019  Sep 2019 Aug 2019 Sep 2019 Aug2019 Sep2019 Aug 2019 Sep 2019 Aug 2019 Sep 2019
Sasa S. tsuboiana 7.0£3.1 0.7+0.7 7.243.3 6.9+2.6 0.6+0.3 0.1+0.1 32.4+1.3  29.9+0.0 129.1+16.9 110.848.8
S. veitchii 0.2+0.2 n.d. 102424 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 13.843.4 0.1+0.0 0.0£0.0 32.5¢1.5 30.1£0.3  113.9+£11.1 141.5%+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+¢18.0 112.9425.3
Sasaella Sa. Ramosa 0.6+0.2 n.d. 8.74+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 89.940.9 83.64+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£0.2 112.1x19.7 103.4424.3
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4.4. Discussion

The results obtained from isoprene emission measurements of bamboo from August
2019 to May 2020 indicate a clear variation in isoprene emission flux from the bamboo
species under higher temperatures; all the species exhibited very low or no isoprene
emissions during the measurement from October 2019 to April 2020. The isoprene
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
fluxes 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 phenomenon was previously reported by Chang et al.
(2019), whereby isoprene emission measurements of P pubescens in Taiwan
demonstrated a temperature threshold of approximately 23 °C. Although the temperature
during the measurements in May 2020 was also higher than the threshold temperature,
low isoprene emissions even from high emitter species were reported on average, which
might be due to the aging of the leaves, as indicated in previous studies (Niinemets et al.,
2015; Funk et al., 1999) or due to just-expanded leaves for PL chino.

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, here I select the data measured in August and September 2019 to be
discussed in next. I 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., woody and dwarf), where the isoprene
emission flux of woody bamboos ranged from 4.9 to 43.0 nmol m™ s! in area-based unit
and 24.6 to 157.8 pg g’ h™! in mass-based unit, while that of dwarf bamboos ranged from
0.2 to 7.0 nmol m™ s and 0.7 to 22.3 pg g™ h'!, respectively, in August. Okumura et al.
(2018) recorded isoprene emission fluxes of 0.7 to 99.1 nmol m™ 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
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genera reported by Okumura et al. (2018) were generally consistent with the results here,
however, a dwarf species (Sasa kurilensis) was observed with considerable emission
(24.0 nmol m? s'). Comparing to the result in this site, Okumura et al. (2018)
demonstrated generally higher isoprene emission fluxes of Phyllostachys spp. (6.8 to 68.6
nmol m? s) and Semiarundinaria spp. (53.6 to 57.8 nmol m? s') under similar
temperature in August of this site. The isoprene emission flux under light intensity of
1000 umol m? s™! and leaf temperature of 30 °C of woody bamboos is comparable to that
of the highest emitter species, such as Populus sp. (59 nmol m? s!; 165 ug g!' h''),
Quercus spp. (79 nmol m? s7!; 157 ug g h''), and Salix spp. (37; 133 pg ¢! h'!) (Litvak
et al., 1996; Geron et al., 2001; Chang et al., 2012). However, there is no evidence that
isoprene emission fluxes differ among the origin climates. Species in the same genus tend
to exhibit similar isoprene emission fluxes despite the fact that they might have different
origin climates.

A previous study indicated that the area-based isoprene emission flux could vary
with LMA (Harley et al., 1997). Indeed, results in this chapter indicated a positive
correlation between area-based isoprene emission flux and LMA across the woody
species. Variation in LMA is usually related to acclimation to light environments, in which
the leaves exposed to sunlight 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
woody species and dwarf species. Therefore, the possibility that the difference in isoprene
emission flux between the two growth types was caused by variations in LMA can be
excluded. Indeed, higher isoprene fluxes were observed in the bamboo species with
higher LMA, as the leaf thickness, and thus the concentration of chloroplasts where
1soprene is produced, could affect the isoprene; nevertheless, it is only valid in the woody
species.

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
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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 CO; concentration, which is correlated to stomatal conductance, and electron
transport. While the emission of isoprene is not limited to stomatal conductance (Sharkey,
1991), 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). The results in this chapter
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 Aauss. The relationship between isoprene emission flux
and ETR could explain part of the discrepancy in isoprene emission flux across the woody
species. This evidence suggests a dependence of isoprene emission on ETR. However,
this is only adequate for the woody species. Moreover, despite a low total isoprene
emission, the photosynthetic traits of the dwarf species were not significantly different
from those of the woody species.

