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Abstract

Future sustainable rice production systems must be capable of producing high yields but with
use of minimal additions of fertilizer and with low water consumption. Current production
systems are challenged by global change trends which predict increasing water scarcity in
rice production regions, and by environmental concerns to limit fertilizer applications that
may impact water quality and increase greenhouse gas emissions. In order to harvest high
grain yields from this fast-growing crop, while at the same time accomplishing environmental
protection, requires that management is based on sound fundamental knowledge with respect
to plant growth, to physiological adaptive capacities with respect to changing habitat
conditions and these in the context of anthropogenic interventions, e.g. crop management
under natural field conditions. Biomass accumulation by plants is a direct result of
photosynthesis which occurs in the light concurrently with water lost via soil evaporation and
canopy transpiration. Disentangling biophysical mechanisms responsible for regulation of
rice plant growth, and determining their effect on ecosystem carbon and water fluxes are still
research areas with unanswered questions. In this thesis, [ attempt to understand
ecophysiological traits that relate to rice plant growth under different methods of cultivation,
and to determine the factors upon which one must focus in promoting sustainable rice

production systems.

Experimental studies on canopy structure and function were carried out throughout the
growth season with paddy rice grown under three fertilization regimes providing different
nitrogen application rates (0 kg N/ha additional was termed low fertilization, 115 kg N/ha as
recommended by local agricultural agencies is termed normal fertilization, and 180 kg N/ha
is termed high fertilization), and with the same rice cultivar grown at two contrasting soil
water regimes (comparison of the flooded paddy rice with a rainfed cultivation, both under
condition of 115 kg N/ha additional fertilizer) in the summer monsoon region of Gwangju,
South Korea in 2013. In paddy rice with different nutrient treatments, canopy stratified
structure and leaf inclination angle, light distribution profiles, leaf nitrogen content and leaf

ecophysiological response at different depths in the canopy profile, and canopy reflectance as
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well as yield production were periodically determined or observed. Similar field
measurements together with additional determinations of water fluxes to the atmosphere
(evaporative, transpirational, and evapotranspiration) were periodically conducted in the

rainfed rice field.

The results of the comparison between paddy and rainfed rice showed an essentially identical
correlation between net primary production (NPP, equivalent to plant stand assimilation rate)
and leaf area index (LAI), indicating that seasonal canopy net carbon gain is primarily
regulated by LAI and in a similar manner. More than half of diurnal variations in canopy CO;
gas exchange rates in both rice systems could be explained by changes in the intensity of
incident solar radiation. Besides solar radiation, rainfed rice without standing water was
impacted by higher air temperatures and increased water vapor pressure deficits (VPD) which

inhibited instantaneous carbon gain at solar noon and reduced growing season GPP.

Rainfed rice had lower photosynthetic N use efficiency in sunlit leaves due to a significantly
greater proportion of nitrogen investment into non-photosynthetic components. Lower
efficiency was offset by delayed grain-filling and longer retention of higher canopy leaf N
which facilitated late season carbon gain as compared to senescent paddy rice. However,
increased respiratory carbon loss in rainfed rice as compared to paddy rice reduced the
facilitation effects brought by relatively high carbon gain capacity (gross primary production,
GPP). At flowering and grain—filling, the two cultures had comparable NPP and green
biomass accumulation. Nevertheless, grain yield in rainfed rice decreased by ca. 10% in
rainfed rice, which was ascribed to greater demand for photoproducts to support the root
system along with a high proportion of unfilled spikelets being produced during a prolonged
non-rainfall period. Additionally, during the dry period, leaf stomatal limitations on gas
exchange increased and leaf rolling occurred to an extent that reduced carbon gain capacity.
Intrinsic water use efficiency (WUE;,, assimilation rate against stomatal conductance) of
sampled leaves was constant and similar in the two cropping cultures, but substantially
increased under drying conditions in rainfed rice due to pronounced stomatal closure.
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Photosynthetic sensitivity and water use efficiency were related to hydraulically constrained
stomatal conductance. WUE;,s was closely related to water availability with a large change
occurring at soil matric potential () of ca. -75 kPa and plant hydraulic conductance (k) of 5

mmol m™ s MPa that decreased carbon gain capacity.

A discernible effect of lower yield production in rainfed rice on agronomic water use
efficiency (WUE,g,, ratio of grain yield to evaportranspiration, yield/ET) was not found.
WUE.,, and ecological water use efficiency (WUE.,, growing season GPP divided by ET,
GPP../ET) were significantly higher in rainfed rice primarily due to decline in soil
evaporation (E) versus transpiration (T) at vegetative stage. When ecosystem respiration (Reco)
was subtracted from GPPy,, paddy and rainfed rice had similar net ecosystem water use
efficiency (net ecosystem production divided by ET, NEE/ET). It indicates that the there is a
major contribution of R, to ecosystem water use efficiency, which is an indispensable
consideration for ecosystem carbon balance. High ecosystem water use efficiency was
obtained in rainfed rice at the cost of increased respiratory carbon losses and decline in grain

yield production.

Nitrogen availability in the soil is the other major factor that influences photosynthetic
productivity in rice. In paddy rice across three nutrient treatments, all photosynthesis-related
variables were linearly related to leaf nitrogen content (N,), so that differences in N allocation
were responsible for observed differences in crop carbon gain. Early in the season, tillering
stage leaves in the fertilized treatments had higher photosynthetic rates due to higher leaf N
content, leading to larger amounts of rate-limiting photosynthetic proteins. Thus, fertilized
plots had an early head start and boost in productivity and LAI, resulting in increases in
canopy light absorption. Later during the growth season, differences in leaf N, and
photosynthetic characteristics between treatments were small. Enhanced LAI and light
interception in fertilized plots throughout the growing season was related to greater leaf
number and leaf area per hill and a larger leaf area in the upper canopy (LAUC). Fertilized
treatments had a higher LAUC with high leaf nitrogen concentration and reduced mesophyll
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diffusion limitation, but greater exposure to full sunlight that led to improved nitrogen use

efficiency and efficient carbon gain.

It is clear that high yield production and carbon gain capacity with adequate nutrient addition
and with adequate soil water supply are strongly determined by canopy leaf area development
and to a lesser extent by leaf physiological properties. Thus, promoting an early increase in
canopy leaf area development is a promising strategy to improve production, since greater
canopy light interception significantly contributes to gross carbon gain before light use
efficiency declines. Adoption of lowland rice planting in upland fields in the summer
monsoon region can lead to significant advantages in water-saving, if it is possible to achieve
a decline in soil evaporation. The growing season carbon losses via soil and plant respiration
in rainfed plots are significantly greater than in paddy rice. However, from an ecological
perspective of ecosystem carbon balance and carbon stocks in future climate scenarios which
predict more cloudy/rainy days in the Korean Peninsula, rainfed rice systems may decrease in
terms of their strength as a carbon sink but, nevertheless, offer potentials for additional rice

production.
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Zusammenfassung

Die zukiinftige nachhaltige Reiserzeugung muss im Stande sein einen hochstmoglichen
Ertrag bei minimaler Diingung und geringen Wasserverbrauch zu gewihrleisten. Derzeitige
Anbaumethoden stehen durch den vorschreitenden globalen Klimawandel und der damit
verbundenen Wasserknappheit in den Reis produzierenden Regionen unter Kritik, aber auch
wachsende okologische Bedenken fordern eine verringerte Ausbringung an Diinger, welcher
einen groflen Einfluss auf die Wasserqualitdt und die Freisetzung von Treibhausgasen hat.
Um die groBtmoglichen Ertrdge von schnell wachsenden Kulturpflanzen, bei gleichzeitigem
Schutz der Umwelt zu gewéhrleisten, miissen zuverldssige Grundkenntnisse iiber das
Pflanzenwachstum, wie physiologische Anpassungsfdhigkeiten hinsichtlich der sich
wandelnden Habitatsbedingungen und anthropogenen Eingriffe, wie zum Beispiel die
verwendete Anbaumethode, gewonnen werden. Die Biomassenproduktion bei Pflanzen ist ein
direktes Resultat der Photosynthese, welche im Licht bei gleichzeitigem Verlust von Wasser
durch Evaporation des Bodens und Transpiration des Bestandes stattfindet. Biophysikalische
Mechanismen welche das Wachstum von Reispflanzen beeinflussen und ©Okosystemare
Kohlenstoff- und Wasserfliisse zu bestimmen, sind jedoch immer noch Forschungsgebiete mit
ungelosten Fragen. In dieser Arbeit, werden Okophysiologische Merkmale die im
Zusammenhang mit dem Wachstum der Nutzpflanze Reis unter verschiedenen
Anbaumethoden untersucht und dabei Faktoren fiir eine nachhaltige Kultivierung von Reis

bestimmt.

Es wurden experimentelle Versuche bei Nassreis wihrend einer Wachstumsperiode
durchgefiihrt und die Bestandesstruktur aufgenommen. Der Nassreis wurde unter Zugabe von
0, 115 und 180 kg/ha Stickstoff (N) in drei Diingestufen gruppiert, wobei 0 kgN/ha einer
geringen Diingung, 115 kgN/ha der von den lokalen Landwirtschaftlichen Behorden
empfohlenen Diingung und 180 kgN/ha einer erhohten Diingung entsprachen. Die
verwendete Kultursorte wurde in 2013 zudem unter zwei Bodenwassergehalten in der
Sommermonsun Region Gwangju in Siidkorea angebaut, dabei zum Einen als bewisserten

Nassreis und zum Anderen als von den Niederschligen gewisserten Trockenreis. Im Nassreis
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wurden von allen Diingestufen der geschichtete Aufbau des Bestandes, die Blattausrichtung,
die Lichtverteilungsprofile, der Blattstickstoffgehalt, das okophysiologische Verhalten der
Blitter in verschiedenen Tiefen im Bestandesprofil, die Reflexion des Bestandes sowie die
Biomasseproduktion regelmifig iiberwacht und bestimmt. Gleichartige Feldmessungen mit
zusitzlicher Bestimmung der Wasserabgabe zur Atmosphidre (durch Evaporation,
Transpiration und Evapotranspiration) wurden ebenfalls periodisch im Trockenreisfeld

durchgefiihrt.

Die Resultate des Vergleichs zwischen Nass- und Trockenreis zeigten identische
Korrelationen zwischen der Netto-Primér-Produktion (NPP, entspricht der Assimilationsrate
des Bestandes) und des Blattflichenindex (LAI), welches offenbart das die saisonale
Netto-Kohlenstoff-Aufnahme hauptsédchlich durch die Blattfliche reguliert wurde. Mehr als
die hilfte der Schwankungen des CO,-Gasaustausches im Tagesgang konnten fiir beide
Anbaumethoden durch Anderungen in der Intensitit der einfallenden Lichtstrahlung erklirt
werden. Neben der Strahlung, war der Trockenreis ohne eine permanente Wasserschicht
durch hohere Lufttemperaturen und erhohte Wasserdampfdruckdefizite (VPD), welche
unverziiglich die Kohlenstoffaufnahme um die Mittagszeit verringerten und die saisonale

Bruttoprimérproduktion (GPP) erniedrigte, betroffen.

Trockenreis zeigte eine geringer photosynthetische Stickstoffnutzungseffizienz auf Grund
einer signifikant hoheren Einlagerung an Stickstoff in nicht photosynthetisch aktive
Komponenten. Im Gegensatz zum Nassreis, wurde beim Trockenreis eine erniedrigte
Effizienz durch eine verspitete Kornfiillung und einem verldangerten erhohten Stickstoffgehalt
im gesamten Bestand kompensiert, was vor allem die Kohlenstoffaufnahme zum Ende der
Saison erleichterte. Dennoch war die respiratorische Kohlenstoffabgabe im Trockenreis im
Vergleich zum Nassreis erhoht und minderte dadurch den Vorteil einer relativ hoheren
Kohlenstoffaufnahmekapazitit (GPP). In den Wachstumsperioden Bliite und Kornfiillung,
zeigten beide Anbaumethoden vergleichbare Raten der NPP und des Biomassezuwachses.
Der Ertrag war im Trockenreisfeld jedoch um 10% niedriger, welches durch einen hohen
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Anteil an nicht gefiillten Ahrchen verursacht wurde. Der iiberwiegende Teil der ungefiillten
Ahrchen entstand dabei wihrend einer ausgedehnten Phase ohne Niederschligen. Zusitzlich
wurde wihrend diesem wasserarmen Zeitraum eine Limitierung der Stomatidren- und der
Mesophylldaren- Leitfahigkeit festgestellt und verringerte somit den Blatt-Gaswechsels.
Zudem erfolgte ein Einrollen der Blitter bis hin zu einer Intensitit bis die
Kohlenstoffaufnahmekapazitit verringert wurde. Die momentane Wassernutzungseffizienz
(WUE;,s, Assimilationsrate aufgetragen gegen die stomatire Leitfahigkeit) war konstant und
gleich fiir beide Anbaumethoden, aber erhohte sich merklich bei zunehmender Austrocknung
im Trockenreis, dies wurde verursacht durch ein schlieBen der Stomata. Die Empfindlichkeit
der Photosynthese und die Wassernutzungseffizienz waren abhingig von der hydraulisch
beschrinkten Stomatdren—Leitfdhigkeit. WUE;,, war sehr eng verbunden mit der
Wasserverfiigbarkeit und die groften  Verdnderungen  geschahen ab  einem
Bodenmatrixpotential (y;) von ca. 75 kPa und einer hydraulischen Leitfahigkeit der Pflanze
(k) von 5 mmol m? s' MPa' und fiihrten so zu einer verringerten

Kohlenstoffaufnahmekapazitit.

Eine erkennbare Auswirkung des erniedrigten Betrags im Trockenreis auf der agronomischen
Wassernutzungseffizienz (WUE,g,, Verhilnis von Ertrag zur Evapotranspiration, Ertrag/ET)
wurde nicht gefunden. WUE,,, und die Okologische Wassernutzungseffizienz (WUEc,
saisonaler GPP dividiert durch Evapotranspiration, GPP./ET) war signifikant hoher im
Trockenreis und wurde durch eine verringerte Bodenevaporation im Verhéltnis zur
Transpiration (T) verursacht. Die Okosystemrespiration (Reco) wurde von GPPyy, subtrahiert
und zeigte dann fiir den Nass- und Trockenreis eine gleiche Netto- Wassernutzungseffizienz
des Okosystems (Netto-Okosystem-Produktion dividiert durch ET, NEE/ET). Dies weist auf
einen bedeutenden Beitrag der Re., zur Wassernutzungseffizienz des Okosystems hin und
muss daher unabdingbar beim Okosystem Kohlenstoff Kreislauf beriicksichtigt werden. Eine
hohe Wassernutzungseffizienz wird dabei beim Trockenreis auf Kosten erhohter

respiratorischer Kohlenstoffverluste und einer Verringerung des Ertrags erzielt.
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Die Nihrstoffverfiigbarkeit Im Boden ist ein weiterer wichtiger Faktor welcher die
Photosynthetische Leistung in Reis beeinflusst. Fiir Nassreis wurde in allen drei Diingestufen
eine lineare = Abhidngigkeit der photosynthetisch relevanten  Variablen zum
Blattstickstoffgehalt (N,) festgestellt, somit war die N-Verlagerung im Bestand
verantwortlich fiir die festgestellten Unterschiede in der Kohlenstoffaufnahme. Am Anfang
der Saison, hatten die Ausldufer bei den gediingten Behandlungen hohere Photosynthese
Raten auf Grund von hoheren Blattstickstoffgehalten, dies wurde verursacht durch eine
erhohte Mengen an geschwindigkeitsbestimmenden Proteinen. Somit hatten die gediingten
Fliachen einen Vorsprung in der Entwicklung und eine verstirkte Produktivitit als auch LAI,
was folglich in einer erhohte Lichtabsorption des Bestandes resultierte. Spéter in der Saison,
waren die Unterschiede in N, und den photosynthetischen Eigenschaften geringer. Ein
erhohter LAI und gesteigerte Lichtaufnahme der gediingten Flichen wihrend der gesamten
Saison waren durch die groBere Anzahl an Blittern, der gesteigerten Blattfliche pro
Reisbiindel und einer groferen Blattfliche im oberen Bereich des Bestandes (LAUC)
verursacht. Die gediingten Flichen hatten einen hoheren LAUC mit einer erhohten
Blattstickstoffkonzentration und einer verringerten Limitierung der  mesophyllidren
Diffusion, jedoch fiihrte eine exponierte Lage der Blitter zum Sonnenlicht zu einer

verbesserten Stickstoffnutzungseffizienz und erhohten Kohlenstoffaufnahme.

Man kann  schlussfolgern das ein  erhohter Ertrag und eine  erhohte
Kohlenstoffaufnahmekapazitit bei angemessener Néihrstoffzugabe und hinreichender
Bodenwasserversorgung hauptséachlich durch die Blattflichenentwicklung des Bestandes und
zu einem kleineren Teil den Blattphysiologischen Eigenschaften zugeschrieben werden kann.
Diese Untersuchung verdeutlicht daher, dass eine friihzeitige Entwicklung der Blattfliche
eine vielversprechende Moglichkeit ist, die Produktivitit zu erhohen, da eine erhohte
Lichtnutzungseffizienz signifikant zur Brutto—Kohlenstoff—-Aufnahme beitragt bis die
Lichtnutzungseffizienz am Ende vom Saison wieder sinkt. Die Anpflanzung von Nassreis auf
Trockenfeldern wihrend des Sommers in Monsunregionen kann zu signifikanten Vorteilen
fiihren und somit Wasser sparen, wenn die Mdglichkeit besteht die Bodenevaporation zu
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senken. Zudem sind die Kohlenstoffverluste durch Boden— und Pflanzenrespiration wéahrend
der Wachstumsperiode im Trockenreis signifikant hoher als im Nassreis. Wenn man von
einem Okologischen Standpunkt den Kohlenstofftkreislauf und die Kohlenstoffbestinde
betrachtet, wobei zukiinftige Klimaszenarios mehr bewolkte und regnerische Tage auf der
koreanischen Halbinsel voraus sagen, konnten die Trockenreisfelder ihre Fahigkeit der
Kohlenstoffaufnahme verringern, bieten aber dennoch das Potential fiir eine zusétzliche

Reisproduktion.
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Chapter 1

1. Synopsis

1.1. Introduction

1.1.1. Habitat factors influencing rice production and water use: Background for the

research

Rice production is carried out in more than 114 countries with large variations in climate
conditions, and it is the foremost cereal crop with respect to agricultural yield from a global
perspective (FAO, 2013). There are more than 100 million ha under rice cultivation, with
89% distributed in Asia. About 45% of the planted rice area is rainfed, of which 25% is never
flooded (upland) (Hijmans and Serraj, 2008). After the beginning of the green revolution, rice
production on average has increased markedly by up to 140%, whereas, large variations exist
among farming regions (Mohanty et al., 2013). Although the total rice production in recent
years has continued to increase, the utilization level has increased in parallel with yield.
Global rice consumption is projected to rise from 439 million tons (milled rice) in 2010 to
496 million tons in 2020 and to increase further to ca. 555 million tons in 2035 (Seck et al.,
2012). To keep pace with population growth, an annual yield increment of 1.2-1.5% will be
needed as compared to the current rate of increase of less than 1% (Mohanty et al., 2013).
Rice production systems are vulnerable to changes in biotic and abiotic factors, of which
nutrient deficiency, high temperature, drought, salinity and diseases individually or
interactively threaten the staple food supply in many countries. Undoubtedly, sustainable rice
production is important to world food security. Maintaining or even gaining higher yields per
unit area requires not only innovative breeding of new cultivars but also attention to the
details of effective and reasonable field management of fertilization, irrigation, and pest,

disease, and weed control (Tilman et al., 2002).

Long-term variations in rice production occur due to the inherent characteristics of crop
growth and development (which are tightly related to canopy carbon gain capacity and

carbon allocation pattern) and because of the disturbances of extreme weather events and due

1
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to human intervention (Alberto et al., 2012; Fageria and Baligar, 1999; Gimenez et al., 1994;
Sinclair, 1991; Tuong and Bouman, 2003). Rice as a domesticated annual crop has evolved
over a long history with more than 40,000 varieties of cultivated rice (the grass species Oryza
sativa) believed to exist worldwide (www.riceassociation.org.uk). Most varieties exhibit
non-uniform growth due to internal genetic controls and differentiation in response to climate
conditions, whereas the completion of the rice life cycle from planting to harvest in
agronomically promoted cultivars usually takes 100 to 140 days (Kohl, 2015; Tuong and
Bouman, 2003; Yoshida, 1981). During this brief period for growth, dynamic changes occur
in ecosystem carbon and water fluxes, cover extent, canopy structure and physiology as the
crop shifts from one growth stage to the next (Campbell et al., 2001a, b; Gimenez et al., 1994;
Lindner et al., 2015; Yoshida, 1981). For example, the vegetative phase begins with a large
area of fields having a bare land surface, while flowering and grain-filling stages occur with
dense coverage and large time dependent changes in leaf area index (Figure 1.1). Practical
management as well as climate that modify nutrient and water availability will influence the
phenology shown. In a landscape context, such changes in growth over the season, as well as
crop selection and distribution in agricultural catchments and field management activities,
determine regional controls on carbon and water balance as well as biogeochemical processes
(Bhattacharyya et al., 2013b; Kwon et al., 2010; Lee, 2014; Lindner et al., 2015). With
respect to field practical management that can achieve higher yields, the ability to modify and
control soil nutrient and water availability are viewed as most promising for the future (FAO,

2014).
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Figure 1.1 Life history of the*“120-day”’Unkwang rice cultivar planted in the monsoon region
near Gwangju, South Korea in 2013 and studied in this research under a transplantion puddle
cultivation system. Plants during the reproductive stage continuously extend height and
develop new leaves at new nodes. Hence, this stage is also referred to as the internode
elongation stage (Yoshida, 1981).