August and September 2019 showed obviously different isoprene emission traits to
each other for the woody species, where September 2019 generally showed much lower
1soprene emission rates and carbon ratios. One of the reasons of this discrepancy might
be attributed to a change in temperature. 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 Figure 4-1; P. nigra f. henonis
demonstrated a smaller difference in /4.« between August and September since almost no
difference in 7, (Figure 4-2). However, other reasons should be counted because some of
the genera (i.e., Phyllostachys spp. and Semiarundinaria spp.) showed large decrease in
isoprene emissions even under similar 77 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 4-6). The other possibility is the previous exposure of
higher ambient temperature in August, as an attemption to manipulate 77 into 30 °C, lower

T were recorded than that in ambient. Previous studies also indicated that leaf in different
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growth stage demonstrates different capacity of isoprene emission rate (Kuzma and Fall,
1993; Monson et al., 1994). Thus, leaf phenological change could also influence the
isoprene emission rate from August to September. According to the meteorological data
in Kyoto City, both August and September 2019 had remarkable monthly precipitation
though August had much more precipitation than September 2019 (August: 355.0 mm;
September: 84.5 mm). Also, based on the gas exchange results in A4q, there were no
clear evidence of drought stress both in August and September 2019 (Table 4-6; 4-7).
Since the effects of previous exposure to ambient temperature and leaf phenology on
isoprene emission were not directly observed in this site, further investigation is
suggested for bamboo species.

Typically, carbon loss from isoprene emission in assimilation usually accounts for
approximately 1-2 % at 30 °C and depends on the photosynthetic rate; under extremely
high temperatures, the isoprene emission 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. It was observed that the average
carbon ratio for woody bamboo species was 1.6 % and 0.6 % in August and September
2019, respectively; certain species can reach a carbon ratio of 2.7 % during a 77 of 32 °C.
In contrast, the dwarf bamboo species used very low carbon for isoprene emissions, which
was usually less than 0.2 %. Since evidence has shown that isoprene production in plants
majorly for enhancing tolerance to heat or light stresses (Sharkey and Singsaas, 1995;
Loreto and Velikova, 2001, Siwko et al., 2007; Way et al., 2011), 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. On the other
hand, mid-size and tall-size Sasa/Bamboo are not suitable to grow under shaded
environment and have to encounter heat and over-light stresses. Nonetheless, in this
chapter, the dwarf species was exposed to direct sunlight, which is unnatural. This implies
that the low isoprene emission capacity is genetically determined in case of the dwarf
species, as plants lacking the IspS gene are unable to produce isoprene (Behnke et al.,

2007).
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4.5. Chapter 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 woody and dwarf bamboos, which is genetically
determined. This difference in genotype causes different dependencies of isoprene

emission on leaf temperature, LM A, photosynthetic rate, and ETR.
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Chapter 5

Conclusions

This study measured leaf-scale isoprene emission fluxes for multiple bamboo
species. For this, the responses of leaf isoprene emission flux to potential meteorological,
morphological, and physiological controllers such as leaf temperature, light intensity,
LMA, leaf nitrogen concentration, photosynthetic rate, and ETR were examined. This
study verifies the relationships of isoprene emission flux from bamboo leaves with several
factors that control representative isoprene emission flux, and aids in a better estimation
of bamboo isoprene emissions using the current model.

In Chapter 2, the isoprene emission flux of the leaves of P. pubescens, a woody
bamboo, in response to varied leaf temperature and light intensity was examined. The
results of here confirm that P. pubescens is a major isoprene emitter, equivalent to or even
stronger than previously reported emitters. When validating the reproducibility of the G93
model, the isoprene emission flux in response to light was well reproduced. However, the
model did not reproduce the response to leaf temperature owing to overestimation of
1soprene emission fluxes under low temperatures. Although the issue was substantially
corrected by applying an optimization on certain parameters in the model, the large
variation among leaves led to difficulties in reproducing isoprene emission flux from P,
pubescens with a constant basal isoprene emission rate. Further investigation of the
controlling factors by considering the seasonal and inter-leaf variation in isoprene
emission is suggested.