The rice crop non-selectively utilizes nitrogen from mineralization and fertilizer applications
(Koyama and Niamsrichand, 1973). After mineralized soil nitrogen is exhausted, the amount
of added fertilizer nitrogen determines crop development and growth. With depletion of
mineralized soil nitrogen, more fertilizer nitrogen leads to more nitrogen utilization by plants,
at least up to a moderately high level, to greater biomass accumulation (Bandaogo et al., 2015;
Gimenez et al., 1994; Janssen and Metzger, 1928; Koyama and Niamsrichand, 1973) and to
increased grain yield (Dong et al., 2015; Ju et al., 2015; Koyama et al., 1972; Wyche, 1947,
Amano et al., 1993). Intensive fertilizer use in agriculture in order to gain greater benefits and
meet the needs of a continuously increasing population, especially in developing countries, is
a global trend. The amount of nitrogen fertilizer used in 1977 versus 2005 increased rapidly
from 7.07 to 26.21 million tons in China (Ju et al., 2009). Intensive land use with high levels
of fertilization is also a common practice in mountainous landscapes in South Korea

(Kettering et al., 2012). However, high fertilizer application rates that exceed plant
3
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requirements do not necessarily result in higher crop yield (Katsura et al., 2007; Yang et al.,
2015) but may adversely result in environmental problems, such as decreased quality of fresh
water and enhanced trace gas emissions, e.g., ammonia (NH3) volatilization and nitrous oxide
(N,O) (Fillery et al., 1986; Nishimura et al., 2008; Reddy et al., 1984; Tian et al., 2012). In
order to quantitatively analyze the effects of different levels of fertilization on rice production,
field investigations examining characteristics of canopy structure and photosynthetic
physiology that affect carbon assimilation at leaf and whole plant level are, therefore,

required.

Increasing water scarcity due to climate change currently threatens the sustainability and
productivity of traditional flooded rice culture systems (Tuong and Bouman, 2003), and may
lead to a shift from flooded rice to rainfed cultivation (IRRI, 2002). Rainfed rice production
systems can improve total water use efficiency by as much as 70% as compared to paddy rice
(Tao et al., 2015). Average total water input for rainfed rice fields over the growing season
has been reported to be 43 to 65% lower as compared to total water consumption for typical
puddle transplanted rice (Alberto et al., 2013; Nie et al., 2012). Rice seed directly sown in
upland fields with limited irrigation or no artificial water supply has emerged as a viable
alternative for coping with excess labor costs and to avoid high water input (Hijmans and
Serraj, 2008). Nevertheless, success has been limited in increasing productivity in rainfed rice
(Nie et al., 2012). Rice yields in these ecosystems remain low at 1.0 to 2.5 t ha‘l, and tend to
vary due to erratic and unpredictable rainfall, even though there has been a constant release of
new breeding lines with traits for drought-resistance and high water use efficiency, and for
reduced plant mortality under water stress (Serraj et al., 2008). Among all abiotic factors,
drought is the major constraint limiting sustainable productivity for rice in Asia and
sub-Saharan Africa. At least 23 million hectares (20% of the rice planting area) are
potentially impacted alone in Asia (Pandey and Bhandari, 2008). Frequent and serious
droughts can directly cause enormous economic losses and can destabilize social
development in resource-poor regions where drought impacts are not alleviated by other aid

efforts. Even without dry spells occurring over the growth season, rice is still vulnerable to
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aerobic soil conditions (Kato and Okami, 2011; Okami et al., 2013). Thus, it is necessary to
better understand temporal interactions and acclimation within the context of rice crop
growth, especially in response to varying soil water content and the occurrence of

non-rainfall periods.

Crop establishment and survival as well as achievement of high yield production with less
water used in rainfed cultivation requires that water use efficiency (WUE) of plants should be
improved (FAO, 2014). WUE may be defined as the amount of photosynthetic productivity
per unit of water used. This term can be applied at different levels (crop, plant, canopy or leaf
level) and at very different time scales, from months to minutes (Morison et al., 2008). Leaf
intrinsic water use efficiency is the ratio of net carbon uptake to stomatal conductance
(Fischer and Turner, 1978), and it is a factor of major importance in determining community
productivity. WUE; has mostly been used to characterize genetic effects and in selection of
high-yielding varieties in crop breeding projects (Condon et al., 2004; Poni et al., 2009;
Topbjerg et al., 2014) which often feature regulated deficit irrigation (Alberto et al., 2013;
Bouman et al., 2005; Yang et al., 2002). Alternative concepts for water use efficiency in
agronomic studies consider the ratio of yield to evapotranspiration (ET) or in recent
ecosystem studies the ratio of gross primary production (GPP) to ET. Increasingly, studies
have focused on evaluation of either yield/ET or GPP/ET in various systems (Adekoya et al.,
2014; Hu et al., 2009; Huang et al., 2010; Suyker and Verma, 2008; Suzuki et al., 2014),
although very few studies have compared rainfed and flooded rice (Alberto et al., 2013).

Comparative studies using the same rice cultivar are lacking.

1.1.2. Effects of habitat factors on rice production: a meta-analysis

As briefly stated above, individual field experiments in paddy and rainfed rice systems
reported large variations in yield production. To gain an overview on the relative importance
of different habitat factors for rice photosynthetic productivity, and to determine whether
general correlations currently allow us to interpret fluctuations in carbon gain capacity, a

meta-analysis of published investigations was conducted, compiling information on field

5



Chapter 1 - Synopsis

management practices (fertilizer application rate and timing, and/or field irrigation), growth
season duration (denoted as the time period from commencement of seed sowing or
transplantation to grain harvest — GD), canopy development (maximum leaf area index —
LAI), climate factors over the growth season (daily average solar radiation — SR, average
vapor pressure deficit — VPD, and daily mean air temperature — T,;), and measures of
photosynthetic productivity (GPPiy. and GPPp,x). The resulting information is presented in
Table 1.1, and selected variables are plotted in Figure 1.1 in order to examine correlations

between growth duration and climate factors with carbon gain (GPPiu,)).

Recent studies aimed at selection of high-yielding cultivars have proposed that growth
duration in rice genotypes is a critical factor influencing carbon gain potential and yield
production when soil N supply is adequate (De Datta and Broadbent, 1988; Ju et al., 2015;
Singh et al., 1998; Zhang et al., 2009). Accordingly, greater production should occur in
medium-duration (ca. 119 days after seeding) genotypes and long-duration (ca. 130 days after
seeding) ones. As expected, one does find a positive correlation between GPPy, and growth
duration (GD) in flooded rice systems, with rapid increase in GPPy, from 750 g m to 1250
g m? at long-duration genotypes (R? = 0.21; p < 0.001; Figure 1.2a). Extended presence of an
active canopy continuously increases the amount of radiation intercepted and utilized,
ensuring higher total GPP. While, there is an extremely large scatter in the GPPiyu—GD
correlation, it can be understood as occurring due to large genetic variation in the planted
material and due to climatic differences and nutrient availability. For example, new hybrid
rice genotypes are now produced which mature with only 100 days of growth but exhibit the
highest grain yield (Tuong and Bouman, 2003; Ko6hl, 2015). In contrast to the flooded rice
system, a negative correlation between total carbon gain and growth duration occurs with
rainfed rice in the tabulated studies, meaning that extended growth may not be able to
increase carbon gain. The lack of a discernable positive influence of growth duration on
carbon gain in rainfed rice may be due to reduced photosynthetic productivity as a result of

the occurrence of water stress periods.
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The evaluation shown in Figure 1.2b indicates a weakly negative correlation between daily
mean air temperature and GPPyy, in paddy (R2 = 0.23; p < 0.001) and rainfed rice systems
(R? = 0.36; p < 0.001) (Figure 1.2b). In general, high production is observed at moderate
average T, of 20°C but production decreases at ca. 27°C. No correlation between GPPyoy
and VPD was found with either paddy or rainfed rice systems (Figure 1.2c). The absence of
ponded water in rainfed fields will cause microclimate deviations from those at paddy fields.
Resulting higher air temperature and VPD in rainfed systems may be expected to impact
photosynthetic activity (Xue et al., 2012) and constrain assimilation rate (Otieno et al., 2012),

particularly via decreases in bulk stomatal conductance (Medlyn et al., 2002).

A clear positive correlation between mean daily solar radiation (SR) and GPPyy, across
various genotypes and research sites was found for paddy rice systems as shown by a high
regression coefficient (R* = 0.69; p < 0.001; Figure 1.2d). The strong correlation found for
paddy rice was not apparent for rainfed rice systems, although few studies were available.
Short-time changes of CO, uptake rate are driven by incident light intensity and air
temperature (Bhattacharyya et al., 2013b; Miyata et al., 2000; Zhao et al., 2011). Aside from
canopy structure which determines the seasonal course of GPP (Alberto et al., 2012;
Campbell et al., 2001b; Lindner et al., 2015), fluctuations in daily incident PAR are suggested
by this analysis to be an important factor controlling carbon uptake in paddy rice ecosystems
and may determine whether carbon balance shifts between carbon sink and source.
Surprisingly, although rainfed rice systems received lower average solar radiation in these
studies, relatively high daily mean air temperature and VPD were evident. Based on this
limited dataset, we can speculate that growing season GPP in rainfed rice system is to a larger
extent affected by air temperature. Obviously, daily radiation is also one of the important

factors driving diurnal GPP in rainfed cultures as highlighted by most of the literature.

Recommended application rates for nitrogen fertilization differ with specific soils and
seasonal timing (potential phenological development) in paddy and rainfed rice grown at

different sites by as much as a factor of 2 (from 68 to 115 kg N ha™'; Table 1.1). Relatively
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high nitrogen application or split applications seems to have little effect on plant development
and growth (Fageria and Baligar, 1999; Rao et al., 1985). As highlighted above, the
proportion of applied nitrogen used by plants for growth may only account for ca. 35%
(Buresh et al., 1988; Fillery et al., 1986), most of the fertilizer being lost via ammonium
volatilization and surface runoff. Indigenous soil N supply (Cui et al., 2008) and increasing
annual N inputs via atmosphere deposition and irrigation water in north and south—east China
contribute up to 89 kg N ha (Ju et al., 2009). Since all of these aspects of the N cycle are not
documented in the studies in Table 1.1, it is not surprising that no relationship could be

documented between photosynthetic productivity and observed N applications.

The meta-analysis implies that solar radiation plays the most important role in regulation of
total gross primary production in both paddy and rainfed rice systems. Increasing average
daily air temperature could exacerbate reductions in photosynthetic productivity in rice
systems. Daily fluctuation of air temperature influence growing season carbon gain to a
similar extent as does solar radiation. These factors should be considered simultaneously
when attempting to assess the impact of climate change on rice photosynthetic productivity in
both paddy and rainfed rice systems. Large error bars indicated in Figure 1.2 highlight the
large changes in production that occur between research sites and climate regimes.
Nevertheless, these studies do provide guidance, indicating that very integrated site- and
cultivar-specific research should be implemented at field level to gain new insight on how
seasonal change in climate factors affects rice growth and especially how this differs in paddy
versus rainfed rice. The research in this thesis is aimed at providing such new insight, which
will be helpful in considering potential consequences of climate change on rice production
systems. The ecophysiological basis for response to climate variation and to changing the

substrate from paddy to rainfed cultivation still requires clarification.
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Figure 1.2 Correlation between growing season total gross primary production (GPPy,,) and
growth duration (GD) (a), and mean daily air temperature (T, (b), and mean daily vapor
pressure deficiency (VPD) (c), and mean daily solar radiation (SR) in paddy and rainfed rice
systems. Error bars indicate standard deviation. Data achieve was listed in Table 1.1.
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Table 1.1 Comparison of growth duration (DG), maximum leaf area index (LAly,), maximum daily gross primary production (GPPp.y),
maximum daily integrated GPP (GPPjy,), total growing season GPP (GPPy,), mean daily solar radiation (Ave. SR), mean daily vapor pressure
deficiency (Ave. VPD), and mean daily air temperature (Ave. T,;;) over the growth season in different climate regimes and two planting cultures,
flooded and rainfed rice in subspecies Japonica and Indica.
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Eeman:
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ming)
lowland 136 5.7 18.50 ~ 1294  2356=4.16 0552023  22.41£195 2007
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(2014) (Japonica) pam 146 6.1 18.04 - 1157 2261386 031032  21.89=2.86 2008
) - 2000
- 130 6.8 15.2 ~ 1141 2149278 ~ 16.98=4.1
Haahetal  poooicos Cwe lams 65k as basl
(2012} (Taponi : NH, ha' 3 7 5 5 0 3+ 2 + 2010
ponica) USA 135 7.1 15.1 - 1305 20.3+80 - 20.08+3.6
as basal
. lowland Griffith
W
?ﬁ;fi;l Flooded field rice NWS, - 150 - 182 - 1514  23.0475 - 205547 2010-2011
T {(Japomica)  Australian
Huaihe - - - - -
97 ~ - ~ 987  15.93=5.64 ~ 25.44 2008
Chen et al. Flooded field Eiver 135kgN
3 i -1
(2015) Ea?m ha 108 ~ - - 966  16.32+6.28 - 2503 2000
lowland Twatchell s
KIE?E‘I‘?}EI' Flooded field rice Island. .\111314 }ll‘fl 150 41 12.95 — 1024  23.79=6.54 — 10.00=2 46 2012
T (Japonica) UsA N
- lowland Girnje, h
Mmnetal g ded field rice South 10kgN 5y _ 125 ~ 7103 1058226 051024  22.1=361 2012
(2013) (Japonica) Eorea ha
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Takimete tal o ed field fice Tamano, - 125 42 954 - 727 15.55£7.08 - 244844 72 2008
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Foodedfield 1 14 Guangu, 15 T 120 46 1504  26.02 832 15.5526.44 - - 2013
This rezearch rce South f]a'% B as basaland
Rainfed field (Japomca)  Korea 120 3.8 1432 2472 779 —~ 0.89£036 252231 tillering

! Growth duration of rainfed rice was accounted from date of seedling emergence to harvest

Three split doses of 100 kg N ha™" (40-30-30) in the dry season and 80 kg N ha™' (25-30-25) in the wet season were applied at 10, 25 and 45
days after sowing (DAS) of the aerobic rice plants

? The mean highest and lowest temperatures were 30.3, 23.8°C and 32.7, 23.1°C, respectively during wet season 2012 and dry season 2012-2013
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1.1.3. Thesis concept

During the course of evolution, plants have developed sophisticated mechanisms allowing
adaptation to their habitats, and they exhibit plasticity in their capacity to respond to the
information they sense about the environment (Araus et al., 2008). Clarifying internal plant
regulation affecting the performance and acclimation at different scales under specific climate
conditions and in a shift with respect to soil water content is helpful in order to understand
the effects of those shifts on ecosystem function and productivity. Nutrient stimulation,
uncertainties with respect to climate change, and the need to extend rice production into new
geographical regions emphasize the need to better understand in detail such eco-physiological
response mechanisms, especially as related to field management and the transfer of rice
genotypes from wetland to dryland growth conditions. Shifts in the “behavior” of rice, e.g.,
shifts in ecosystem function in terms of carbon and water fluxes that determine rice crop
development and yields (Campbell et al., 2001b; Lindner et al., 2015; McMillan et al., 2007),

must be viewed as a high research priority.

Questions exist as to how ecophysiological characteristics vary and limit biomass production
and photosynthetic productivity. Considering those traits which are the most important in
determination of crop development, we must determine whether or not they have a similar
regulatory effect among rice cultivars grown under different field management practices, and
how they could be linked to optimize carbon gain and reduce water use at field and landscape
scales. In the first orientative study of this thesis, basic canopy level CO, gas exchange was
observed in puddle transplanted versus direct-seeded rainfed rice over the course of the
growth season in Gwanju, Korea, using the same cultivar or genotype in order to observe
shifts in major flux process regulation (Chapter 2 ). In an extension of this study, I have then
attempted to disentangle the multiple ecophysiological factors responsible for observed
seasonal variations in carbon gain, water use and yield in Unkwang rice cultivated under
these two extremely different situations with respect to water availability (Chapter 3). As
discussed above, not only the yield potential of rice is an important concern when planning

for the future, but also water use related to yield and ecosystem carbon sequestration are
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critical concerns for the sustainable development of rice agriculture. These have been
evaluated via the simultaneous application of several innovative methodologies (Chapter 4).
Finally, in order to gain new insight with respect to the balance that can be achieved between
nutrient addition for higher production versus optimal environmental efficiency, a fourth
study (Chapter 5) analyzes the detailed influence of variable fertilizer additions on canopy
structure, light interception, light conversion, resource distribution, leaf physiology and CO,
diffusion conductance for classical puddle transplanted rice. The following four sections
(1.1.4.1 through 1.1.4.4) elaborate the state of knowledge upon which each study and its later
interpretation have been based, and within this context, the objectives and hypotheses for

each study are presented.

1.1.4. Research objectives and hypotheses

1.1.4.1. Seasonal variations in carbon gain and yield in paddy versus rainfed rice

Biomass accumulation relates to canopy photosynthesis occurring during daytime and
concurrent plant respiratory processes which consume photosynthetic products in
maintenance and growth. In principle, increments in canopy assimilation rates that occur with
development have a positive feedback, further increasing the amount of carbohydrates
available for growth, and resulting in higher biomass production and subsequent yield
(Monteith and Moss, 1977; Sheehy and Mitchell, 2013; Sinclair, 1991; Sinclair and Horie,
1989). When considering the shift of Unkwang rice from a paddy environment to rainfed
cultivation, however, new demands on the production and use of available carbohydrates may
be expected for several reasons. First, cropping methods seeding versus transplanting will
modify the early stages of carbon gain and canopy development. Additionally, carbohydrate

demand for development of the root system may be expected to increase.

Lowland rice planted in upland fields, on the other hand, has been shown to be capable of
higher or comparable aboveground biomass production as compared to flooded systems in
years with ample rainfall during the rice growing season (Katsura et al., 2010). Apparently

this results due to high levels of N fertilization, which allows high leaf area index (LAI) and
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enhanced radiation use (Kato et al., 2006; Okami et al., 2013). Leaves with higher nitrogen
content can enhance photosynthesis rate and light use efficiency may be promoted (Niinemets
and Tenhunen, 1997). A hyperbolic relationship between leaf nitrogen content and the rate of
biomass accumulation, and with light use efficiency have been reported for cereal crops,
including paddy rice (Alberto et al., 2009; Campbell et al., 2001b; Sinclair and Horie, 1989).
Interestingly, nitrogen uptake in lowland flooded rice differed from the same rice cultivar
planted in upland fields (Kato and Katsura, 2014; Katsura et al., 2010), which could
potentially lead to a shift in canopy carbon gain capacity and biomass production over the
growth season. These comparisons of canopy and ecosystem gas exchange have been
conducted with paddy and rainfed rice, but especially focusing on lowland versus
upland-adapted cultivars (Alberto et al., 2012, 2011, 2009) and without analyzing the details

of canopy physiology. Studies from the temperate monsoon region have rarely been reported.

Framework for study 1: Canopy scale CO; exchange and productivity of transplanted paddy
and direct seeded rainfed rice in South Korea

The first study included in this thesis compares canopy level gas exchange in paddy and
rainfed rice planted in the temperate monsoon region in Gwangju, South Korea. The study
provides an orientation for a single genotype with respect to the seasonal course (trend,
strength, and frequency of variation) of carbon uptake capacity at important agronomic
growth stages, i.e., during active tillering, elongation, panicle heading and grain-filling.
Phenological development in rapid growing crops affects dry matter allocation among organs,
eventually controlling seasonality of assimilatory capacity (Yoshida, 1981). Focusing on
these important phenological stages, a comparison of canopy structure and functional traits
between flooded and rainfed rice growing in a tropical region revealed influences due to land
use change from flooded to rainfed cultivation conditions (Alberto et al., 2009). The only
resource for re-charge of rainfed rice water supply is from precipitation. Persistent occurrence
of water loss due to strong evaporative demands on sunny and clear days could trigger soil
water content to decline close to the threshold level at which decreases in photosynthesis

function occur. However, the past 30 years’ records of monthly rainfall in Gwangju conform
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to typical characteristics of the East Asian monsoon climate where more than half (up to 70%)
of total annual rainfall is distributed in summer season between June and September
(http://climatebase.ru/station/47156/?lang=en) when growth and development of rainfed rice

OocCcurs.

Under global warming scenarios, the precipitation during the East Asian monsoon is expected
to intensify and the duration of monsoon season should be extended in the Korean Peninsula
(Yun et al., 2008). Changes in precipitation pattern will likely strengthen fluctuations of daily
solar radiation, which could further alter the feedback in carbon exchange between rice
agriculture systems and the atmosphere. During periods when the soil water store is
frequently re-filled by intensive rainfall, short-term soil water depletion may not inhibit
canopy carbon fixation in rainfed rice (Alberto et al., 2012, 2009). Under such conditions,
relatively high yield production occurs in China, Philippines, and Japan (Nie et al., 2012;
Okami et al., 2013). Thus, we initially hypothesize that rainfed rice in South Korea may
exhibit comparable carbon gain capacity and biomass production to that observed with paddy
rice. In this case, the diurnal course and seasonal development of carbon gain capacity will be
primarily influenced by meteorological factors and internal growth mechanisms. Canopy CO;
gas exchange, canopy leaf area development via destructive harvest method, and
aboveground dry matter production and yield were measured in Unkwang rice cultivar grown
under both rainfed and conventional paddy production systems to examine the following

initial hypotheses:

1) Unkwang rice grown under rainfed conditions maintains similar rates of CO, uptake and
light use efficiency to that observed under a paddy cultivation system, and

2) Growth of Unkwang rice under rainfed conditions does not alter C allocation patterns in
comparison to the paddy condition. Under such circumstances we anticipate similarities in

crop development and yield between rainfed and paddy rice.
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1.1.4.2. Ecophysiological response and acclimation in rice with differing soil water

availability

Although study 1 hypothesizes that the performance of Unkwang rice planted under paddy
and rainfed cultivation is essentially the same, since frequent rain occurs during the monsoon
in summer, two unpredictable and relatively long periods without precipitation occurred
during our field campaign. Due to the overall sampling design, chamber data analyzed in
study 1 could not provide much information on canopy gas exchange regulation during these
periods. However, parallel ecophysiological studies at leaf level were conducted in which the
temporal resolution was adequate to support a more detailed examination of changes in
carbon uptake and structuring of the rice plant canopy during periods with dry upper soil
layers. This perspective is presented in the second study of the thesis. It provides an
important view on adjustments that can occur in carbon and nitrogen allocation as they

influence plant canopy function in carbon gain and water use.

The average yield production in rainfed systems in Asian countries has been reported to vary
between 2,000 and 2,500 kg ha™', far below the achievable yield potential during “normal
precipitation” years (Hijmans and Serraj, 2008). Impacts of soil water shortage on crop
production depend largely on the timing, duration and severity of drought. Production losses
due to dry periods of milder intensity, although not alarming, can still be substantial. Despite
irrigation management to ensure adequate soil water availability, a number of studies report
that yield was far below the expected (Bouman et al., 2005; Westcott and Vines, 1986). Dry
spells of relatively short duration can cause significant declines in photosynthetic productivity,

especially if they occur during the flowering and grain-filling stages (Araus et al., 2008).

Allocation of nitrogen as well as carbon is important as plants adjust to modifications in the
soil environment. It is well known that more than half of soluble proteins in leaves are
involved in the photosynthetic apparatus, such as in light harvesting complex proteins and
electron transport chains in photosystem I and II, and Rubisco and associated enzymes of the

dark reaction. Above- and belowground environmental conditions substantially influence
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patterns in nitrogen allocation to the components of the photosynthetic apparatus, and
regulate acclimation in photosynthetic performance (Niinemets, 2007; Niinemets and
Valladares, 2004). Nitrogen use efficiency tightly correlates with photosynthetic productivity
(Hirel et al., 2001; Ju et al., 2015; Ladha et al., 1998; Sinclair and Horie, 1989), and is one of
important factors influencing plant survival and establishment (Feng, 2008; Niinemets, 2007).
Nitrogen supplied in early growth probably stimulates an initial boost in carbon gain which
subsequently influences total leaf area throughout the growth season (Sinclair and Horie,
1989), and causally affects seasonal canopy carbon gain capacity (Campbell et al., 2001a;
Lindner et al., 2015). Decline of biomass production in rainfed rice has been partially
attributed to weak canopy LAI development in the early growth stage (Okami et al., 2013).
Additionally, the occurrence of intermittent dry periods inhibit leaf area expansion (Wopereis

et al., 1996).

Relatively high transpiration rates at midday in rainfed rice have been reported (Bouman et
al., 2005; Tanguilig et al., 1987; Yoshida, 1981). Therefore, limited soil water content
periodically occurs in the top soil layer (0-20 cm) with rainfed rice, where soil water
evaporates and is used in transpiration. More than half of the total root mass was found in this
soil layer for several rice cultivars (Naklang et al., 1996), and under some climate regimes
soil drying and stomatal closure during daytime have been reported to constrain
photosynthetic activity. Rainfed rice must confront the dilemma of supplying adequate water
to the canopy to support photosynthesis, which requires greater investment in roots to access
deeper soil layers (Araus et al., 2008; Naklang et al., 1996). Despite the presence of deep
roots accessing wet soil layers, decline in photosynthetic carbon gain and stomatal
conductance may occur when plant xylem hydraulic conductance decreases to a threshold
level (Bouman, 2001; Davatgar et al., 2009; Stiller et al., 2003). In conclusion, the differences
in crop yield between paddy and rainfed rice that may occur are due to multiple causes, such
as delayed establishment (Rang et al., 2011), reductions in photosynthetic productivity during
dry periods, altered carbon allocation among plant organs (Niinemets, 2007), and their

interactive influences.
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Framework for study 2: Differentiation in paddy versus rainfed rice in factors influencing
carbon gain, water use and grain yield under monsoon climate in South Korea

The second study in this thesis is an extension of the previous study (study 1) carried out in
order to determine ecophysiological factors regulating seasonal and daily carbon gain and
water use in flooded versus rainfed fields. Effects of soil water fluctuations on the
instantaneous dynamics of canopy carbon fluxes from sunrise to sunset with high time
resolution can not be captured with the canopy chamber methodologies applied in study 1.
Intensive measurements of gas exchange at leaf level during important agronomic stages and
during periods of soil drying were implemented, parallel with recording of soil water content
and microclimate in both paddy and rainfed sites. Leaf water potential, as an index to
examine potential drought impacts and recovery of plants after exposure to low soil water
content (Jongdee et al., 2002), was determined at pre-dawn and over daily courses. The

following hypotheses which are similar to those in study 1 were evaluated:

1) Rice crops growing under rainfed versus irrigated conditions in the monsoon climate
region of South Korea develop similarly with respect to canopy structure and nitrogen use, as
well as carbon gain and water use efficiencies at leaf level.

2) For the same genotype, leaf gas exchange regulation is unaffected by a change from paddy
to rainfed field cultivation.

3) Similar nitrogen use, carbon gain and water use over the growth season under climate
conditions in South Korea result because root systems and soil water storage are adequate to

allow full daily recovery by rice plants during extended periods without rain.

1.1.4.3. Agronomic and ecological water use efficiency in paddy and rainfed rice

As an indispensable part of the overall goal set by this thesis, water flux research in study 3
helps to develop a new vision at crop level regarding the balances and trade-offs that occur in
water use and carbon gain between paddy and rainfed rice cultivation systems. As has been

discussed, not only the yield production per hectare is an important future concern but also
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water use efficiency of grain yield is an important question in rainfed rice production. An
increasing number of field studies to evaluate agronomic water use (defined as ratio of grain
yield to growing season total evaportranspiration, yield/ET) and ecological water use (GPP
integrated over some time to ET accumulated during the same period, GPP/ET) have been
carried out (Alberto et al., 2009; Bouman et al., 2005; Nishimura et al., 2008; Westcott and
Vines, 1986). Seasonal and interannual variations in water use between flooded and rainfed
rice systems and internal regulation mechanisms are a critical concern in order to maintain

staple food supplies in many countries.

Transforming rice cultivation from the flooded paddy to rainfed model modifies microclimate
conditions (Alberto et al., 2009; Stuerz et al., 2014) resulting in higher air temperature and
VPD in rainfed fields and a larger proportion of energy partitioned to sensible heat flux
(Alberto et al., 2011). These changes affect momentary photosynthetic activity and stomatal
conductance as well as the transpiration rate (Alberto et al., 2012; Miyata et al., 2000), and
also shift correlations among seasonal energy, carbon and water balances (Alberto et al., 2009;
Bouman et al., 2005; Nishimura et al., 2008). Comparisons of agronomic water use efficiency
between conventional flooding and water-saving dryland rice systems suggest that WUE of
rainfed rice is higher (Alberto et al., 2009; Bouman et al., 2005) but at the expense of

compromised yield production (Bouman et al., 2005).

Efforts to improve ecosystem or agronomic water use efficiency attempt to reduce the amount
of water lost via evapotranspiration. Evapotranspiration constitutes two processes: 1)
productive water lost by canopy transpiration (T) which is linked to stomatal conductance
and carbon assimilatory rate, and 2) soil evaporation (E) as non-productive water lost. The
fraction of T or E to ET changes significantly among species that are growing under
comparable ecological conditions (Hu et al., 2009), and fluctuates over the course of the
growth season (Allen et al., 1998; Huang et al., 2010; Scott et al., 2006). The relative
importance of E in ET should be smaller with a dense canopy, since less radiation energy

penetrates to the soil surface. Inversely, intensive E mainly occurs before canopy closure and
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is significantly greater than T (Suyker and Verma, 2008) but also depends on meteorological
drivers such as the intensity of solar radiation and air temperature (Alberto et al., 2011). The
growing season T/ET in paddy rice varied with difference being 2-fold larger in a report by
Zhao (2014) at 0.38 in South Korea and 0.8 from Wei et al. (2015) in Japan (Table 1.2). The
rest of literature records listed in table 1.2 fell within the span between Zhao (2014) and Wei
et al. (2015). Accordingly, huge fluctuations in growing season E/ET among previous reports
are expected. Whereas, growing season T/ET evaluations in rainfed rice without irrigation
were non-existent, except one from Hossen et al. (2012) providing a ratio of 0.64. A second
study in rainfed rice with flush irrigation via a sprinkler system reported T/ET at 0.56, lower
by 12.5% than Hossen et al. (2012). These reports indicate that the amplitude of E and
proportionality of E in ET is not only a function of growth stage, but also meteorological
factors such as incident solar radiation and precipitation which vary over time and from site
to site. We anticipate that soil water availability and canopy structure development in flooded
vs. rainfed rice are the main factors influencing changes in E and ET as well as yield/ET and

GPP/ET.

Table 1.2 Partitioning evapotranspiration of rainfed and paddy rice

Partitioning method ET

Imigation X X . GD LAT ..
Authors Rice cultivar Fezearch =ite EET TET (mm L.
management (days) ET E T ) (m* m=)
Salkuratani and Horie lowland rce ~
_ Flooded field . Japan 130 Mlys Pan Pan 0.52 048 308 4.60
(1985) (Indica) N
Maruyarma and lowland rice . _
- Flooded field ] Japan 130 Two source model 0.57 0.43 3.78 4.60
Euwagata (2010) (Indica)
Flooded field 100 030 0.70 333 590
Hossen etal (2012) R:.ai.nfed_rice (total lo‘s‘lam.i rice Bangladesh EC. empirical equation
rainfall 352 8 nmm; (Indica) 100 dependent on LAI 036 0.64 293 4.60
no imgation)
lowland nce
Flooded field . 120 - - 428
(Indica)
Rainfed rice
Alberto et al. (2014; (sprinkler o _
R ~ Philippines EC and 36PM
2011) irigstion, 634.9 _
120 0.44 0.36 381 463
mm+ 231 .9nm
rainfall = 897.8
nam)
lowland rice EC and . empirical equation _
Zhao (2014) Flooded field . 5. Korea 120 0.62 038 20 5.80
(Japonica) dependent on LAI
- _ lowland rice _ . _
Weietal (2013) Flooded field ) Japan 150 ABD 0.20 0.80 - 430
(Japonica)

Remark: M-lys — micro lysimeter; Pan — Pan evaporation; EC — eddy covariance; S6PM —
Penman—Monteith model modified by the FAO of the UN; A0 — A'O stable isotope
partitioning; GD — growth duration
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Framework for study 3: Flux partitioning reveals trade-off between carbon gain and water
use in rainfed and paddy rice

Growing season total ET in rainfed rice had been shown to be lower than in paddy rice grown
at the same research site, due to a decline in daily average ET (Alberto et al., 2014, 2011;
Hossen et al., 2012). Lower daily ET in rainfed rice is influenced by the evaporative power of
the atmosphere (which is similar to that for paddy rice), by the non-puddle soil environment
and potentially by external water inputs. Climate factors, especially precipitation distribution
and intensity, which affects soil water content in the top soil layer seems to be an important
factor in determining daily ET in rainfed rice. Interestingly, growing season GPP from Table
1.1 in rainfed rice at 700.4 + 180.6 g C m™ is close to paddy rice 759.6 + 50.8 g C m™. Small
differences (although with large error bar) found in rainfed rice implies that rainfed rice
which has always been viewed as a water saving cultivation method maintains an advantage
in water use as compared to paddy rice. Partitioning ET in the two culture methods could aid
to reveal seasonal courses of E and T and quantitative contributions to ET. In study 3,
periodic measurements of gas flux by classic chamber methods and by applying the
Penman-Monteith crop ET model (56PM), and combining this information with field
measured basic leaf physiological parameters and remotely sensed NDVI data was conducted

in paddy and rainfed rice to examine the following hypotheses:

1) Similar carbon gain capacity and yield production between paddy and rainfed rice in the
monsoon climate region of South Korea are attainable

2) Comparative differences in agronomic/ecosystem water use efficiency between the two
culture methods are due to significant alterations in ET processes where non-productive water
loss via soil evaporation occurs during early growth season before canopy closure plays a

dominant role.

1.1.4.4. Nutritional influences on carbon gain capacity and yield of paddy rice

Increased fertilizer additions can lead to increased productivity, but there is a threshold above
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which nutrients can no longer be used, but rather result in negative environmental effects. In
order to gain insight with respect to the fertilization regimes recommended by agencies for
rice farmers in South Korea, the detailed response of classical puddle transplanted paddy rice

was studied with different fertilizer applications.

Increased fertilizer is expected to result in enhanced plant height, a greater number of tillers
per hill at the harvest (Bandaogo et al., 2015; Koyama and Niamsrichand, 1973), earlier
development of high leaf area index (Sinclair and Horie, 1989), an increased number of
leaves per plant and larger leaf area per leaf mass (Gimenez et al., 1994), and a greater
number of spikelets per panicle (Koyama et al., 1972). These traits are best observed when
fertilizer was applied after full germination and before most rapid vegetative growth (Fageria
and Baligar, 1999; Fujiwara and Ohira, 1951). The responses are independent of the number
of split applications (Heenan and Thompson, 1984; Rao et al., 1985; Tao et al., 2015). Plant
types that have short, stiff straw and erect leaves respond best (De Datta and Broadbent, 1988;
Sheehy and Mitchell, 2013; Wells and Johnston, 1970), especially those genotypes with erect
leaves in the upper canopy (Setter et al., 1995). Fertilization that led to accumulation of
assimilated products in the culm and leaves, and was accompanied by efficient translocation
before heading strongly influenced yield production (Ju et al., 2015; Amano et al., 1993).
Early vigor in terms of canopy structure development in the vegetative stage depends on
abundant soil available N which enhances photosynthetic capacity, produces more

carbohydrate per ground area, and maximizes resource use efficiency.

Pioneering work by Monteith (1972) proposed that CO, uptake rate can be briefly expressed
as a function of two variables: amount of light intercepted by canopy and light conversion

efficiency by which absorbed light is converted into chemical energy (Eq. 1.1).

GPP = APARX LUE,,, (1.1)

where, APAR is the amount of solar radiation intercepted and LUE, is the efficiency of

conversion.
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Previous studies suggested that capacity to assimilate carbon dioxide for a given crop species
was almost constant over the course of the growth season (Kiniry et al., 1989). Nevertheless,
radiation use efficiency can change with phenology of the crop species (Alberto et al., 2013;
Gimenez et al., 1994) with the maximum during vegetative stage and lower values at early
and late seasons (Hall et al., 1995). LUE,, at post-anthesis of spikelets fluctuated in a range
from 0.73 to 1.22 ¢ C MJ™ and that during elongation growth fell between 1.52 and 2.1 g C
My (Campbell et al., 2001b). A similar seasonal tendency was also reported in paddy rice
(Inoue et al., 2008). LUE,, declined as LAI increased, and a significant decline existed after
anthesis. RUE of rice (biomass accumulation against APAR, equivalent to LUE,;,) might
change with LAI and stage of development, which relates to canopy leaf physiology (Sinclair

and Horie, 1989). Decline in LUE,,s might explain GPP saturation at higher LAI

Earlier studies assumed that the pattern of light attenuation is exponential and conforms to
Beer’s law in which the two key independent variables light attenuation efficiency (K) and
LAI play the major roles (Atwell et al., 1999; Kiniry et al., 1989). The purpose of fertilizer
applications in rice is to boost the rapid development of the canopy crown in order to realize
high light interception, so that relatively high photosynthetic activity can be maintained over
the plant life cycle. The most significant effect introduced by fertilization on canopy structure
development would thereby be canopy carbon gain capacity related to canopy light
interception (Bennett et al., 1993; Gimenez et al., 1994; Okami et al., 2013). Hence,
increments in the amount of photosynthetic production with nutrient additions may be
ascribed to changes in the capacity for light interception rather than light conversion
efficiency. Canopy light interception increases sharply with increases in LAI to about 95%
once LAI exceeds roughly 4 m* m™, and it approaches an asymptote at higher LAI (Atwell et
al., 1999). Such a relationship seems to emphasize the importance of rapid LAI development

during the early growth stage.

Potential photosynthesis capacity represented by daily maximum gross primary production

(GPPax) showed weak correlation with observed maximum LAI, so did the relationship
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between maximum daily integrated GPP (GPP;,) and LAI (R2 = 0.01; p > 0.05, Table 1.1).
GPP.x curvilinearly related to LAI development (Atwell et al., 1999; Yoshida, 1981),
saturating when LAI was higher than 2 m” m™ in several upland crops (Lindner et al., 2015).
A saturation phenomenon was also found in maize and soybean, although shifted with respect
to the value for saturating LAI (Gitelson and Gamon, 2015). Furthermore, meta-analyses in
several crops documented that LUE,,s rapidly declines along with leaf nitrogen content
(Campbell et al., 2001a; Sinclair and Horie, 1989). A saturation in the GPP-LAI correlation
at higher LAI implies that canopy structure development is no longer the primarily limiting
factor, since increasing canopy density commonly results in greater canopy light interception.
Explanation of chronic saturation in GPP at higher LAI and optimal carbon gain may be
better examined in terms of nitrogen resource availability in canopy profiles and leaf area

distribution

To complete a dynamic picture of assimilation processes, leaf level studies are, nevertheless,
essential (Sinclair and Horie, 1989; Niinemets and Tenhunen, 1997). Leaves are the small and
basic units that make up the plant canopy volume and their function may change with
development and changing habitat conditions. Photosynthetic activity of individual leaves for
a given leaf nitrogen content and growth light regime may be characterized by maximum
photosynthetic capacity and CO, diffusion conductance from leaf surface to carboxylation
site inside the chloroplasts. Changes in leaf nitrogen allocation within leaves which relate to
maximum carboxylation rate (V¢ma.x) and maximum electron transport rate (Jy.x), and
improve the CO, diffusion conductance may have important implications, i.e. improve plant
biomass production (Karaba et al., 2007; Wang et al., 2014), visa verse, may not affect
biomass (Tanaka et al., 2013; Dow and Bergmann, 2014), and must be investigated along

with canopy structure.

Framework for study 4: Nutritional and developmental influences on components of rice crop
light use efficiency

In the fourth work of this thesis study, gas exchange and chlorophyll fluorescence

25



Chapter 1 - Synopsis

measurements were made on leaves of rice to determine CO, uptake, transpiration, and CO,
diffusion conductance. These measurements were carried out simultaneously with
observations of crop development and canopy CO, exchange in experimental fields under
three nutrient treatment levels. The extent to which increased nutrient supply leads to
increases in canopy leaf area, altered nitrogen investments, as well as changes in leaf gas

exchange and biomass production is examined. The following hypotheses were addressed:

1) Seasonal development of rice is characterized by a LUE optimization-oriented
coordination in LAI, canopy N distribution, and leaf conductance limitations on carbon gain.
2) Increasing nutrient supply to the rice crop leads to an acceleration in the rate of canopy
development (rate of increase in LAI) and overall carbon gain, but not to the basic way in
which coordination of the process relevant to LUE occurs.

3) Variation in leaf function in rice grown with different nutrient supply and under varying
light environments within the crop canopy is largely explained by variations in leaf nitrogen

allocation and nitrogen-driven gas exchange.

1.2. Materials and methods

1.2.1. Research area and study sites

The research studies were conducted at the agricultural experimental fields of Chonnam
National University, Gwangju, South Korea (126°53°E, 35°10°N, altitude 33 m) (Figure 1.3).
East Asian monsoon climate is prevailing in S. Korea, with an annual mean temperature of
13.8°C and an annual mean precipitation of between 1391 and 1520 mm/yr (1981-2010).
More than half of precipitation events are distributed between June and October during which
time rice plants complete their life cycle. Soil in the agricultural field is a gray lowland
Fluvisol, with ratio of sand, silt and loam of 40: 37: 23, and total organic carbon of 12.3 g
kg™, total nitrogen of 1.0 g kg™, available P (P,Os) of 13.1 g kg™, soil pH in H,O of 5.5
(RDA, 2008) and an approximate bulk density of the top soil layer (0-12 cm) of 0.8 g cm”. A
new early maturity cultivar Unkwang (Oryza sativa L. cv. Unkwang) developed from the

cross Sobibyeo and Cheolweon 54 (Kim et al., 2006) was selected as research material for
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our study. Seeds were sown in a nursery on April 22, 2013 (110 DOY) and seedlings of 10
cm height were transplanted into a pre-flooded field using an automatic rice planting machine
on May 20, 2013 (140 DOY) with a row—line spacing of 12 x 30 cm. On average, 5 seedlings
were planted in each hill. Three nitrogen application rates in paddy rice were adopted: 0 kg N
ha™ (no supplemental fertilization as a control referred to as low; plot size ~511 m?), 115 kg
N ha™ (the agricultural agency recommended amount, referred to as normal, plot size ~1387
m?) and 180 kg N ha™ (referred to as high, plot size ~511 m?) (Figure 1.3). Addition ratio of
phosphate and that of potassium fertilizer were calculated based on mass ratio of N-P-K of
11:5:6. 80% of N fertilizer was applied two days before planting (May 18, 138 DOY), and the
rest at the tillering stage 19 days after transplanting (157 DOY). Seeds of same rice variant
were directly sown into the soil on April 22 (112 DOY) in a rainfed field spatially close to the
paddy field (Figure 1.3), applying fertilizer at the same level of 115 kg N ha™ at two times:
80% of total N before seeding and the rest on 160 DOY. P fertilizer was applied as a 100%
basal dosage. K fertilizer was applied as 65% basal dosage and 35% during tillering. During
growth no artificial water supply was provided in the rainfed field. Paddy rice field was
always flooded over whole growing season except water drainage for several days during the
flowering stage. Soil was kept wet during the drainage period. All field managements

reflected the practice of the farmers in the region.
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Ra'mi@d rice

Figure 1.3 Vertical overview study of location with indication of rice cropping area and
nutrient treatment plots for paddy rice system: T1_0 kg N ha™' named as low group, T3_180
kg N ha as high group, T4_115 kg N ha™ as normal group.