In Chapter 3, the results of Chapter 2, and knowledge of the process-based sense,
were used to determine the morphologic and physiologic factors that could alter the
isoprene emission capacity of bamboo leaves. After examining the dependence of
isoprene emission on LMA, photosynthetic rate, and leaf nitrogen concentration, | found
a strong correlation between LMA and area-based isoprene emission flux. However,
mass-based photosynthetic rate and leaf nitrogen concentration did not exhibit any

correlation with the mass-based isoprene emission flux. By combining data from P.
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pubescens LMA from other sites, under constant light (1000 pmol m? s?) and leaf
temperature (~30 °C), a constant correlation was demonstrated across these sites. This
dependency on LMA could be attributed to the thicker mesophylls and consequently
higher quantity of chloroplasts per unit leaf area for leaves with higher LMA, when
assuming consistent leaf density. This result partly explains the inter-leaf variation in
isoprene emission flux, and suggests that detection of LMA can effectively determine the
representative isoprene emission flux of bamboo leaves.

In Chapter 4, isoprene flux, LMA, photosynthetic rate, and ETR were recorded for
18 bamboo species within 5 genera, incorporating different growth types (woody and
dwarf) and climates of the region of origin (temperate, warm-temperate, and subtropical).
Dwarf bamboos showed negligible to no emissions; in contrast, woody bamboos
demonstrated considerable isoprene emission fluxes, mainly in August and September, at
temperatures >30 °C. For woody bamboos, isoprene emission fluxes, photosynthetic rate,
and ETR in area-based units were correlated with LMA. To exclude the systematic
correlation among these parameters, correlations among the values of mass-based units
were also tested, and the results demonstrated significant positive correlations. The
different isoprene emission traits between woody and dwarf bamboos were independent
of LMA, photosynthetic rate, and ETR. This implies that differences in isoprene
emissions were caused by genetic dissimilarities. Low isoprene emission from dwarf
bamboos is expected because they usually grow in areas with relatively low heat stress
and light, where the production of isoprene could be futile due to carbon loss. This study
suggests separating the two bamboo types on the basis of isoprene emissions.

This study shows that some bamboo species emit a considerable amount of isoprene.
Previous studies have revealed that species-average basal isoprene emission flux from
plant leaves ranged from 0 to 100 nmol m™ s™! in area-based units and 0 to 173 pug g h!
in mass-based units (Table 1-1). Some of the highest isoprene emissions have been
recorded in Elaeis sp. (172.9 pg g' h'), Populus sp. (165 ng g h''), Quercus sp. (157 ng
g''h™h), and Salix sp. (133 ug g h'') in mass-based units; the area-based values of Populus
sp., Quercus sp., and Salix sp. were 74, 93, and 37 nmol m™ s}, respectively. In Chapter
2, an isoprene emission flux of 30.6 nmol m™ s™! from P. pubescens was recorded under

light intensity of 1000 umol m™ s’ and leaf temperature of around 25.9 °C in September,
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which were normalized as a basal flux of 54.4 nmol m™ s™! with the G93 model. Chapter
3 documents a series of varied isoprene emission rates among leaves (1.4-32.2 nmol m™
s'1) under light intensity of 1000 umol m? s™! and leaf temperature of around 30 °C in
August, depending on the LMA of each leaf, by direct measurement from overtopped
plant culms. Chapter 4 discusses differences in isoprene emissions between woody and
dwarf bamboos, where the isoprene emission flux of woody bamboos ranged from 4.9 to
43.0 nmol m2 s (‘basal’ flux normalized with G93 parameter sets : 5.0 to 37.1 nmol m"
251y in area-based unit and 24.6 to 157.8 ug g h'! (normalized: 25.1 to 135.0 pg g h'")
in mass-based unit, while that of dwarf bamboos ranged from 0.2 to 7.0 (0.2 to 5.6 nmol
m2 s nmol m?2 st and 0.7 to 22.3 pg g! h'! (0.7 to 18.0 ug g' h''), respectively, in
August. In winter, both plant types exhibited little to no emission. The isoprene emissions
of certain bamboo species were found equivalent to those of known high-emitter species.
This observation increases the necessity of mitigating the impact on regional BVOC
emissions from expanding bamboo habitats.

The data from multiple sites and bamboo species aid in expanding the database of
BVOC emissions from bamboo leaves. In addition, by quantifying the variability of
isoprene emission rates, in response to factors such as leaf temperature, light intensity,
LMA, and ETR, from bamboo leaves of different species, this study allows us to better
understand isoprene emission characteristics of bamboo species. With this knowledge we
can effectively determine isoprene emissions from bamboos and make efforts to better

estimate global BVOC emissions.
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