1.2.2. Analyses of canopy scale CO; gas exchange and productivity in paddy and rainfed

rice

Meteorological factors such as solar radiation, air temperature, relative humidity,
precipitation, and wind speed were continuously measured with 2 m high automatic weather
stations installed at the margin of the rainfed field. Evaporation is expected to be higher in
paddy rice due to the abundant evaporative source from the standing water layer as compared
to non-puddled soil in the rainfed field, where more radiation energy is required for latent
heat flux in evapotranspiration (Alberto et al., 2011; Stuerz et al., 2014) and air temperature
in the canopy may be higher. Microclimate is tightly related to observed gas exchange which
was measured with portable chambers (see below). Hence, discontinuous records of air
temperature (T,i;) at 20 cm height inside and outside the chamber and soil temperature (Tsoi;)
at 10 cm depth within soil frames were recorded during CO, gas exchange measurements.
Volumetric soil water content (SWC, m® m™) at 10 cm depth in the paddy field and at 10 and

30 cm depth in the rainfed field were measured at several locations close to the collars
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installed for canopy gas exchange measurement using EC-5 (Decagon, WA, USA) soil
moisture sensors. The sensors were installed during the initial growth stage and kept in the

field throughout the season.

To acquire seasonal and diurnal courses of canopy CO, exchange rate in flooded and rainfed
rice, chamber measurements were conducted periodically. In each nutrient treatment block of
paddy rice, four white frames with sealing collar (L 38 x W 38 cm) were inserted in soil
down to 10 cm depth in the middle part of each field several days after seedling transplanting.
Edge effects were minimized as much as possible. Three of four frames were established with
three hills of plants growing inside, and the fourth frame was without plants. A custom-built
set of transparent chamber and one opaque chamber (L 39.5 x W 39.5 x H 50.5 cm) with
flexible extensions to adjust chamber height to match height of the growing rice canopy
during late season were placed on the white frames and tightened to avoid leakage with
elastic shock cords (Figure 1.4). Air inside the chamber was mixed with three fans which
provide wind speed of 1.5 m s Thirty seconds after setting the chamber on the frame, the air
outlet at the top side of the chamber was closed. CO, concentration change in the chamber
was recorded every 15 seconds with a portable, battery operated infrared analyzer. Incident
photosynthetically active radiation (PAR) at the top of the canopy was quantified with a light
sensor (LI-190A, LI-COR, Nebraska USA). The difference between inside and outside air
temperature was controlled within 1°C by dry ice packs mounted at the back of chamber, in
order to avoid rapid increase in air temperature inside chamber especially during hot summer.
More detailed information about chamber specification and pragmatic operation is described
in Lindner et al. (2015) and Li et al. (2008). Net ecosystem exchange rate (NEE), ecosystem
respiration rate (Ree), and soil respiration rate (Ry,;) were evaluated in 1) transparent
chambers with plants, 2) dark chambers with plants and 3) dark chambers without plants,
respectively, from sunrise to sunset. Intensive measurements were done at least every 2
weeks before harvest. Repeated measurements in rainfed rice were conducted on the days of
year close to measuring dates in paddy rice. Chamber measurement campaigns in paddy

(normal group_115 kg N ha™) and rainfed rice were carried out on 158, 166, 182, 197, 218,
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and 240 DOY and 157, 166, 181, 199, 221, and 239 DOY, respectively. Gross primary
production (GPP) was calculated as: GPP = -NEE + Reco. Reco 1s the sum of plant respiration
(Rplant) and soil respiration, and plant net primary production (NPP) is denoted as net carbon
gain per ground meter over given time after subtracting carbon loss by plant respiration from

GPP during the same time period (Campbell et al., 2001a). Therefore, NPP could be

expressed as: NPP = -NEE + R

P

Figure 1.4 Schematic configuration of transparent chamber established in flooded rice field

Linking measured meteorological factors and canopy carbon fluxes in a quantitative manner
to extract ecophysiological parameters provides a pragmatic means for comparing carbon
uptake capacity over the growth season and between flooded and rainfed rice. Rectangular
hyperbolic light response curves were defined on each measurement day and for each frame
that empirically depict responsive characteristics of ecosystem GPP or NEE or NPP to
incident PAR dependent on two key parameters, i.e., the slope of the linear phase of the light
curve (o, also denoted as instantaneous light use efficiency, LUE;,s) and the saturation value
at infinitely high PAR (B) (Li et al., 2008; Owen et al., 2007). Since the rectangular hyperbola

may saturate very slowly in terms of light, we used the value calculated from
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ap*PAR/(a*PAR+p) for high natural light intensity levels (PAR = 1500 pmol m™ s™) as
indicative of the saturation value (Lindner et al., 2015). This value approximates the potential
maximum GPP (GPP,,y) and can be thought of as the average maximum canopy uptake
capacity during each observation period (noted here as (B+y)i500). The parameters (B+Y)1s00
(e.g. GPP at PAR = 1500 umol m? s7) and vy (residual respiration at zero PAR) were
estimated for each day using NEE data from the four measurement plots per day (extended
interpretation seen in study 1). Similar to definition of GPP,,, daily maximum NPP (NPP,,,y)

was generated from the average NPP values in the saturation portion of light response curves.

After conducting gas exchange measurements, sample leaves were cut and collected to
estimate leaf blade area, dry mass and nitrogen content. To determine LAI, the green biomass
overlying a half square meter of ground surface close to the chamber plots was harvested.
Grain yield in the paddy and rainfed fields were measured in four sampling plots (0.5 x 0.5 m)
close to the chamber measurement plots at the end of the season (253 DOY), and yield
components were evaluated based on recommendations from Yoshida et al. (1971). The

seasonal development of LAI was additionally observed with a plant canopy analyzer.

1.2.3. Analyses of factors influencing carbon gain, water use and yield in paddy and

rainfed rice

To gain insight with respect to ecophysiological adjustments that influence daily productivity
during short-term non-rainfall periods, intensive measurements of diurnal courses of leaf
assimilate rate (A), stomatal conductance and transpiration rate (E) were carried out in paddy
and rainfed rice using a portable gas-exchange system (GFS-3000 and PAM Flourometer
3050-F, Heinz Walz GmbH, Effeltrich, Germany) throughout the growth season (same
procedures as described in section 1.2.5 below for comparisons with different fertilizer
treatments). Measurements of leaf water potential (y;) were simultaneously conducted with a
pressure chamber. Water flow from the soil matrix to leaves where water loss occurs via
stomata is affected by the dynamic balance between water supply capacity and atmospheric

demand (Davatgar et al., 2009; Wopereis et al., 1996). To evaluate changes in water flow
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along this pathway, soil water content was converted to soil matric potential () using soil
water retention curves from Van Genuchten (1980) and optimal estimation with Hydrus 1D
model (Schaap et al., 1998) applying site-specific soil physical properties (ratio of sand, silt
and loamy 40: 37: 23, approximation of soil density 0.8 g cm™). The steady-state flow from
soil matrix around the roots to the aboveground plant parts was described with Darcy’s law
(Franks, 2004; Otieno et al., 2012). As a result, the leaf-area-specific hydraulic conductance
(k, mmol m?> st MPa'l) was estimated. Effects of hydraulic conductance on variations in

stomatal conductance occurring under saturating light environment were evaluated.

1.2.4. Analyses of agronomic and ecological water use in paddy and rainfed rice

Canopy CO, and especially H,O fluxes from rainfed rice fields were measured with a custom
built open chamber constructed according to Pape et al. (2009) and successfully tested by
Dubbert et al. (2013). Water vapor fluxes were measured by a cavity ring-down spectrometer
and CO, fluxes were measured by a portable infra-red gas analyzer. Both carbon and water
fluxes were calculated as differential CO, or H,O concentration between the air samples
taken from the chamber inlet and outlet. Air inlet to the chamber was stabilized by a buffer
bottle (200 liter). Outlet air from the chamber was pumped to the analyzers via tubes heated

to 38°C to avoid condensation.

An unmanned aerial vehicle (UAV) equipped with miniature multiple camera array (Mini
MCA) with 6 bands spanning the visible and infrared regime (450, 550, 650, 800, 830, and
880 nm) and with a ground resolution of 10 cm at 300 m height was flown at noon of 172,
192, 206, 220 and 233 DOY. Three types of calibration panels (black, white and gray) were
set up next to the paddy field for radiometric calibration of the MCA images. Concurrent
measurements of canopy reflectance by a cropscan radiometer (MSRS, Cropscan Inc., MN,
USA) horizontally positioned at 2 m above plant canopy were used to calibrate and evaluate
the reflectance data obtained by the UAV system. Remote sensing images were analyzed by
ENVI software (Exelis Visual Information Solutions, Inc., USA). Three sampling points for

each treatment plot of both rainfed and paddy rice were used to calculate normalized
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difference vegetation index (NDVI). The GRAMI crop growth model (for details see Ko et
al., 2006; Maas, 1993a; Maas, 1993b) that simulates daily crop growth based on growing
degree-days, light use efficiency, daily carbohydrate production by crop canopy, conversion
from carbohydrate to leaf development and the relationship between LAI and NDVI was
calibrated via measured LAI (LAI 2000, LiCor, Lincoln, Nebraska) and measured NDVI

from the crop scan instrument to generate daily LAI and NDVI values.

For daily crop ET modeling, daily reference crop evapotranspiration (ET,) was calculated
based on the FAO 56 dual crop coefficient model which is a modified version of the Penman
Monteith (1965) ET model (Allen et al., 1998), and daily transpiration coefficients (K) and
daily evaporation coefficients (K.) were determined to produce daily ET: ET = (K, + K¢) *
ET,. ET, is the reference crop evapotranspiration without a soil water deficit, which is
computed from weather data and consideration of rice crop characteristics. K¢, is derived
from the correlation between LAI and NDVI. K. is maximal when the topsoil is wet or
flooded and K. tends to zero when the topsoil is dry, depending on the soil evaporation
reduction coefficient (K;) and upper limit of evaporation and transpiration from the cropped
surface (expanded explanation in Chapter 4). Estimation of GPP follows Eq. 1.1, with
estimated APAR derived from daily NDVIL.

1.2.5. Analyses of nutritional influence on components of carbon gain capacity

For assessment of nutritional influences on plant growth, biomass productivity and carbon
gain capacity in paddy rice, measurements of canopy structure, light and nitrogen distribution,
leaf physiology in canopy profiles and GPP were carried out at the low, normal and high
nutrient groups. Diurnal courses of plant canopy gas exchange were measured on DOY 157,
167, 174, 200, 219. On each measuring day, chamber measurements rotated from one plot to
the next until completion of one cycle in one group, and then was moved to the next nutrient
group. Diurnal gas exchange and chlorophyll fluorescence measurements in the sunlit
(uppermost), second, third and fourth mature leaves of the high fertilization group were

conducted using a portable gas-exchange and chlorophyll fluorescence system (GFS—-3000
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and PAM Flourometer 3050-F, Heinz Walz GmbH, Effeltrich, Germany) on 57 (DOY 197)
and 73 DAT (DOY 213) set to track ambient environmental conditions external to the leaf
cuvette. The diurnal course of leaf gas exchange in the uppermost leaves was periodically

measured in the low, normal and high fertilization groups.

Photosynthetic determinants Vi max30 and Jmax30 were derived from the linear phase and
saturation phase of assimilation vs. CO, response curve measured at leaf temperature 30°C,
based on methods referred by Sharkey et al. (2007). CO, curves were commenced according
to the sequence of CO, concentration 1500, 900, 600, 400, 200, 100 to 50 umol mol ™! after
leaves had acclimated to the cuvette microenvironment (CO, concentration of 400 pmol mol!
and saturating PAR of 1500 pmol m™ s™). Relative humidity (rh) was controlled to ca. 60%
and light intensity at 1500 umol m™ s’'. Assimilation rate, stomatal conductance and
fluorescence signals were recorded after new steady-state readings were obtained. At least
three replicated measurements of CO, curve were conducted at tillering and grain—filling
stage at the low and normal nutrient groups. The variable J, method of Harley et al. (1992)
for estimating mesophyll conductance was applied to data on the ETR-limited portions of
CO; response curves. Using values of Vimux and Jn.x determined from CO, response
measurements, rates of net assimilation were predicted assuming different values of
chloroplastic CO; concentration (C,), the CO, partial pressure at the site of fixation, which is
jointly determined by fixation rate, stomatal and mesophyll conductances. The limitations on
photosynthetic capacity resulting from finite stomatal and mesophyll conductance were
evaluated by comparing measured A4y at C, = 400 with rates predicted assuming infinite

stomatal and/or mesophyll conductance by method from Harley et al. (1986).

On 26, 33, 54, 72 and 86 DAT (corresponding to DOY 166, 173, 194, 212 and 226), three
planted hills consisting of fifteen plants (five seedlings comprising one planted bundle) from
each treatment were harvested, and total leaf area of each was determined with an LI-3100
leaf area meter. On 54 and 72 DAT the standing canopy in each fertilization treatment was

stratified into vertical layers, each layer 15 cm in thickness. Leaf and stem area and biomass
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in each stratified layer were measured. On 43 DAT (DOY 183), three typical hills from each
treatment were randomly selected to record individual leaf laminar area. Grain yield
determinations were obtained at four sampling plots (0.5 x 0.5 m) at the end of the growing

season at 113 DAT (DOY 253), and were weighed after air-drying.

Vertical profiles of incident light were determined either the day before or on the day of plant
sampling (54 and 72 DAT) with light data loggers (HOBO, Onset Computer Corporation,
Bourne, MA) mounted on thin rods with vertical spacing of 15 cm from base 0 cm to top of
the canopy, and where multiple rods were placed along a transect diagonal to the planted
rows. Data was logged every 15 min on two consecutive days when the measurements of
stratified leaf area were made for nutrient groups. The HOBO logger light values were
periodically compared to PAR measured with a LI-COR quantum sensor to develop a
calibration curve and to estimate the PAR profiles. PAR was assumed to be attenuated
through the canopy according to the Lambert-Beer law. Leaf nitrogen distribution in profiles

was computed in similar way to that of light attenuation.

1.3. Results and discussion

1.3.1. Analyses of canopy scale CO, gas exchange and productivity in paddy and rainfed

rice

Study 1 canopy scale CO, gas exchange and productivity in paddy and rainfed rice yielded
the following results. The seasonality in meteorological factors affecting paddy and rainfed
rice was identical but difference in terms of air temperature and relative humidity (rh)
microclimate during fair weather days between the two cultures were quite large. The
magnitude of daily integrated solar radiation was not uniform over the growing season. It
fluctuated largely depending on temporal pattern, and on distribution and timing of
precipitation, with the maximum observed before commencement of the growth season and
in July. Consecutive cloudless days in August when both paddy and rainfed rice started
grain—filling had high incoming PAR, along with leaf temperature of rainfed rice up to 38°C,

significantly higher than observed maximum level in paddy rice (36°C). During this period rh
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in paddy rice was 78%, significantly higher than 53% of rainfed rice. In general, high rh in
flooded fields on days with high solar radiation was evident; as a result, mean daily VPD was
significantly lower in paddy than rainfed rice. Warm microclimate in the canopy in rainfed
rice without standing water layer resulted in a high Bowen ratio (see also Alberto et al., 2011)
where more solar energy was partitioned to sensible heat flux and less for latent heat fluxes
which appears to result in lower evapotranspiration rate (see discussion in part 1.3.3 of this

section).

Daily integrated GPP (GPPj,) increased during the growing period, achieving its maximum
rates of 11.1 g C m™ d' in paddy rice and 14.3 ¢ C m™ d”' in rainfed rice based on chamber
measurements, and coinciding with maximum leaf area index occurring in July and August.
On clear and sunny days, the maximum NEE were registered between 10h-14h when PAR
and temperature attained peak levels. Reco, however, remained relatively constant during the
day. Maximum daily integrated NPP (NPP;,) were 8.2 and 10.3 g C m™ d' in paddy and
rainfed rice, respectively. Although rainfed rice had significantly higher carbon gain capacity
(GPPiy) as compared to paddy rice, enhanced carbon loss due to plant respiration partially
counteract ongoing benefits from greater carbon fixation for rainfed plants. In line with
results previously reported in rice (Lindner et al., 2015; Zhao et al. 2011), more than 80% of
daily fluctuations in GPP were explained by PAR. Estimated maximum GPP at saturating
PAR were 25.3 and 27.4 umol m” s in paddy and rainfed rice, while the respective
maximum quantum yields were 0.047 and 0.098 pmol m™ s™'. A close correlation between
quantum yield and canopy nitrogen content was found. Higher quantum yield in rainfed rice
was attributed to higher canopy leaf nitrogen content. Peak biomass in paddy field appeared

in July, while it occurred one month later in rainfed rice.

Improved carbon gain capacity and light use efficiency occurring at peak season in rainfed
rice and compatible biomass production between the two cropping cultures support the
hypothesis that with abundant soil moisture supply, Unkang rice grown in a rainfed system

maintains similar rates of CO, uptake in the monsoon climate region of S. Korea. Higher
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rates of nitrogen accumulation in canopies during the reproductive stage help rainfed rice to
improve light use efficiency and photosynthetic productivity. Lowland rice seeded in upland
fields could be a promising alternative for the monsoon climate region having frequent
summer rainfall to achieve relatively high photosynthetic production with water input only
from precipitation. Rainfed rice recorded a relatively low grain yield, although the difference
was not statistically significant with our sampling. One of underlining factors that leads to
decline in grain yield is the carbon allocation pattern among plant organs (Yoshida, 1981).
Other reasons such as yield components and short-term soil water depletion to some extent

further constrain yield production (discussed below).

1.3.2. Analyses of factors influencing carbon gain, water use and yield in paddy and

rainfed rice

Analyses of factors influencing carbon gain, water use and yield in paddy and rainfed rice
yielded the following results. Seasonality of carbon gain in rice canopies depends on canopy
structure development and daily solar radiation as was documented when soil water limitation
was not extreme (study 1). During the growing season in Gwangju, the observed monthly
rainfall distribution in 2013 corresponded favorably to typical East Asia monsoon climate and
was consistent with the past 30-year record. August 2013 had clearly higher precipitation of
312 mm as compared to the historical average of 276 mm, while the number of days with
rainfall more than 0.1 mm in this month was only 6 days which only account for half of the
past record that averaged 13.9 days. Temporal distribution of precipitation was not identical
and two prolonged non-rainfall periods occurred with soil water decreasing to low values,
especially in the 0-10 cm top soil layer. Impacts of soil water depletion on canopy structure
and function in rainfed rice which were not covered by study 1 were further explored in this

study.

SWC at 10 cm depth was more sensitive to temporal changes of precipitation as compared to
30 cm depth soil layer, declining to 0.26 m® m™ from 197 to 203 DOY (elongation stage) and

again between 218 and 234 DOY (grain-filling stage). During the two periods, soil water
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depletion caused a decline of leaf water potential at noon (y) to -2.0 MPa. Constraints on leaf
and canopy gas exchange as well as modifications of leaf morphology during the two dry
periods were substantial, but reversible without permanent drought injury, since predawn v
remained close to zero together with visible appearance of guttation at leaf margins in the

early morning.

Canopy net carbon gain (NPP) was vulnerable to decreases in SWC, exhibiting a short-term
very large depression from an initial 7.02 (199 DOY) to 3.2 ¢ C m™ d' (202 DOY). Decline
of canopy photosynthesis during the dry period was primarily caused by the vulnerable
response of leaf morphology and physiology during the non-rainfall period, because leaf
nitrogen and canopy nitrogen content did not change between the end of elongation and the
beginning of grain-filling stages. Stomatal limitation of carbon gain was approximately 55%
over most of the daytime, and was most severe at midday when PAR was saturating. Much
stronger limitation due to stomatal closure existed in the rainfed plot during the dry period as
compared to paddy rice and in the rainfed plot after rainfall. Lowering leaf water potential led
to a dramatic decline of effective leaf area for photosynthesis by as much as 60% due to leaf

rolling.

Under conditions of limiting soil water availability and high VPD during clear and sunny
days, high evaporation demand in the atmosphere accelerated water loss. Avoidance of
catastrophic damage by drought which threaten plant survival and continued growth could be
achieved by internal functional regulation. Xylem hydraulic conductance (k) has been
considered as the main concern in plant growth regulation in response to environmental
changes, especially in the case of water stress (Hacke, 2014; Stiller et al., 2003). A hyperbolic
correlation was found between k and stomatal conductance, as well as k and assimilation rate,
with both A and g, gradually saturating at high k and rapidly declining when k decreased
below ca. 4.5 and 3.5 mmol m™ s MPa™ for stomatal conductance and assimilation rate,
respectively, which is in line with previously reports for wetland grasses (Otieno et al., 2012)

and rainfed rice (Stiller et al., 2003). A higher threshold value in the correlation between k
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and stomatal conductance indicated that stomatal conductance was more sensitive to
fluctuation of k. Insight with respect to the causal correlation between k and g could
underpin understanding in soil-plant system associated with water transport and, thereafter,
photosynthetic sensitivity under drought. The threshold for the correlation between k and
was -0.075 MPa, conforming to k of 5 mmol m?2 s MPa™! at which value the rapid decline in
stomatal conductance commenced. Our report of this threshold was in a range previously
reported by Wopereis et al. (1996) and close to the threshold of the transpiration-yg
correlation (-0.074 MPa) in rainfed Japonica rice (Davatgar et al., 2009) and in upland Indica
rice in the Philippines (Alberto et al., 2011). Intrinsic water use efficiency (WUE;,
assimilation rate to stomatal conductance) was constant in both cultures, irrespective of
growth stages, but curvilinearly increased when k decreased to less than 5 mmol m?s! MPa™
This means that higher WUE of rice plants during soil water depletion occurred due to
stomatal closure and response to plant hydraulic conductance, but at the expense of losses in

carbon gain.

As yield production is the direct result of canopy photosynthesis, the decline in grain yield in
rainfed rice appeared to be in part due to the response to drought events via large decreases in
photosynthetic activity. The overall impact of drought depends on timing, extent and duration
(Araus et al., 2008). For example, drought events occurring at an early growth stage stimulate
leaf senescence and inhibit leaf expansion to a large extent, leading to smaller canopy size
and lower photosynthetic productivity. When plants at flowering and at the beginning of the
grain—filling stage encounter water stress, panicle development is inhibited, leading to kernel
abortion and lower spikelet fertility. Yield component analyses indicated that spikelet sterility
in rainfed rice in this study was significantly higher than paddy rice, which contributed to a

10% of decline in grain yield in rainfed rice.

Based on the observations in study 1 and 2, we conclude that Unkwang lowland rice planted
in upland fields in monsoon climatic regions could produce compatible carbon gain capacity,

leaf canopy size and biomass accumulation as compared to flooded paddy rice, which
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favorably supports the first hypothesis indicated in study 2. However, rainfed rice showed
high respiratory carbon losses, which reduces the facilitation effects of high GPP.
Photosynthetic nitrogen use efficiency at leaf and canopy levels was lower in rainfed rice
than paddy rice and is attributable to increasing nitrogen investment in non-photosynthetic
components within leaves. Significantly higher rates of nitrogen accumulation during the
reproductive stage enhanced leaf and canopy carbon gain capacity of rainfed rice. Hence, the
hypothesis 2 must be revised in the sense that leaf and canopy gas exchange regulation are
altered by a change from paddy to rainfed field cultivation. Hypothesis 3 was not supported,
because intermittent occurrence of prolonged non-rainfall periods strongly decreased
photosynthetic productivity in rainfed rice, which results partially due to losses in plant

hydraulic conductance.

1.3.3. Analyses of agronomic and ecological water use in paddy and rainfed rice

Analyses of agronomic and ecological water use in the paddy and rainfed rice systems
yielded the following results. Rainfed and paddy rice systems exhibited similarity in terms of
seasonal trends in overall water fluxes from the ecosystems, whereas, significant differences
were found in the components of evapotranspiration (ET) which were related to the separate
field water management practices. Evaporative water lost (E) was dominant in the early
vegetative stage in both rice cultures. Transpiration (T) became dominant at the end of the
active tillering stage when the canopy rapidly closed. Growing season total ET in paddy rice
was 42.2% higher than that in the rainfed plot. E of paddy plots was significantly higher than
in rainfed rice, especially at the vegetative stage when rice canopy coverage was low (LAI <
2 m* m?, 180 DOY) with substantial presence of bare soil surface area. Total ET during that
period in paddy rice was ca. 93 mm, significantly higher than the estimated 40 mm in rainfed
plots. Increase in ET by ca. 53 mm during the vegetative stage accounted for 55% of the
difference in growing season total ET between the two cultures. T/ET of paddy rice steadily
increased with increasing canopy density (LAI), while T/ET in rainfed rice fluctuated greatly
in dependence on soil water content, since soil evaporation was determined by soil water

content. The major contribution to total ET in rainfed rice was transpiration and a greater
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ratio of T/ET = 0.65 was exhibited as compared to that of paddy rice at 0.42.

Growing season total gross production (GPPy,) between paddy and rainfed rice were not
significantly different. However, rainfed rice had significantly higher ecosystem respiration
(Reco), hence net ecosystem exchange (NEE) was lower in rainfed rice. Growing season total
respiratory carbon losses account for 48.7% of net carbon uptake in rainfed rice while
respiratory carbon loss in paddy rice was only 33.8% of net fluxes. However, it is possible
that some additional CO, generated from root and soil respiration was loss in standing water
of the paddy and could not be recorded by chamber gas analysis. Gas diffusion rate in the
water column as compared to dry soil is 100 times lower, resulting in reduced gas exchange

between root tissues and the atmosphere (Armstrong and Drew, 2002; Miyata et al., 2000).

Rainfed rice had higher agronomic water use (Yield/ET) and ecosystem water use (GPP/ET)
relative to paddy rice, which conforms to previous studies (Adekoya et al., 2014; Alberto et
al., 2009), but with a 10% reduction in grain yield. Surprisingly, comparison of Yield/T and
GPP/T between the two rice systems provided a similar value without significant differences.
These results reveal that large evaporation water loss in the paddy rice was the main reason
leading to lower agronomic and ecosystem water use, rather than plant transpiration or grain
yield. Net ecosystem exchange is directly indicative of ecosystem carbon balance between
gross primary production and respiratory carbon consumption. When considering net
ecosystem water use (NEE/ET), paddy and rainfed rice had comparable NEE/ET, which
highlights the important role of ecosystem respiration in determining the true efficiency of

ecosystem water use.

The results indicate that agronomic water use and ecosystem water use in the rainfed rice
system were improved primarily due to less water loss from soil evaporation rather than from
extremely large differences in grain yield and ecosystem carbon gain capacity, which agrees
with the proposed hypotheses. In certain situations, the observed reductions in grain yield

may be acceptable and preferable to greater use of water. Greater ecosystem respiration in
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rainfed versus paddy rice emphasizes that ecosystem water use should not only be viewed in
terms of the ratio of GPP to ET, and that the ecosystem internal regulation mechanisms for
carbon and water fluxes should be also considered in calculation of WUE,,. Increased water
use efficiency in the rainfed system was accompanied by greater respiratory carbon loss (see
also study 2 in chapter 3), which may eliminate the positive benefits of high carbon gain
capacity (GPP), especially at other geographic sites when the climate becomes drier and
water limitations increase. Viewed from a different perspective, sustainable high
photosynthetic productivity and carbon sequestration in rainfed rice systems in fact require a
means for mitigating this high proportion of fixed carbon lost to the atmosphere. One way is
to flood the field as our results have documented, but this is accomplished only at the cost of

increased evaporation of water.

1.3.4. Analyses of nutritional influence in components of carbon gain capacity in paddy

rice

Analyses of the nutritional influence on components of carbon gain capacity in paddy rice
yielded the following results. Aboveground biomass production in the normal and high
fertilization groups was promoted significantly after the end of the active tillering stage at
approximately 30 DAT, and achieved a peak level of ca. 1.0 kg m™ s, greater by 60% in
comparison with the unfertilized plot. Similar to biomass production, nitrogen addition plots
had higher grain yield by ca. 62%. No significant difference was found with respect to yield
production between normal (115 kg N ha™") and high (180 kg N ha™") nutrient treatments. The
higher level of nitrogen application which exceeds the recommended rate of local agricultural
agencies, could not further improve grain yield production (see also Dong et al., 2015;
Fageria and Baligar, 1999). Canopy carbon gain potential indicated by daily integrated GPP
(GPP;y) in plots receiving ample fertilizer addition was highest at 11.3 g C m?s” on 60 DAT,
while only 9.9 g C m™ s at that time was found in zero nutrient supplement plot. Maximum
GPP;i,; in paddy rice systems managed under recommended nutrient addition conditions
fluctuated from 10.3 to 15.2 g C m2 d! across climatic regions (Alberto et al., 2012; Lee,

2014; Miyata et al., 2000). To understand the biophysical mechanisms that result in enhanced
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carbon gain capacity and biomass production, two key components determining GPP must be
separately assessed throughout growing season as in Eq. 1.1, e.g., canopy light interception
and light conversion efficiency (Monteith, 1972). Structural traits such as leaf size and leaf
angle development which determine canopy light interception and physiological traits such as
nitrogen and leaf photosynthetic capacity as well as CO, diffusion conductance that relate to
light conversion efficiency revealed coordinated adjustments of those factors in achievement

of effective carbon gain in response to nutrient fertilization.

Leaf photosynthetic capacity (Ama, photosynthetic rate at normal CO, concentration,
saturating PAR of 1500 pmol m™ s™' and leaf temperature 30°C) was linearly dependent on
leaf nitrogen content (N,, g m’?), which conforms to previous reports (Campbell et al., 2001a;
Niinemets, 2007; Yoshida, 1981). Furthermore, the key photosynthetic determinants V max 30
and Jnax 30 linearly scaled to N, as often reported previously (Bernacchi et al., 2002; Wang et
al., 2008; Xu and Baldocchi, 2003), which consequently results in a tight linearity existing
between Vcmax 30 and Jnax 30 with a slope of 1.3. The linear correlation between leaf nitrogen
content and key photosynthetic determinants emphasized the important role of nitrogen
availability in the soil matrix, and therefore in plants with a strong contribution to positive
carbon gain. The other two important factors, stomatal and mesophyll conductance, which
concurrently determine CO, concentration in the chloroplast stroma were also directly
correlated with N,, with stronger correlation found in the relationship between mesophyll
conductance, gn, and N,. Hence, the relative importance of g, in limiting photosynthetic
capacity declined with increasing leaf N and stomatal limitation became increasing
significant. Observed photosynthetic capacity of tillering plants was promoted in ample
fertilization groups, apparently due to high nitrogen content. Significant differences in N,
among nutrient treatments decreased after the active tillering stage, and finally disappeared
during the grain-filling phase. The current results from leaf physiology demonstrate that
variations in canopy photosynthetic performance among nutrient treatments did not directly

result from differences in leaf physiology.
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In agreement with previous reports concerning the stimulatory effects of nutrient additions on
rice growth (Bandaogo et al., 2015; Gimenez et al., 1994; Koyama et al., 1972; Koyama and
Niamsrichand, 1973), plants in fertilization groups achieved a head start and early burst in
leaf canopy size at the end of vegetative stage (end of active tillering), and the significant
momentum in increasing LAI was retained over the entire growing season. LAI development
was promoted by multiple factors. At the end of active tillering, the leaf number per hill in the
normal fertilization group was 101, almost two times greater than that of the low fertilization
group (57), which is similar to results from earlier studies (Gimenez et al., 1994). They also
reported enlarged individual leaf area in ample nutrient application plots. In partial
conformation with their results, relatively larger leaf area was also found at the active tillering
stage and internode elongation stage in the normal and high fertilization groups, but not at the
grain-filling stage. In this research, the early rapid increase and consistently high LAI in
fertilization groups significantly improved the canopy light interception ratio, which was 56%
and 44% in ample fertilization versus low fertilization at the reproductive stage (internode
elongation stage), and 93% and 86% in ample nutrient group versus low group at the
grain-filling stage. The light attenuation coefficient (Ki) that is one of two determinants of
the canopy light interception ratio was similar between nutrient groups at both internode
elongation and grain-filling stages. Light use efficiency (LUE,,) in each group had similar
seasonal trends where it increased after seedlings were transplanted and peaked at active
tillering stage, thereafter rapidly declining during the grain-filling stage. Nevertheless, LUE
values among nutrient treatments were quite similar without significant differences. These
results indicate that enhanced carbon gain capacity in the fertilization groups mainly result
due to greater canopy light interception and canopy size. The results compared well with
previous research in several crops grown with different nutrient availability (Bennett et al.,

1993; Gimenez et al., 1994; Setter et al., 1995).

In addition to partitioning more resources into leaf area development, plants in fertilized
groups also developed a higher proportion of leaves in the upper layers of the canopy during

both elongation and grain-filling stages. Positioning a higher percentage of leaves in the
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upper canopy with fertilization exposed greater leaf area to direct high sunlight, especially
during midday. The advantage of vertical leaves in dense canopies is pronounced, since
leaves in the upper part of the canopy commonly accumulate abundant nitrogen and

effectively improve carbon acquisition via higher nitrogen use efficiency.

In conclusion, intensive fertilizer application in paddy rice up to the level of 115 kg N ha™
significantly promoted biomass and grain yield production. No further benefits were obtained
when more nitrogen was applied. A saturation in carbon gain capacity occurred after the
vegetative stage due to decreases in LUE,, decreases in individual leaf N content, and
increases in total CO, diffusion limitation. Hence, hypothesis 1 that seasonal development of
rice is characterized by an LUE optimization—oriented coordination in LAI, canopy N
distribution, and leaf conductance limitations on carbon gain is not supported by these results.
Observed enlargement of biomass production coincides with enhanced carbon gain capacity
in the fertilization group mainly due to larger leaf canopy size which helps to increase the
canopy light interception ratio rather than light conversion efficiency and leaf physiology,
which is in agreement with hypothesis 2. The tight correlations between all photosynthetic
parameters and leaf nitrogen content support hypothesis 3, i.e., that variations in leaf
photosynthetic function in rice are largely explained by variations in leaf nitrogen allocation
and nitrogen—driven gas exchange characteristics. The results highlight that developmental
variations of carbon gain capacity of rice under conditions of different soil nutrient

availability are highly coordinated with respect to leaf physiology and canopy structure.

1.4. Conclusion and recommendation

Rice can be grown under irrigated (lowland) or rainfed (upland or lowland) conditions. Paddy
(flooded) rice accounts for about 55% of the global rice area and rainfed rice shares the rest
which contributes approximately 25% of total rice production (Tuong and Bouman, 2003).
One of serious environmental problems encountered in intensive paddy rice systems is
downstream water pollution and emission of ammonium volatilization due to surplus organic
nitrogen fertilizer application (Fillery et al., 1986; Ju et al., 2009). There is globally an
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increasing awareness of water scarcity spreading throughout the world, especially in Asian
countries where irrigated rice systems prevail (Tuong and Bouman, 2003). Adoption of
water-saving rice with the goal of high agricultural yield provision and reduced water
requirements and improved water use efficiency could be a promising social-ecological
intervention in some regions, where occurring or future water shortage make irrigation
impossible. However, attempts to reduce water provision in rice production may result in
yield reductions and threaten food security. To balance environmental sustainability, biomass
production with high fertilizer application in paddy rice and efficient water use in rainfed rice
systems requires a broad knowledge of crop growth and the developmental responses and

adaptive capacities of field grown rice plants.

The studies in this thesis implemented a field experiment with contrasting field management,
comparing continuous flooding and rainfed rice production systems, as well as varying
nitrogen availability in paddy rice with zero, recommended and high nitrogen application
rates. Multi-dimensional measurements in association with structural and physiological traits
related to carbon and water fluxes and yield production were collected. The Unkwang
lowland rice cultivar planted in rainfed upland fields under monsoon climate could have
compatible canopy carbon gain capacity, leaf canopy size and biomass accumulation as
compared to the flooded paddy cultivation. Notably, intermittent occurrence of prolonged
non-rainfall periods will strongly inhibit photosynthetic productivity in the rainfed rice
system. Sensitivities of carbon gain potential and water use efficiency relate to hydraulically
constrained stomatal conductance. Decline of photosynthetic productivity results partially due
to loss in plant hydraulic conductance. Agronomic water use efficiency and ecological water
use efficiency in rainfed systems is higher than the flooded fields which results due to
significantly higher evaporation in paddies. The rainfed rice system needs less water input.
Nevertheless, high respiratory carbon loss through soil and plant respiration in rainfed fields
will weaken the facilitation effects from enhanced carbon gain capacity and improved water

use efficiency.
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Intensive fertilizer application in paddy rice up to an intermediate level of 115 kg N ha’
significantly promotes biomass and grain yield production. There is a slight difference in
biomass and yield production between 115 and 180 kg N ha™ addition groups. No continuous
benefits, however, occurred when more nitrogen above the recommended application level is
applied. The fate of surplus nitrogen applied in paddied fields will most likely be transport in
ground surface runoff to downstream locations and emission of greenhouse gases. Observed
increases in biomass production coincide with enhanced carbon gain capacity in fertilization
groups mainly due to larger leaf canopy size which helps to increase canopy light interception
ratio rather than light conversion efficiency and leaf physiology. An early start and burst in
canopy development stimulated by fertilization is a promising growth strategy to maximize
growing season carbon gain potential and increments in biomass production. Importantly,
nitrogen allocation in leaves at the early growth stage (vegetative stage with active tillering
growth) provides an advantage, since more rate-limiting photosynthetic proteins of the

photosynthetic apparatus promote photosynthetic productivity.

Rainfed rice produced relatively less grain, although the difference was not statistically
significant with our sampling method. Grain yield production in the low fertilization group (0
kg N addition) was also significantly lower as compared to ample nutrient groups. Yield
production per area ground surface depends on panicle number, spikelet number per panicle,
filled percentage of spikelets and thousand grain weight. Nutrient availability may indirectly
affect panicle number via effective tiller numbers that develop panicles (Gimenez et al.,
1994), and may have highly significant effects on the filled percentage of spikelets (Fageria
and Baligar, 1999). Microclimate conditions in the rainfed field largely differ from those in
flooded plots, with higher air temperature and VPD. The differences increase especially on
sunny and clear days. During the non-rainfall periods, leaf temperatures are slightly above the
optimal growth temperature range for rainfed rice (ca. 33°C), which might be one of the
factors causing spikelet sterility or abortion (Rang et al., 2011). Biomass and yield production
is largely determined by the amount of starch in filled spikelets during the grain—filling stage.

Daily carbon fluxes were largely affected by ambient meteorological drivers which fluctuate
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markedly during the monsoon season. Although our modeling of daily GPP in paddy and
rainfed rice (only available in rice under 115 kg N ha™") produce similar growing season GPP,
overestimation in growing season GPP in rainfed rice is anticipated because assumptions are
preset in the modelling calculation so that drought effects were not thoroughly considered.
One important underlying factor that influences grain yield is carbon allocation pattern

among plant organs (Yoshida, 1981), namely to the root system required to maintain water

supply.

Development of environmental-friendly rainfed rice systems with high photosynthetic
productivity and carbon sequestration will require that we reduce high ecosystem respiratory
carbon losses which are an inhibiting factor for yield production, leading to lower net
ecosystem exchange and carbon stocks. Flooding fields throughout the whole growth season
is an effective measure to improve carbon gain, but unproductive water losses inevitably
occur. Ongoing research must implement several technologies to reduce unproductive water
losses in evapotranspiration by land coverage with mulch (Suzuki et al., 2014), preventing of
seepage and percolation by increased soil resistance to water flow (Tuong and Bouman,
2003), and determining ways to maintain a saturating soil water environment (Bouman et al.,
2005). Furthermore, growing season and annual ecosystem respiration and carbon budget

under those modified conditions for the rice system should be further evaluated.
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1.5. List of manuscripts and specification of individual contributions

The four studies described in this thesis refer to four different manuscripts. Three manuscripts

are in review for the Journal of Agriculture and Forest Meteorology. One is in review for the

Journal of Plant Research. The following list specifies the contributions of the individual

authors to each manuscript.
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Steve Lindner, Wei Xue, Bhone Nay-Htoon, Jinsil Choi,
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Ko, John Tenhunen, Dennis Otieno

Canopy scale CO, exchange and productivity of transplanted

paddy and direct seeded rainfed rice production system in

South Korea

Agriculture and Forest Meteorology

Under review

S. Lindner conceptualization, methods establishment,
data collection, data analysis, modeling,
manuscript  preparation, corresponding

author (50%)

W. Xue conceptualization, data collection, data
analysis, discussion, manuscript editing (25
%)

B. Nay-Htoon data collection, discussion (2%)

J. Choi data collection, discussion (2%)

Y. Ege data collection, discussion (2%)

N. Lichtenwald data collection, discussion (2%)

F. Fischer data collection, discussion (2%)

J. Ko conceptualization, discussion, manuscript
editing (2%0)

J. Tenhunen conceptualization, discussion, manuscript
editing (3%0)

D. Otieno conceptualization, discussion, manuscript
editing (10%)

Wei Xue, Steve Lindner, Bhone Nay-Htoon, Peter Harley,
Bernd Huwe, Jonghan Ko, Dennis Otieno, Hiroyuki Muraoka,
Christiane Werner, John Tenhunen
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2.1. Abstract

Rice (Oryza sativa L.) is a primary food crop which supports more than half the world
population. Paddy rice accounts for more than 75% of the total global rice but requires large
amounts of water for irrigation. Increasing water scarcity, however, raises concerns regarding
the sustainability of paddy rice production and highlights the need for alternative approaches.
Improved rice varieties that require less water, are drought tolerant and which can be directly
seeded offer promising alternatives. In this study, we evaluated the performance of an
improved rice variety (Oryza sativa L. cv. Unkwang) grown under direct seeding and rainfed
cultivation. Aboveground biomass and leaf area development were measured every month by
destructive harvesting. Canopy net ecosystem CO, exchange (NEE) and ecosystem
respiration (Re.,) were measured using chambers. Gross primary production (GPP) was
calculated from NEE and R..,. The maximum green leaf area index (GLAI) attained under
rainfed agriculture was 4.9 0.5 m* m™ compared to 5.4 + 1.1 m* m™ in the conventional
paddy rice production. The respective peak total aboveground biomasses were 2.16 + (.28

and 1.85+0.27 kg m? while the corresponding grain weights were 1.16 £0.09 and
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1.19 +£0.10 kg m™ kg m™, amounting to total yields of 6.61 +0.22 and 5.99 + 0.68 t/ha for
paddy and rainfed rice, respectively. The maximum daily cumulative GPP were 11.1 and 14.3
gC m?2d’, respectively, occurring at peak season, corresponding to maximum photosynthetic
active radiation (PAR) and GLAIL On a daily basis, PAR explained > 82% of the daily
fluctuations in GPP while > 90% of the seasonal changes in GPP were due to changes in
GLAI and light use efficiency (a). Higher a in RF was attributed to higher leaf nitrogen (N)
content. With adequate soil moisture supply, the Unkwang variety demonstrated the potential
to grow under rainfed agriculture with, comparatively good amount of yield. Since direct
seeding, as in rainfed agriculture, eliminates the need for prior flooding of plots, it maximizes
the use of early rainfall, which could be a water saving strategy and a reason to promote the

introduction of Unkwang variety in the paddy rice-dominated Asian farming system.

Keywords: Agricultural crop, Biomass development, Closed-chamber technique, Crop

productivity, Ecosystem CO, exchange, Gross primary production
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2.2. Introduction

Rice (Oryza sativa L.) is a primary food crop supporting more than half the world’s
population and covers about 150 million hectares of land (Bouman, 2007). Worldwide, most
rice production is done through flooding or paddy (Barker et al., 1999). Increasing water
scarcity due to droughts and competing demands for water resources (IPCC, 2008) from
growing domestic and industrial uses however, threaten the current production practices,
raising the need for alternative production approaches. In this regard, the development of
improved varieties that require less water or are more drought tolerant has been promoted
(Barker et al., 1999). The culture of direct-seeded rice grown in unsaturated soils is another
promising way to reduce irrigation requirements by more than half, compared to the

conventional paddy rice (IRRI, 2002; Kato et al., 2006a; Okami et al., 2013).

In paddy rice fields, the amount of water that directly supports production is the transpired
water since it is directly linked to CO, uptake, plant growth and yield. The bulk of the water
in the flooded field is not directly related to production and is either re-directed back to the
streams, percolated or evaporated. Thus, production systems that only supply the
evapotranspiration demands could be a big saving on water resources and are
environmentally friendlier (Toung and Bouman, 2003). Dry-seeded, rainfed rice offers an
alternative to rice farmers, especially in Asia, where flooded rice production is more or less
cultural and does not accommodate alternative crops as a means of ensuring food security.
Rainfed rice production is already being experimented in some parts of Asia as an alternative
to the traditional paddy rice (Kato et al., 2006a). Although most results from these trials show
yield losses of between 20 — 30% caused by drought (Okami et al., 2013), there are
indications that yields of up to 8 — 11 t ha™' (as in the case of paddy rice) are tenable with
proper management (Okami et al., 2013). The dry-seeded rainfed rice technology thus, may

offer an opportunity for rice production through efficient use of ambient rainfall.

The main challenge to rainfed rice production however, is to supply adequate water that
replaces daily evapo-transpiration and ensuring that photosynthesis proceeds uninterrupted.
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High transpirational water demand that occurs almost on a daily basis during midday, when
vapor pressure deficit (VPD) is high, potentially lowers production, since plants close their
stomata in order to check runaway cavitation at the expense of CO, fixation (Sperry, 2000).
On an annual basis, this could lead to a significant reduction in yield. Rainfed rice may
improve water uptake through increased root biomass, or physiological adjustments by
re-directing assimilates to the roots to increase the root osmoticum (Munns, 1988; Kato et al.,
2007; Wada et al., 2014). In such cases however, resources that could be used in grain
production are re—directed in order to increase the plant’s water uptake capacity, and hence

lowering yield.

While paddy rice may be spared such a reduction in productivity because it stands in
saturated soil, it faces a different challenge that may effectively reduce shoot water supply
and result in water stress during the day too. Flooding of paddy fields limits oxygen diffusion
into the soil, creating an anoxic soil substrate. Plant roots must, therefore, rely on oxygen
supply from the surface, transported by the aerenchyma to the root apex (Moog and
Briiggemann, 1998; Busch, 2001; McDonald et al., 2002; Colmer et al., 2003). To minimize
radial oxygen losses during transport, large sections of the roots are often suberized (i.e.
deposition of suberin, a hydrophobic plant polymer, on the cell walls and in the intercellular
space), effectively blocking water flow through the apoplast, such that the roots can no longer
take part in water uptake. In this case, water uptake is restricted to the short, narrow portions
near the root apex of the deep roots, which remain unsuberized (Ranathunge et al., 2004;
Kotula et al., 2009). This must effectively lower the efficiency of water uptake in paddy rice
and could result in transient water stress and stomatal closure during midday, when light
conditions and temperature are most conducive for plant production. In this case, flooding
may not offer any advantage to paddy rice, unless through the dampening the VPD above the
canopy. Incorporating cultivars with efficient water and nutrient uptake and transport into the
rainfed rice production offers an opportunity to respond to the challenges associated with rice

production (Kato et al., 2006a).
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In this study, we experimented on a new rice cultivar (Oryza sativa L. cv. Unkwang) that has
been developed from a high yielding, cold tolerant and early maturating variety to
accommodate the demands of the northern plains and mountainous areas of South Korea
(Kim et al., 2006). The Unkwang rice variety was grown under both the rainfed and
conventional paddy production systems for comparison. Our hypotheses were that under
adequate soil moisture supply, the Unkwang rice grown in a rainfed system:

1) maintains similar rates of CO, uptake and light use efficiencies compared to that in a
paddy system, and

2) does not alter C allocation patterns in comparison to the paddy condition. Under such
circumstances we anticipated similarities in crop development and yield between rainfed and

paddy rice.

2.3. Materials and methods
2.3.1. Study site

The study was conducted during the growing period of 2013 at the Chonnam National
University’s research farm (35'10"' N, 126'53' E, alt. 33m) in Gwangju, Chonnam province,
South Korea. Chonnam province is one of the major rice growing regions of S. Korea, with a
typical East Asian monsoon climate, a mean annual temperature of 13.8°C and precipitation
of between 1391 and 1520 mm/yr (1981-2010). More than 60% of precipitation occurs
during the summer monsoon season (July to August). The top soil layer (0-30 cm) is
categorized as loam (Sand 388 g kg'l, Silt 378 g kg'l, Clay 234 g kg'l), with a pH 6.5, Coe
12.3 C g kg™', available P 13.1 mg P,0Os kg™', CEC 14.4 ¢ mol kg, and total N before
fertilization of 1.0 g N kg™

2.3.2. Experimental design/Description of the experimental plots

An improved rice variety, Oryza sativa subsp. Japonica cv. Unkwang (Iksan 435 x
Cheolweon 54) was cultivated as flooded paddy crop and as rainfed crop in two adjacent

(separated by 100 m) experimental rice fields. Paddy rice was planted in 3 replicate blocks
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measuring 73.0 m x 19.5 m, with a perimeter cement wall. Sampling was confined to the 8 m
by 8 m sub—plots at the center of the blocks to minimize edge effects. In the rainfed rice field,
we demarcated 3 replicate plots measuring 37.5 m x 28.0 m for our measurements. These
plots were randomly selected, but at the middle of the field to avoid edge effects too. In both
paddy and rainfed systems, the sample plots were accessed using footbridges to minimize

disturbances of the soil and canopy.

2.3.3. Field management

Measurements were conducted during the 2013 growing season. The rice seedlings were
grown for 4 weeks as seedling mats in the greenhouse, before being transplanted into the
paddy rice field, whereas in rainfed field the rice was directly seeded. Management practices
and planting dates, including rice transplanting and the harvesting days are summarized in
Table 2.1. Fertilization rate of 115 kg N/ha (80% as basal dosage and 20% during the tillering
stage) for paddy rice and rainfed rice were done before transplanting and at seeding stages,
respectively, at a ratio of 11 : 6 : 5 (N : P : K), following the recommendations of the Korean
Ministry of Agriculture, Food and Rural Affairs (MAFRA). Rice in paddy field and rainfed
field were planted at a distance of 10 cm and a line spacing of 30 cm at a seed—density of
50.48 kg/ha. The paddy field was kept flooded from 5 days before transplanting until the
heading stage (late July). Irrigation water in paddy rice was applied when the water level
decreased below 5 cm above the soil surface. The rainfed field was never irrigated and relied
entirely on the ambient rainfall. Weed and insects were controlled with pesticides and

insecticides, respectively.
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Table 2.1 Field management of the study site in 2013 in Gwangju.

Event Date Paddy Rice Date Rainfed Rice
Plowing 10.05.13 17.04.13
Flooding 14.05.13 -
Herbicides application 16.05.13 -
Basal fertilization 19.05.13 22.04.13
Transplanting / Planting 20.05.13 22.04.13
Pesticides application 20.05.13 26.04.13
Herbicides application - 06.05.13
Manual weeding - 22.05.13
Herbicides application - 25.05.13
Manual weeding - 20.06.13
Supplemental fertilization 07.06.13 09.06.13
Harvest 07.10.13 10.10.13

2.3.4. Microclimate

Meteorological variables, including air temperature, humidity, precipitation and global
radiation were continuously measured with a 2 m high automatic weather station (AWS,
WS-GP1, Delta—T Devices Ltd., UK). Data were recorded every 5 minutes, averaged and
logged half-hourly. Additionally discontinuous records of photosynthetic photon flux density
(PPFD, LI-190, LI-COR, USA) within the transparent CO, measurement chambers (approx.
50 cm above ground surface), air temperature (T,i;) at 20 cm height inside and outside the
CO; chambers (Digital thermometer, Conrad, Hirschau, Germany) and soil temperature (Tsqi)
at 10 cm soil depth (Soil thermometer, Conrad, Hirschau, Germany) within the soil frames
were taken during the CO,; flux measurements. Data were recorded every 15 s alongside CO,
fluxes. This allowed closer monitoring of the internal chamber microclimate, in order to

relate the CO; fluxes to the actual conditions within the chambers during measurements.

2.3.5. Soil water content

Volumetric soil water content at — 30 cm depth was measured at several locations close to the

collars using EC-5 soil moisture sensors (Decagon, WA, USA). The sensors were installed 1
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week before the onset of CO, flux measurements and kept in the field throughout the season.

Data were logged every 30 min using EM50 data—logger (Decagon, WA, USA).

2.3.6. CO; flux measurement with chambers

In each treatment block, 4 soil frames (collars) enclosing healthy, representative crops (crop
plots) and 3 bare plots (soil plots) were established in June 2013, several days before the
commencement of CO, flux measurements. Each collar enclosed an area measuring 39.5 cm
by 39.5 cm, providing a base for the CO, chambers. Repeated measurements were conducted
on the same collars on selected days during the growing season (Table 2.2). Measurements
were carried out between 06—18h (12 cycles per day), at least once every 2 weeks between
June and September 2013. Most CO, flux measurements were performed on sunny days,
when peak (midday) light intensity was >1300 umol m? s”. Net ecosystem CO, exchange
(NEE), ecosystem respiration (R,.,) and soil respiration (Rs.) were sequentially observed
with a systematic rotation over all plots using climate-controlled, manually operated,
transparent and translucent chambers, respectively as described by Otieno et al. (2012),
Lindner et al. (2014). The chambers measured 40 x 40 x 54 cm’. Change in chamber CO,
concentration over time was assessed with a portable, battery operated infrared gas analyzer

(LI-820, LI-COR, USA).

CO, fluxes were calculated from a linear regression describing the time dependent change in
CO; concentration within the chamber. Influence of the CO, concentration change on plant
physiological response was ignored. Internal chamber temperature during the measurements
was maintained within 1 °C relative to ambient, using dry ice packs mounted at the back of

the chamber.

Gross primary production (GPP) was determined as:

GPP=-NEE +R,, @2.1)

where R, 18 Ecosystem respiration = the sum of plant respiration (Rpjan) and soil respiration

(Rsoil)-
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2.3.7. Empirical description of canopy responses

Empirical description of the measured NEE was performed with a non-linear least squares fit
of the data to a hyperbolic light response model using Equation 2, also known as the

Michaelis-Menten or rectangular hyperbola model (Owen et al., 2007)

B-a-PAR
B+ a-PAR

NEE = (2.2)

where a is the initial slope of the curve and an approximation of the canopy light utilization
efficiency (CO,/photon), B is the maximum NEE of the canopy (umol CO, m?s™?), PAR is
photosynthetic photon flux density (umol photon m™ s™), vy is an estimate of the average
ecosystem respiration occurring during the observation period (umol CO, m?s™). Since the
rectangular hyperbola may saturate very slowly in terms of light, we used the value calculated
from af*PAR/(a*PAR+p) for high light intensity levels (PAR = 1500 pmol m™s™") in this
study. This value approximates the potential maximum GPP and can be thought of as the
average maximum canopy uptake capacity during each observation period (noted here as (f +
Y)1s00). The parameters (B + Y)iso0 (e.g. NEE at PAR = 1500 umolm™s™') and o were

estimated for each day using NEE data from the four measurement plots per day.

Statistical analysis and best fits for light and curves were performed using Sigma Plot version

11.0.

2.3.8. Calculation of net-primary-production (NPP)

Net primary production equivalent to canopy net assimilation rate (NPP) is defined as:

NPP=GPP-R,,, (2.3)
Replacing GPP with Eq. 2.1 leads to Eq. 2.4:

NPP=-NEE+R,.,—R,,, (2.4)

Le.,

NPP=NEE+R_, (2.5)
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where soil respiration was described as being dependent on soil temperature (Tg.) by the
function of Lloyd and Taylor (Lloyd and Taylor, 1994), normalized to 15°C,

1 1
EO[T Ty Ton—To J
_ ref — 10 soil — 40
Rsoil - Rsoilref € (26)

where T,f and T, are fixed to 15 and -46°C, respectively. Eq depicting increasing amplitude
of Tso-temperature curve was considered to be a free parameter and was fitted to each data
set. Ryoiirer 18 reference soil respiration. Daily integrated NPP (NPP;,) was interpolated based
on the hourly measurements using the parameterized light curves and PAR data recorded at

the automatic weather station.

2.3.9. Biomass sampling

After CO, flux measurements, aboveground biomass enclosed by the 39.5 cm x 39.5 cm soil
frame (for CO, flux measurements) was harvested at 3 randomly chosen locations
(representing 3 replicates) in rainfed and paddy rice. The aboveground biomass was sorted
into leaves, grains, culms and dead material. Green leaf area (GLA) was determined with leaf
area meter (LI-3000A, LI-COR, USA) from the sampled leaves. All the biomass was
oven-dried to a constant weight at 85°C for at least 48 hours. Green leaf area index (GLAI)
was determined from total GLA within the 39.5 cm by 39.5 cm ground area and expressed

per unit square meter.

2.3.10. Plant carbon and nitrogen determination

Sub-samples from the dried biomass of the respective collars (for CO, flux measurements)
were ball-milled into fine powder, re—dried at 80°C and kept in a desiccator for further
analysis. A small fraction of the dried samples (< 1 g) was analyzed for total carbon/ nitrogen

(C/N) content (%) using C:N Analyzer 1500 (Carlo Erba Instruments, Milan, Italy).

2.3.11. Statistical analyses

Statistical analysis was performed using R (R Core Team, 2012). Significance level was set to
75



Chapter 2 - Canopy carbon fluxes in paddy and rainfed rice

P<0.05. All variables were tested for normal distribution (Shapiro—Wilk—test) and
homogeneity of variance (Levene—test). The sample sizes were same for both rainfed and
paddy rice, hence we performed student t—test. Factor interactions were examined through

regression analyses using the Pearson correlation test.

2.4. Results
2.4.1. Microclimate

Weather conditions during the growing season are summarized in Figure 2.1. The daily mean
maximum solar radiation during the measurement period occurred in July and was 25 + 1
MJ m™?d" in July (Figure 2.1a). During NEE measurements using the transparent chambers,
the light environments inside and outside the chambers were not significantly different.
Inside the transparent chambers, the maximum PAR recorded during the measurements
ranged between 1500 and 1800 pumol m™ s™'. Air temperature increased steadily from 8°C in
spring, to a maximum of 31°C in August (Figure 2.1b). Leaf temperatures were significantly
different (p < 0.01) between paddy and rainfed systems, but in each case the maximum
temperatures of around 36°C in paddy field and 38°C in rainfed field, were attained in August.
The total amount of rainfall between May and September was 1028 mm (Figure 2.1¢). Most
of the rainfall occurred during late June to July, associated with the summer monsoon and in
September. VWC in the rainfed field ranged between 37.2 and 54.8% (Figure 2.1d), whereas
the soils in the paddy were water-logged throughout the growing season. Relative humidity
(rh) was significantly higher (p < 0.01) in paddy rice than rainfed rice. The lowest rh occurred
in August. Noon time average of th was 78 + 1.4% in paddy rice and 53 * 2.3% in rainfed
rice. Consequently, the mean daily vapor pressure deficit (VPD) was significantly lower (p <
0.01) in paddy rice than rainfed field. The highest averaged day-time VPD values during our
measurements occurred in July with 1.62 + 0.58 kPa for paddy rice and in August with 2.83 +

0.93 kPa for rainfed rice (Figure 2.1d).
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Figure 2.1 Daily solar radiation measured at 2 m height and photosynthetic active radiation
(PAR) measured at 50 cm height above the vegetation inside the transparent CO, flux
chambers, respectively, b) mean air temperature at 2 m height outside and at 20 cm height
inside the chambers, c¢) volumetric water content (SWC) within 30 cm soil profile and daily
precipitation, and d) mean daily vapor pressure deficit (VPD) at 2 m height in the open
location, at 1 m above the paddy rice (VPD paddy rice) and rainfed rice (VPD rainfed rice),
respectively.

2.4.2. Daily and seasonal patterns of ecosystem CQO, uptake

Examples of daily patterns of NEE and R, for three selected days corresponding to early
(DOY 182/181), mid (DOY 218/221) and mature (DOY 240/239) growth stages in paddy/
rainfed rice, respectively, are shown in Figure 2.2. On clear, sunny days, the maximum NEE
during the day were recorded between 10h—14h, with lower rates recorded during the earlier

or later part of the day. R, however remained relatively constant during the day.

The mean maximum NEE rates during the vegetative period were -19.9 + 0.1 and 15.0 £ 3.2
umol m™s™" for paddy rice and rainfed rice, respectively (Figure 2.2), while the respective

maximum R, rates during the same period were 5.9 £ 0.1 and 28.6 + 0.8 pmol m2sh

In
both treatments, the timing of the peak NEE and R, coincided with the maximum green leaf
area index (GLAI), occurring in July and August for the paddy and rainfed rice, respectively.
The maximum integrated NEE (NEE;,) were -8.0 and -3.3 ¢ C m™ d”' in the paddy and
rainfed rice, respectively. NEEi, was consistently, significantly higher in the paddy than in
the rainfed (Figure 2.3b). The daily integrated GPP (GPP;,) increased during the growing

period, attaining its maximum rates of 11.1 g C m™ d”' in the paddy and 14.3 ¢ C m> d" in

the rainfed, in July and August, respectively (Figure 2.3a).

Unlike NEE, the NPP (a measure of net plant C exchange) of paddy plot and rainfed plot
were not significantly different and the seasonal patterns were relatively, except for the one
month delay in peak NPP in the rainfed rice compared to paddy rice (Figure 2.3c). The
maximum integrated NPP (NPP;,) were 8.2 g C m?d” in paddy rice and in 10.3 g C m?d’

in rainfed rice (Figure 2.3c).
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Figure 2.2 Daily trends of NEE and R, in paddy rice (left panel) and rainfed rice (right
panel), with light intensities (PAR, black line) on selected days during the development
period. Data points are means of respective fluxes measured on the four collar plots.
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Figure 2.3 Seasonal changes in a) daily gross primary production (GPPjy), b) daily net
ecosystem exchange (NEE;y) and c) net primary production (NPP;,,) of paddy (black circles)
and rainfed rice (grey circles) derived from a and B of the hyperbolic light response curve
(Table 2.2).

More than 80% of the daily fluctuations in GPP, both in the paddy and rainfed rice (Figure
2.4), were explained by PAR. The functional relationship between GPP and PAR was,

therefore, used to derive canopy physiological parameters for describing canopy physiology
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at different stages of crop developmental (Table 2.2). Simulated potential maximum canopy
GPP at saturating PAR (= 1500 pmolm™2s™"), ie. ((B+y)iso0) were 25.3 and 27.4
umol m™ s™"in paddy plot and rainfed plot, while the respective maximum quantum yields

(or light use efficiency, o) were -0.047 and -0.098 pmol m™ s~

Paddy Rainfed
50 r 50
DOY 182 DOY 181 (a)
40  1st of July 30th of July 40
30 |
(A)
20 |
10 ¢
— O
'-; 50 -
DOY 218 DOY 221 " )
“.é 40 6th of August oth of August, s 40
— 30 e 130
3 G}
20 20
=
a 10 10
o
O o0 -0
50 50
DOY 240 DOY 239
40 | 28th of August 27th of August ' 40 (©)

w
o
w
o

(C)
20 | 120
10 | fa b8 L 10
0 Lo

0 500 1000 1500 20000 500 1000 1500 2
PAR [pmol m-2 s-1]

Figure 2.4 Response of CO,-Assimilation to changing light intensities of paddy (black
circles) and rainfed (grey circles) rice representing three distinct phenological stages (line a—
initial growth season, line b—mid season, line ¢ —maturity season) during the development
of the rice crop.
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Table 2.2 Quantum yield (o), Potential maximum GPP and the coefficient of determination
(R?) of the relation between NEE and PAR in A) paddy and B) rainfed rice in 2013.

DOY v S.E. a S.E. B S.E. R? (B+Y) 1500
A) PR 158 0.66 0.04 -0.006 0.001 -3.51 0.22 0.96 2.56
161 0.83 0.04 -0.007 0.001 -8.71 1.32 0.89 4.70
171 2.45 0.26 -0.019 0.002 -18.32 6.53 0.96 1117
182 4.15 0.28 -0.036 0.008 -25.27 1.16 0.97 17.20
197 4.70 0.40 -0.047 0.007 -39.59 3.43 0.95 25.31
218 4.50 0.23 -0.035 0.003 -39.50 2.74 0.97 22.40
240 3.15 0.23 -0.025 0.005 -13.53 1.90 0.85 9.95
B) RF 157 4.06 1.04 -0.009 0.010 -3.47 0.70 0.86 2.77
166 7.16 0.47 -0.011 0.002 -14.24 1.71 0.93 7.51
181 7.85 0.16 -0.047 0.005 -15.21 0.56 0.97 12.52
199 15.40 0.29 -0.098 0.012 -29.79 1.19 0.99 24.76
221 15.69 0.36 -0.090 0.012 -34.34 0.53 0.97 27.38
239 8.62 0.28 -0.055 0.006 -30.04 1.55 0.95 21.98

2.4.3. Biomass, leaf area and leaf N content

The total aboveground biomass (leaves, stems and grain) were 1.85 + 0.27 and 2.16 £ 0.28 kg
m™ of which 0.24 + 0.06 and 0.31 + 0.05 kg m™> were apportioned to the leaves in the paddy
and the rainfed, respectively. Peak biomass was attained in July in the paddy fields, while it
occurred a month later in the rainfed field, coinciding with the respective peak green leaf area
index (GLAI) of 5.4 + 1.1 and 4.9 +0.5 m* m™> (Figure 2.5a, b). Total crop yield (harvested
grain) was 1.19+0.10 and 1.16 +0.09 kg m™, which was equivalent to 6.61 +0.22 and
5.99 +0.68 t ha™" in the paddy and rainfed rice, respectively. While rainfed fields had 0.62 t
ha™' more yield than the paddy, the two were not significantly different. We however,
observed significant differences between two cropping system in their C allocation patterns
(i.e. allocation to the leaf, stem and grain) (see Table 2.3). During the early stages of growth,
a large proportion of carbon was directed to leaf development both in two systems. At
maturity, grains accounted for 64.4 and 53.9% of the total aboveground biomass in paddy and
rainfed rice, respectively. Leaf N content was significantly higher in the rainfed than flooded

rice and leaf N content declined with age (Table 2.3).
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Table 2.3 Percentage of carbon allocated in the aboveground biomass for the respective crop
organ and leaf nitrogen content in paddy and rainfed rice.

DOY Leaf-C[%] Culm-C[%] Grain-C[%] Leaf-N [%]
A) Paddy Rice 158 65.52 34.48 4.41
161 59.96 40.04 4.64
171 45.66 54.34 2.88
182 48.94 51.06 3.12
197 28.93 71.07 2.77
218 15.28 39.39 45.33 2.58
240 6.34 29.27 64.39 1.42
B) Rainfed Rice 157 62.50 37.50 5.24
166 65.00 35.00 4.79
181 32.54 67.46 4.39
199 36.03 63.97 3.72
221 22.07 58.20 19.74 3.58
239 10.96 35.10 53.89 3.05
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Figure 2.5 Dry weight [g¢ DM m™] of leaves, culms, grains, tuber, and green leaf area (GLAI)
of the CO,_measurement chambers during crop development in a) paddy and b) rainfed rice.
Harvest was done after the CO, plot measurements.

2.4.4. Regulation of CO, uptake

At any time during the growing period, the maximum GPP rates (GPP,,,x) on a clear sunny
day were linearly correlated (R*=0.87 and 0.98, for paddy and rainfed rice, respectively)
with GLAI (Figure 2.6a) and a (R* = 0.89 and 0.96) (Figure 2.6b). Also, a was positively
correlated (R2 =0.93 - 0.94) with GLAI (Figure 2.6c). Compared to flooded rice, rainfed rice
demonstrated higher light use efficiency at higher GLAIL In both two crooping systems, o

was also sensitive to leaf N content and increased at higher leaf N content (R2 =0.86 — 0.99,
84



Chapter 2 - Canopy carbon fluxes in paddy and rainfed rice

Figure 2.6d).
(a) (b)
40 40
@ Rainfed R?=0.98 @)

— p<0.001 -
i 30 {@paddy R2=0.87 o030 1
£ p<0.01 £
S ©
g€ 20 - € 20 T
=2 =2

é E @ Rainfed R?=0.96
& 10 A & 10 A p<0.001
& O ®Paddy R2=0.89

® p<0.01
0 T T O T T
0 2 4 6 0.00 0.05 0.10
GLAI [cm? cm™?] a [umol m2s?]

(©) (d)

0.12

@ Rainfed R?=0.94 012 @ Rainfed R?=0.99
0.10 p<0.01 6) 0.1 p<0.001

®Paddy R?=0.93

0<0.001 ®pPaddy R?=0.86

0.08 1 p<0.01

o [pumol m2s1]
o
o
[e)]
1

0.04 0.04 1
0.02 A 0.02 -
0.00 — l l 0 . .
0 2 4 6 0 5 10 15

GLAI [cm2 cm™?] N of leaves [gN/m]

Figure 2.6 GPP,,,« response to a) green leaf area index (GLAI) and b) light use efficiency (a),
while c¢) describes the changes in a in response to changing GLAI and d) the influence of leaf
nitrogen (N) on light use efficiency (a) in the rainfed and paddy rice.

2.5. Discussion

In paddy rice production, the common practice is to raise seedlings in seedbeds before
transplanting them into flooded fields, a process which requires 3 — 4 weeks (Cabangon et al.,
2002). In the meantime, the prepared fields are flooded with water, awaiting seedling
transplantation. Water loss through seepage and percolation during this period is estimated at

25 mm d', while evaporation accounts for 2 mm d! (Tuong and Bouman, 2003). Direct
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seeding as in rainfed field removes the need for irrigation and the idle period during land
preparation (Bhuiyan et al., 1995), but the growing period is longer compared to the paddy
rice (see Table 2.1). The amount of saved water, therefore, will depend on the balance
between the reduction in water use caused by shortened land preparation and the increase in
water use caused by the long vegetation period (Cabangon et al., 2002). Our study was,
however, limited in capacity and could not provide these details. On the other hand,
direct—seeded rice was planted earlier in the field compared to paddy rice. The amount of
rainfall received between the two out—planting periods was 63.9 mm. Given an
evapotranspiration rate of 1.2 mm d™! for a young rainfed field (Nay-Htoon et al., in prep.),
we deduce that 52.6% of this rainwater was put to productive use. Early establishment of rice,
therefore, promotes better use of early season rainfall, and maybe associated with improved

yield and reliability.

A characteristic of paddy rice fields is the prevailing high humidity and low VPD above the
rice canopy (Alberto et al., 2009), which supports full stomatal opening during midday, when
radiation is at its peak. This ensures maximum CO, assimilation and GPP rates at a time
when transient water stress due to high VPD negatively affects CO, uptake by the vegetation
as a result of stomatal closure in most terrestrial plants (Wopereis et al., 1996; Alberto et al.,
2009). The mean maximum VPD measured in the flooded field was 1.62 kPa compared to
2.83 kPa in the rainfed field. VPD differences between the two fields, however, had no
significant influence on leaf photosynthesis and canopy GPP (Figure 2.2). Instead, canopy
GPP (Figure 2.3a) in both two systems attained and sustained saturation rates during most of
the bright sunny days. In both cases, more then 80% of the daily GPP fluctuations were
explained by PAR (Figure 2.4). Thus, we can speculate that, despite growing on
non-saturated soils, root water uptake by rainfed rice is potentially adequate to sustain the
maximum photosynthesis, under the environmental conditions similar to ours. This is
demonstrated by similar NPP between two systems during the growing period (Figure 2.3c).
It is however not clear why development stops and maturity attained earlier in the rainfed

Crops.
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While significant drop in SWC within the top 30 cm soil profile were recorded in rainfed rice
(Figure 2.1c), the plants did not show signs of water stress. Possible reasons include 1)
extensive rooting system that access stable soil moisture below 30 cm depth (Kato et al.,
2006b; Kato et al., 2007), 2) large root biomass (Kato et al., 2006a) and 3) osmotic
adjustment that facilitate effective water uptake from the drying soil (Munns, 1988). Such
adjustments, which promote improved soil water uptake, however, shift C from the
aboveground organs and were likely to lower yield in rainfed rice (Munns et al., 1988).
Alberto et al. (2013) reported maximum GPP rates of 30 pmol m~2 s under moderate VPD,
while GPP was not sensitive to declining SWC within the top 10 cm soil profile, as long as
SWC in deeper soil layers (> 15 cm) was > 21%. They attributed such responses to large root
biomass located in the soil layers deeper than > 15 cm. In our case, the maximum GPP
recorded for paddy rice was 26.7 pumol m™ s compared to 43.1 pmol m™ s~ in rainfed rice
(Figure 2.4). GPP rates reported previously for Asian paddy rice range between 10 and 56
pumol m?2 st (Miyata et al., 2000; Campbell, 2001; Saito et al., 2005), while the rates
reported for rainfed rice in Asia range from 4 — 40 umol m2s! (Alberto et al., 2009, 2013;
Centritto et al., 2009). Given that NPP were not significantly different between two cropping
systems, lower GPP in the paddy rice compared to rainfed rice in our study was partly due to
lower R, measured in the paddy rice field (ref. Eq. 2.1). It is likely that a significant amount
of CO, generated from root and soil respiration was lost in the water column and was not
registered by the analyzer. Diffusion rate of gases in the flooded compared to dry soils is 100
times lower, leading to reduced gas exchange between root tissues and the atmosphere

(Armstrong and Drew, 2002).

In paddy rice, GPP is positively correlated with the aboveground biomass until maturity
(Campbell et al., 2001, Alberto et al., 2013). This implies that the bulk of the NPP is allocated
in the aboveground biomass (Smith et al., 2010), unlike in the rainfed system, where root
development is also critical. Surprisingly, the maximum aboveground biomass recorded in

rainfed field was 2400 g m” compared to 1800 g m™? in the flooded field (Figure 2.5). The
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need for structural support in the rainfed rice could be one reason for higher C allocation to
the culms compared to paddy rice, which partially relies on hydrostatic support of the
standing water. Approximately 13% of the total aboveground biomass was allocated to the
leaves in paddy rice compared to 29% in rainfed rice. The higher leaf mass in rainfed rice
was predominantly due to increased leaf thickness as opposed to leaf area (higher specific
leaf weight), since GLAI were not significantly different between them (Figure 2.5). This
could be a strategy in rainfed rice to increase photosynthetic efficiency, while checking on
run-away transpiration. Due to this high leaf biomass, rainfed rice potentially could perform
higher productivity, contributing to the observed higher GPP. It is likely that a large portion of
this productivity is invested in securing sufficient soil water uptake (Munns et al., 1988).
Higher GPP in rainfed rice is supported by the higher specific leaf weight, higher leaf N
content (Table 2.3) and higher quantum yield. That the total yield between two systems were
not significantly different, despite significant differences in GPP was not surprising. We
speculate that in addition to investing proportionately large amount of C in structural support
of the erect stems, rainfed rice invested a significant amount of carbon in order to improve
root water uptake through increased root biomass and osmotic adjustment. This needs further

investigations and we recommend more studies along these lines.

The yield in rain fed rice currently stands at 2.3 t/ha (Toung and Bouman, 2003), but
drought-resistant cultivars produced yield levels of 5—6tha’'. Bouman et al. (2007)
calculated that the country-average paddy rice yields in Asia ranges between 3 and 9 t ha ',
with an overall average of about 5 t ha™'. Alberto et al. (2009), Frageria and Baligar (2001)
reported an average grain yield of 5.2 — 6.3 t ha' for paddy rice. Peng et al. (2006) found
minor reduction in yields in rainfed rice compared to paddy rice, with 6.32 and 7.78 t ha™,
respectively, and no significant differences in yield (7.22 t ha for the rainfed and 7.84 t ha™
for the paddy) of a variety that was adapted to both flooded and aerobic conditions. These
values are comparable to our results. The results demonstrate that under ample soil moisture
supply both flooded rice and rainfed rice develop relatively similar canopies and comparable

yield.
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2.6. Conclusion

We conclude that with adequate rainfall, the new hybrid Unkwang rice variety has the
potential to grow as direct seeded, rainfed rice, attaining yields that are comparable to paddy
conditions. When grown as rainfed rice, Unkwang exhibits higher GPP, but it is likely that a
significant portion of this GPP is apportioned to the roots to ensure improved water uptake.
Improved leaf N and higher specific leaf weight result into higher quantum yield,
contributing to improved productivity in the paddy rice. On a daily basis, PAR determined the
daily fluctuations in GPP while seasonal GPP differences were due to GLAI and a differences.
While direct seeding as in the rainfed field eliminates the need for irrigation, maximizes the
use of early rain events and is likely to require less water, it extends the production period. This
study demonstrates the potential of Unkwang as a high yielding variety suitable for promoting
rice production under rainfed conditions without extended soil drying. We recommend further
studies to determine the amount of water that can be saved through using Unkwang cropped

under rainfed conditions.
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3.1. Abstract

Our research is intended to disentangle relationships in eco—physiological factors responsible
for variations in carbon gain, water use and yield in rice agro—ecosystems in order to advance
the practical application of water—saving rice agriculture. Comparisons in leaf and canopy gas
exchange between flooded and water—saving (rainfed) rice were conducted in a monsoon
region of South Korea in 2013. Correlation between net primary production (NPP) and leaf
area index (LAI) in the two cropping systems was essentially the same. Rainfed rice had
lower photosynthetic N use efficiency resulted by significantly high proportion of nitrogen
investment into non—photosynthetic components while, delayed grain—filling retained clearly
higher leaf N which facilitated carbon gain (gross primary production, GPP) as compared to
senescent paddy rice. Rainfed plants had markedly higher respiratory carbon (Rpn) lost,

resulting in narrowed facilitation effects brought by enhanced GPP. At flowering and
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grain—filling, the two cultures had compatible NPP, green biomass accumulation. However,
compromised grain yield production by 10.2% in rainfed rice was registered due to a high
proportion of unfilled spikelets occurring during prolonged non—rainfall periods, which was
accompanied by strengthened stomatal limitation and leaf rolling that reduced carbon gain
capacity. Intrinsic water use efficiency (WUE;) was constant and similar in two cropping
cultures, but substantially increased under drying conditions due to pronounced stomatal
closure. Photosynthetic sensitivity and water use efficiency were related to hydraulically
constrained stomatal conductance. WUE; was closely related to water availability with a large
change occurring at soil matric potential (y;) at ca. -75 kPa and plant hydraulic conductance
(k) of 5 mmol m? s' MPa' that decreased carbon gain capacity. We conclude that
intermittent occurrence of prolonged non-rainfall periods during the monsoon season will
strongly hamper photosynthetic productivity in rainfed rice, which results partially due to lost

in plant hydraulic conductance.

Keywords: Carbon balance, Water use, Hydraulic conductance, Leaf rolling, Rice, Yield
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3.2. Introduction

The increasing probability of water scarcity due to changing global precipitation pattern and
intensive competing demands for fresh water resources from growing domestic and industrial
withdrawals especially in developing Asian countries which provide over half of the world’s
rice production, call for the initiation of water saving agricultural systems (IPCC, 2013) such
as rainfed, continuous soil saturation, and flash —irrigation management practice (Bouman et
al., 2005). Rainfed rice systems have been proposed as the most efficient among these field
managements, due to significant less amount of water input and high production (Thanawong
et al., 2014). The establishment of new breeding lines that will allow sustainable crop
production (Araus et al., 2008) under rainfed conditions is based on the assumption that
long-term evolution has in fact included potentials into the genetic inheritance of rice to cope
with marginal oscillations in water supply (Jearakongman et al., 1995). Lowland rice planted
in rainfed fields over several years resulted in relatively high photosynthetic productivity
without compromising yield in Japan and Philippines as compared to flooded systems
(Alberto et al., 2012; Kato et al., 2006; Katsura et al., 2010). These results suggest a parallel
carbon uptake and similar net ecosystem production in the two cropping cultures (Alberto et
al., 2009; 2012; 2013). Nevertheless, large fluctuations in grain yield production have also

been registered in rainfed rice system (Bouman et al., 2005).

Uncertainties with respect to climate change, especially in the occurrence of infrequent but
prolonged non-rainfall periods, and the need to extend rice production in other geographical
regions emphasize the need to better understand in detail the ecophysiological response
mechanisms related to the transfer of rice genotypes from wetland to dryland growth
conditions. Shifts in the “behavior” of rice, e.g., shifts in ecosystem function in terms of
carbon and water fluxes that influence determining rice crop development and yields
(Campbell et al., 2001a; Lindner et al., 2015; McMillan et al., 2007), must be viewed as a
high research priority. The differences in crop yield between paddy and rainfed rice that may
be expected are due to multiple causes such as establishment (Rang et al., 2011),
photosynthetic productivity and carbon allocation among plant organs (Niinemets, 2007), and
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their interactive influences.

Photosynthetic productivity which determines amount of available carbohydrate for growth
and biomass accumulation is a predominant component influencing yield. Nitrogen use
efficiency positively correlates to photosynthetic productivity (Hirel et al., 2001; Ju et al.,
2015; Ladha et al., 1998; Sinclair and Horie, 1989), and has been proposed as one of key
factors determining plant survival and establishment (Niinemets and Tenhunen, 1997; Feng,
2008). Nitrogen supplied in early growth could stimulate a initial burst in photosynthesis
which eventually influences total leaf area throughout growth seasons (Murchie et al., 2005;
Sinclair and Horie, 1989), and causally affects seasonal development of canopy carbon gain
capacity. However, biomass accumulation and yield are not only determined by developing
canopy structure and the potential for carbon uptake at seasonal dimension, rather soil water
availability dynamically modifies response and dominates daily variations in intensity of crop

carbon and water exchange.

Thus, the transfer of rice from paddy to a rainfed growth conditions requires carbon
allocation and physiological adjustments that best avoid impacts of drying conditions. We can
expect greater biomass allocation to roots in order to access wet soil layers (Fukai and Cooper,
1995; Osmont et al., 2007). On daily scale, limited exposure of leaf area and decline of
stomatal conductance adjust leaf water potential and avoid catastrophic drought damage
(Davatgar et al., 2009; Wopereis et al., 1996; Yu et al., 1998). Stomatal conductance shows
cycling or oscillation between the open and closed conditions (Tenhunen, 1987) to optimize
the conflicting requirement of CO, uptake and control of water loss (Cowan, 1982; Niinemets

and Valladares, 2004).

In rice under drying conditions, assimilation rate declined in synchrony with stomatal
conductance (Yoshida, 1981), inferring that carbon gain capacity is governed by stomatal
conductance. Nevertheless, relative high transpiration rates were commonly observed during

soil water depletion (Bouman et al., 2005; Tanguilig et al., 1987; Yoshida, 1981), which
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might expose rice plants to risk of xylem cavitation and lower hydraulic conductance. An
increasing number of studies up to date reported a dependence of photosynthetic sensitivity
on stomatal conductance linked to xylem hydraulic conductance in woody species (Franks,
2004; Hacke, 2014; Martorell et al., 2014). This may also be the case in crops (Locke and Ort,
2015) and such adjustments may largely influence water use efficiency, although there are
few reported for field-grown rainfed rice (Davatgar et al., 2009; Stiller et al., 2003). We
anticipate a positive regulation via momentary stomata oscillations during daytime and
effective water compensation by the rooting systems in rainfed rice that will help to minimize

soil drying impacts and optimize carbon gain and water use efficiency.

Studies of crop ecophysiology over the entire growth cycle and in natural field environment
are essentially indispensable in order to better understand and sort out the multiple responses
that regulate carbon gain and yield production (Alberto et al., 2013; Bhattacharyya et al.,
2013; Niinemets and Keenan, 2012; Okami et al., 2013). Furthermore, identification of
response characteristics that dominate in rice systems will be beneficial, not only for
irrigation decision-making, but also to provide clarity in assumptions related to climate
change effects, and in soil environment and rice ecosystem function. In our study, a single
rice genotype was planted in two contrasting water regimes, i.e., with flooded paddy and
rainfed cropping cultures. Gas exchange behavior and crop development were evaluated over
an entire growing season via application of chamber flux measurements at leaf and stand
level, assessments of biomass and nitrogen distribution, monitoring of water status in plant
and soil matrix, and estimation of grain yield component, in order to address the following
hypotheses:

1) Rice crops growing under rainfed versus irrigated conditions in the monsoon climate
region of South Korea develop similarly with respect to canopy structure and nitrogen use,
carbon gain and water use efficiencies.

2) For the same genotype, gas exchange process regulation in rice is unaffected by a change
from paddy to rainfed field cultivation.

3) Similar nitrogen use, carbon gain and water use over the growth season under climate
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conditions in South Korea result because root systems and soil water storage are adequate to

allow full daily recovery by rice plants during extended periods without rain.

3.3. Materials and methods

3.3.1. Study site

Field research site was conducted at the agricultural fields of Chonnam National University,
Gwangju, South Korea (126°53" E, 35°10" N, altitude 33 m) where over 60% of precipitation
events occur from May to October during the monsoon season with an annual mean
temperature of 13.8°C and annual mean precipitation of ~1391 mm during the past 30 years
(1981-2010). Both paddy and rainfed rice fields had similar soil properties (gray lowland soil
(Fluvisols), ratio of sand, silt and loamy 40: 37: 23) with total organic carbon 12.3 g kg™,
total nitrogen 1.0 g kg, available P (P,Os) 13.1 g kg, soil pH in H,O was 5.5 and
approximation of bulk density of topsoil (0-12 c¢cm) 0.8 g cm® (RDA 2008). Seeds of
Unkwang (Oryza sativa L. cv. Unkwang) were sown in a nursery on April 22, 2013 (DOY
110) and seedlings in 10 cm height were transplanted into a flooded field using an automatic
rice planting machine on May 20, 2013 (DOY 140), with a row—line spacing of 12 x 30 cm.
On average, 5 seedlings were planted in each hill. Fertilizer with a mass ratio of N-P-K of
11:5:6 was used in paddy rice to achieve an addition of 115 kg N ha™'. 80% of N fertilizer
was applied two days before planting (May 18, DOY 138), and the rest at the tillering stage
19 days after transplanting (DOY 157). Seeds of same rice variant were directly sown into the
soil on April 22 (DOY 112) in a field adjacent to the paddy field, applying fertilizer at the
same level of 115 kg N ha™ at two times: 80% of total N before seeding and the rest on DOY
160. During growth no artificial water supply was provided in the rainfed field. All field

managements reflected the practice of the farmers in the region.

3.3.2. Measurement of meteorological factors and soil water content

Air temperature, relative humidity, precipitation and global radiation were continuously

measured at 2 m height with an automatic weather station (AWS, WS-GP1, Delta-T Devices
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Ltd., UK) installed at the margin of the rainfed field. Meteorological variables were recorded
every 5 minutes, averaged and achieved on a half-hourly basis. Volumetric soil water content
(SWC, m* m™) at 10 cm depth in the paddy field and at 10 and 30 cm depth in the rainfed
field were measured at several locations close to the collars installed for canopy gas exchange
measurement using EC-5 soil moisture sensors (Decagon, WA, USA). The sensors were
installed during the initial growth stage and kept in the field throughout the season. Data were
logged every 30 min using EMS50 data-logger (Decagon, WA, USA) and calibrated based on

actual soil water measurements conducted in the laboratory with the same soil.

3.3.3. Measurements of leaf level gas exchange

A portable gas-exchange system (GFS—3000, Heinz Walz GmbH, Effeltrich, Germany) was
used to measure net assimilation CO, response curves at different leaf temperatures. CO,
response curves of uppermost canopy leaves were measured twice for the paddy rice, at
around DOY 168 and around 214, and three times in the rainfed rice at around DOY 158, 182,
and 239. CO, curves were commenced after leaves had acclimated to the cuvette
microenvironment (CO, concentration of 400 pmol mol™ and saturating PAR of 1500 pmol
m™? s™) after which CO, concentration was changed progressively according to the sequence
1500, 900, 600, 400, 200, 100 to 50 umol mol ™. Relative humidity was controlled to ca. 60%.
Net photosynthetic rate (A) and stomatal conductance to CO, (gs) data were recorded after
new steady-state readings were obtained. At least three replicate CO, curves were obtained at
each leaf temperature, which was varied in 5°C steps from 20 to 35°C at initial growth stage
and from 25 to 35°C at the grain-filling stage. For each CO, response curve, the protocol
described by Sharkey et al. (2007) was used to estimate carboxylase capacity, Vcmax and
RuBP regeneration capacity, J.x. Additionally, ambient photosynthesis rate at near optimal
temperature (Amax at 400 pmol CO, mol'l, saturating PAR of 1500 pumol m?2 s and 30°C
which is close to optimal temperature best for photosynthesis) was measured in leaves of

paddy rice at DOY 230 and rainfed rice at DOY 206.
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Apart from seasonal changes in leaf A, qualified by above measurements, insights in
response of leaf gas exchange to varying meteorological factors and soil water depletion, and
their sensitivity to plant water status under those conditions could be achieved by diurnal gas
exchange measurements. Diurnal gas exchange measurements in the sunlit (uppermost)
expanded leaves were conducted using the GFS—-3000 system on DOY 177, 196, 213, and
221 in the paddy rice field. The measurement dates of diurnal courses of the sunlit
(uppermost) leaves in the rainfed rice were DOY 157, 181, 202, 206, 224, 225, 229, and 240.
Middle sections of two or three intact and healthy leaves were enclosed horizontally in the
measurement cuvette from sunrise to sunset. Incident light intensity, air and leaf temperature,

air humidity, and CO; concentration were recorded simultaneously with gas exchange rates.

3.3.4. Measurements of canopy level gas exchange and estimation of NPP and Rplant

The daily course of canopy CO, gas exchange was measured with a custom—built set of one
transparent and one opaque chamber (L 39.5 x W 39.5 x H 50.5 cm; detailed information on
chamber construction and measurement protocols are given in Li et al. (2008) and Lindner et
al. (2015)) in the rainfed rice on DOY 157, 166, 181, 199, 221, and 239 and in the paddy rice
on DOY 158, 166, 182, 197, 218, and 240 DOY. On 202 only transparent chamber
measurement was carried out in rainfed field. Four plots in each field were established. The
plots were accessed by raised walkways in the paddy field and the growing plants remained
undisturbed. Four white plastic frames (L 38cm x W 38cm) that provided a sealing collar for
the chambers were inserted into the soil down to 10 cm depth just after transplanting of
seedlings in the flooded field, and after seedling establishment in the rainfed field, and were
only removed after harvest at the end of growth season. Three frames, each enclosing three
bundles of healthy plants, and a fourth frame without plants were deployed. Diurnal gas
exchange courses of net ecosystem CO, exchange (NEE — with transparent chamber), soil
respiration (R, — with opaque darkened chamber in frame without plants) and ecosystem
respiration (Reco — with opaque darkened chamber in frame with plants) per square meter
ground surface were intensively monitored from sunrise to sunset. Incident PAR in the

transparent chamber was measured with a quantum sensor (LI-190, LI-COR, Lincoln,
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Nebraska, USA) and CO; concentration with a portable infra-red gas analyzer (LI-820,
LI-COR, Lincoln, Nebraska, USA). Soil temperature in the soil profile at 10 cm depth was

monitored concurrently. GPP estimation was conducted as following:

GPP =-NEE +R,, =-NEE+R,, +R

plant soil

3.1

Net primary production equivalent to canopy net assimilation rate (NPP), difference between
gross primary production (GPP) and plant respiration (Rpn), in the paddy and rainfed rice

was therefore estimated from measured NEE and R,; (Campbell et al., 2001a),

NPP = NEE + R (3.2)

soil
where soil respiration was determined from a regression with respect to soil temperature

(Tsoit), using the function of Lloyd and Taylor (1994), normalized to 15°C,

1 1
EO[T T, T.uT ]
— ref —10 soil 40
Rsoil - Rsoilrefe (33)

where Tyt and T, are fixed to 15 and -46°C, respectively. As an absence of soil respiration

measurement on 202 DOY, R was supposed to approximate to that of 200 DOY.

A classical hyperbolic light response model was fit via a non—linear least square algorithm to
estimate NPP as a function of incident PAR,

NPP = B-a-PAR (3.4)

where, a is initial slope of the light response curve, B provides NPP at a saturating level of
PAR, and vy is y-axis intercept when PAR is close to 0. Data gaps in NPP during hourly
measurement cycles were interpolated, using the parameterized light response curves and
PAR data recorded at the automatic weather station. Similar hyperbolic light response model
was also fit to estimate gross primary production (GPP; sum of NEE and R.,) as a function

of incident PAR, to generate daily integrated gross primary production (GPPjy).
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3.3.5. Measurement of diurnal courses of leaf water potential and degree of leaf rolling

On the same measuring times as leaf gas exchange in July and August, daily courses for leaf
water potential in the rainfed rice were measured with a pressure chamber (PMS Instruments,
Corvallis, OR). Measurements were conducted hourly from sunrise to sunset. Healthy and
well-exposed leaves in plant canopies were enclosed in a plastic bag before cutting and
rapidly transferred into a pressure chamber. Moist tissue papers were inserted inside the
chamber to minimize transpiration water loss during measurements. Once a leaf was fixed in
the chamber, the chamber was slowly pressurized until water bead exude at the opposite,
clean, severed end of the leaf. A regression describing correlation of leaf water potential with
VPD, leaf temperature and PAR was used to estimate leaf water potential values at the times

when leaf gas exchange rates were registered.

Thirty individual leaves were cut and scanned by an LI-3100 leaf area meter (LI-COR Inc,
Lincoln, Nebraska, USA) to obtain the leaf area. Leaf length and width at the middle of each
leaf were measured to determine an empirical equation for area estimation. True leaf area was
found to equal (Length * Width * 0.759). 48 individual leaves close to plants sampled for gas
exchange and leaf water potential measurements were observed hourly from sunrise to sunset
on 202, 225, 229, 233 and 236 DOY to estimate changes in projected leaf area (Length *
Width * 0.759).

3.3.6. Characterization of leaf nitrogen content, leaf area, biomass, and yield

components

After conducting gas exchange measurements, each sampled individual leaf was cut and
collected to estimate leaf blade area, dry mass and nitrogen content. To determine LAI, the
green biomass overlying a half square meter of ground surface close to the chamber plots was
harvested. All samples were dried at 60°C in a ventilated oven for at least 48 hours before
determination of dry mass. Leaf nitrogen content was measured by C:N analyzer (Model
1500, Carlo Erba Instruments, Milan, Italy). Grain yield in paddy and rainfed field were

measured in four sampling plots (0.5 x 0.5 m) close to chamber measurement plots at the end
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of the season (DOY 253), and yield components (panicle number, spikelet number,
proportion of filled spikelets and 1000 grain weight) were evaluated based on

recommendation from Yoshida et al. (1971).

The seasonal development of LAI was additionally observed with a plant canopy analyzer
(LAI-2000, LI-COR, Lincoln, Nebraska, USA). Measurements were conducted along a
transect across the rows using a cover view of 45° during early growth stages, and a view of
270° at later growth stages. LAI measurements were regularly made in the late afternoon or

during periods of uniform cloudiness when there was no direct beam of sunlight.

3.3.7. Estimating effects of plant hydraulic conductance, stomatal conductance (gs.) and

stomatal limitation in carbon gain

The volumetric water content was converted to soil-water tension, ¥ (kPa) with standard
soil-water retention curves of van Genuchten (1980),
6. -6

[1 +oly,) ]m

where 0(W;) is soil water content at matrix potential ¥s; 0, and 65 represent residual and

Oy,)=6 + (3.5)

saturating soil water content (m3 m'3), and o relates to the inverse of the air entry suction,
which are optimally estimated by Hydrus 1D model (Ruidisch, 2013; Schaap et al., 1998)
based on the local investigation of soil texture and soil water content observations: 6, = 0.12

m’ m>, 6,=0.57 m’ m>, 6 = 0.0096 cm™, n =1.49, and where m is (1-1/n).

The steady-state flow through rice plants was described by Darcy’s law (Franks, 2004; Otieno
et al., 2012; Stiller et al., 2003), substituting molar for mass units, which equates mmolar

fluxes with the product of leaf—area—specific hydraulic conductance (k, mmol m? s MPa™):

I = £ (3.6)

l//s _l//[ _pgh
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where E is the transpiration rate (mmol m> s'l); (Ys-P)) is the total pressure drop (MPa); h is
the length over which the pressure drop is taking place (m); p is the water density (kg m™); g

is the acceleration due to gravity (m ).

To evaluate the effects of hydraulic conductance on variations in stomatal conductance

occurring under saturating light environment, a hyperbolic equation was used,
a-b-k
g §,max = + C
- 1+b-k

where gsmax 1S the stomatal conductance under saturating light; a is ggmax under infinite

(3.7)

hydraulic conductance; b is the slope of the relationship between gsmax to k; and c is the

residual conductance.

To quantify the extent to which leaf photosynthesis is constrained by stomatal conductance
before and after rainfall events, to the relationship of Harley et al. (1986) was used,

Lg; — 100 Aci:ambient — A

‘ A

(3.8)

where, A is the measured assimilation rate; A i—ambient 1S the assimilation rate under conditions

of intercellular CO; concentration equal to ambient CO, concentration.

3.3.8. Statistic analyses

Descriptive statistics was used to calculate averages and standard error of the data from each
set of replications. Standard errors were shown in error bars. Two samples T test was used to
analyze statistic difference for periodical measurement of canopy and leaf gas exchange data
between paddy and rainfed rice. Missing data of leaf water potential when leaf gas exchange
rate were recorded were filled in by multi—variable linear model constructing correlation
between measured leaf water potential and respective meteorological factor and leaf
temperature. All data analyses mentioned above were done by using SPSS software (SPSS

Statistic 17.0, IBM Inc., NY, USA).
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3.4. Results

3.4.1. Meteorological conditions and leaf and soil water status over the growth seasons

Meteorological factors recorded at 2 m height at the rainfed field margin, SWC at 10 and 30
cm depth, and minimum leaf water potential observed around noon in the rainfed rice are
shown in Fig. 3.1. Total rainfall in 2013 was ca. 1330 mm. Rainfall was distributed among
seasons with 7.0% (94 mm), 30.1% (401 mm), and 23.4% (312 mm) of total precipitation
occurring in June, July and August, and with large events of 176 mm (13.2%) on DOY 186
(July 5) as well as 7.3% on DOY 236 (August 24). Scattered low—precipitation events
happened between DOY 140 (May 20) and DOY 177 (June 26).

Frequent rainfall occurred in July and August. In general, the observed monthly precipitation
distribution exhibited typical monsoon climate that was consistent with the past 30—year
record. The number of days with at least 0.1 mm of precipitation during July was 13, while
only 6 days of effective precipitation were registered in August. That was lower than the past
history which averaged 13.9 days, but, August 2013 still had significantly higher rainfall
amount of 312 mm as compared to historical record of 276 mm. The abnormal uneven
distribution of precipitation in August resulted in decreases in soil water content that
influenced rice growth and development.

3. In

Continuous standing water in paddy field resulted in SWC fluctuating around 0.7 m’ m
contrast, the soil matrix at 10 and 30 cm depth in the rainfed plots showed large variations,
although SWC remained above 0.4 m’ m> during most of the growth season when intensive
precipitation occurred (Fig. 3.1c). SWC at 10 cm depth was more sensitive to temporal
changes in rainfall as compared to 30 cm depth, decreasing to 0.26 m’ m™ between DOY 197
and 203 (first soil water deficit period, SWD1) and again between DOY 218 and 234 (second
soil water deficit period, SWD?2). Maximum water vapor pressure deficit between leaf surface
and leaf tissues (VPDpax) during these two dry periods were high as compared to other

periods, increasing up to 3.5 kPa (Fig. 3.1b). Daily solar radiation was almost constant over

growth seasons (Fig. 3.1a), except on the rainy and cloudy days. Daily maximum air
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temperature (Tairmax) gradually increased to 32°C in June and July, and arrived at maximum
of ca. 37°C during SWD2 (Fig. 3.1b), which was one of the prime factors influencing VPD
and SWC.

Decreasing soil water content caused a decline in the minimum leaf water potential (‘)
reached at midday during the SWD1 and SWD2 periods, with the lowest ¥ falling to -2.0
MPa (Fig. 3.1c) when soil water content was reduced to 0.26 m® m™ (corresponding to soil
matrix potential ¥ ca. -0.19 MPa). The horizontal dashed line in Fig. 3.1c indicates SWC of
0.3 m® m™ at 10 cm depth, which is the apparent threshold value below which soil drying
induced down-regulation of leaf gas exchange rates (see below). Accordingly, minimum ‘P; at
roughly -1.0 MPa was observed at the time when SWC dropped lower than that value.
According to those two threshold signatures, two growth periods, dry and wet, were defined.
The minimum Y, at -2.0 MPa was observed on DOY 233 before rainfall on DOY 235.
Pre—dawn ¥}, measured before sunrise over the course of growth season, was close to zero,
together with appearance of copious guttation at leaf margin in the early morning,
demonstrating that rainfed rice was capable of complete recovery from short—term impacts
induced by dry conditions at daytime via nocturnal water uptake by roots (i.e. no permanent

damage occurred).
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Figure 3.1 Seasonal variations in daily integrated solar radiation (a), precipitation (a), daily
maximum and minimum air temperature (Tairmax and Tairmin) (b), maximum water vapor
deficit between leaf surface and leaf tissues (VPDyax) during the daytime period (b), soil
water content (SWC) at 10 and 30 cm depth in rainfed field (c), and minimum leaf water
potential (W) min) measured during daily observation cycles (c). Shading bars indicated dry

periods between 197 and 203 DOY and between 218 and 234 DOY when SWC at 10 cm

depth in rainfed field was less than 0.3 m’ m>.

3.4.2. Phenology of development over the course of the growth season

Germination and seedling emergence through the ground surface in the rainfed field
commenced around DOY 138, 26 days after sowing. On DOY 140 seedlings of 10 cm height
cultivated in a nursery were transplanted into the paddy, resulting in a slightly advanced
growth and development. Thus, the duration of vegetative crop growth (tillering and

elongation) was shorter in the paddy field and the commencement of flowering (anthesis)
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occurred 9 days earlier than in rainfed rice (Figure 3.2). Nevertheless, the flowering stage
lasted approximately 7 days in both situations. The delayed start of grain-filling in rainfed
plots in mid-August was accompanied by a prolonged dry period, which clearly affected

canopy structure and function (see below).

3.4.3. Seasonal developments of canopy structure, carbon fluxes, and nitrogen content in

paddy and rainfed rice

Daily integrated GPP (GPPj,) linearly increased after beginning of growing season until the
date ca. 200 DOY when GPP;,; was at peak stage in paddy plot (Figure 3.2a). There was no
clear difference in GPP;,; on 157 DOY between paddy and rainfed plots, whereas, rapidly
ascending in GPPj, in paddy rice promoted the differences to widen, for example GPP;,; on
181 DOY (p = 0.036). Large difference in GPP;, dismissed on 200 DOY. Maximum GPP;j,,
in paddy rice (12.26 g C m™ d™') appeared earlier than that in rainfed rice (14.29 g C m>d™).
Significant discrepancy was not obtained but maximum GPP;, of rainfed rice was relatively
high than paddy plot by 16.6%. Rainfed rice showed significantly higher GPPi, by 125%
than paddy rice on 240 DOY. Seasonal trend in daily integrated plant respiration (Rp_jn) was
similar to GPP;, (Figure 3.2a). Maximum Ryjane_incin paddy and rainfed plot were 3.4 and 4.3
gC m?d’, respectively. Ratio of R i to GPPjy in paddy plot on respective measuring day
of year 158, 166, 197, 218, and 240 was 27.02%, 38.13%, 27.71%, 22.24% and 42.63%,
respectively. The ratio in rainfed rice on respective measuring day of year 157, 166, 181, 199,

221, and 239 was 43.59%, 64.50%, 43.28%, 36.60%, 30.33% and 34.91%, respectively.

Hyperbolic response curves of momentary NPP to incident PAR in the paddy and rainfed rice
measured on different days throughout the growth season are shown together with parameter
values determined for equation 3 in Figure 3.10.A1 and Figure 3.11.A2. There was a tight
correlation between NPP and PAR on each measuring date with significance at 0.05 level,
correlation coefficient R* > 0.80 (Table 3.2.A1). From the light responses of NPP, the daily
integrated NPP (NPP;,;) was obtained from half-hourly estimations with measured PAR data.

Daily NPP;y in the paddy and rainfed rice exhibited a rapid increase during the early growth
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season, reached the highest level of ca. 8.2 ¢ C m™ d' in paddy rice between 200 and 220
DOY and ca. 10.2 g C m? d” in rainfed rice at 220 DOY, and afterwards declined (Figure
3.2b). There was no significant difference in NPP;,; between paddy and rainfed rice at initial
stage before 170 DOY (p = 0.31), NPPj, increased more rapidly in paddy rice by ca. 180
DOY (p = 0.001). Difference in NPP;,; between sites then narrowed between 200 and 220
DOY without statistical significance at 0.05 level. Following the maximum in daily NPPjy,,

rainfed rice had a markedly higher NPP;, than paddy rice at 240 DOY (p < 0.001).

Seasonal patterns in LAI development are also shown in Figure 3.2b. Before 175 DOY,
differences between paddy and rainfed rice were small, but rapid LAI development in paddy
rice increased the differences after 180 DOY (p < 0.01). Significant differences remained
until 210 DOY (p = 0.06). LAI rapidly declined in paddy rice after 220 DOY and, thus, LAI
in rainfed rice was 28% higher by 240 DOY. Variations in the maximum NPP recorded at
midday (NPP,,,x) between paddy rice and rainfed rice were analogous to NPP;,; changes over
growth season (Figure 3.2¢). Total canopy nitrogen content (Nio1, & m'2) was similar between
the two cropping cultures before 185 DOY (Figure 3.2¢), but then leveled off in the paddy
rice, leading to significantly higher Ny, in rainfed plots at 202, 223 and 240 DOY by ca.
50%, 120%, and 170%, respectively.

Two of the agronomic stages in the rice growth cycle, flowering and grain-filling, play vital
roles in determining grain yield production. Rainfed rice had a longer growth period but
showed similar duration for flowering and grain-filling as compared to paddy rice.
Phenological development in rainfed plots lagged behind that of paddy rice throughout the
season. Significant declines in both NPP.,,x rate and NPP;,, was observed in rainfed rice
during the first dry period SWD1 on 202 DOY (Figure 3.2b). NPP,,,x and NPP;,; were only
11.1 pmol m~ s and 3.3 gC m?>d’, approximately 53.7% and 66.9% lower than maximum
values. Although no measurements were made, similar or more severe decrease might be
expected during the more prolonged dry period during grain-filling stage (DOY 218-234).

The impacts during prolonged dry period occurring during grain—filling stage in the rainfed
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field were documented by carbon gain and water use at leaf level (discussed below).
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Figure 3.2 Seasonal development of daily integrated gross primary production (GPPy,) (a),
daily integrated plant respiration (Rpianint) (@), daily integrated net primary production
(NPP;y,) (b), leaf area index (LAI) (b); daily maximum carbon gain capacity (NPP.x) (¢), and
canopy nitrogen content (No1) (¢) in paddy and rainfed rice ecosystems. Time periods during
which paddy and rainfed rice grew at different agronomic stages: T + E for tillering and
elongation stage; F for flowering stage, and M for grain-filling and maturation stage. Shading
bars indicate the first dry and second dry periods that potentially impact canopy structure and
function. Dashed lines emphasize that observations were not continuous with respect to
potential soil drying effects. Error bars indicated S.E., n =3 to 6.
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3.4.4. Seasonal changes in gas exchange properties in paddy and rainfed rice

Leaf nitrogen content per leaf area (N,) of upper—canopy leaves rapidly declined in paddy

rice leaves between 160 DOY and 193 DOY from 1.6 to 1.3 g m?, remained relatively

constant during flowering, and then decreased to 0.9 g m™ during grain—filling (Figure 3.3a).

Leaf N, in rainfed rice also declined over the course of the season, but much more gradually,

from an initial 2.14 to 1.76 g m observed on 230 DOY. Thus, N, in rainfed rice was

significantly higher than that in paddy rice over the entire growth season (p < 0.01) (Figure

3.3a). In parallel to the trends in N,, the maximum carboxylation rate (Vcmax30) and electron

transport rate (Jmax30) both decreased over time, but were higher in rainfed rice compared to

paddy rice (Figure 3.3c,d). Especially at 240 DOY, rainfed rice maintained a high V¢max30

and Jnax 30 (approximately 45% greater than in paddy rice; p < 0.01).

(a)
2.4}
4
20 T~ .
o T T
£ 16} %
2 3.
© L- RN O/©
Z q2f el \\\
Agai
AN\
0.8} %
300 . (©)
<, 250 l
' 1
_O L
2 200
=
g L
£ 150
-
100 L— - - - .
160 180 200 220 240
DOY
Figure 3.3

112

2 A
A oo (Hmolm™s™)

(umol m?s™)

max,30

J

max,

35r

28+

21+

14}

400 -

350+

300+

250+

200+

150+

100

(b)

é\QQ:::T\\\Q |
gSii”/f::igg:;?:::zisikrA//%‘_
\‘ \ OA

h\“\\é}\%/- 1

160 180 200 220 240

600
450 “,
=
300 £
E
150 o
0



Chapter 3 - Canopy gain, water use and yield in paddy and rainfed rice

Figure 3.3 Seasonal development in leaf photosynthetic traits in uppermost leaves at flooded
and rainfed rice cropping systems: (a) leaf nitrogen content per leaf area (N,) and
photosynthetic nitrogen content generated by leaf nitrogen content minus residual N content
derived from Vi max30—N, correlation (dashed lines); (b) photosynthetic capacity (Amax) and
stomatal conductance (g 30) acquired at saturating PAR of 1500 pmol m? s, ambient CO, of
400 umol mol™ and leaf temperature 30°C; (c) the maximum carboxylation rate per area at
leaf temperature 30°C (Vcmax30), (d) the maximum electron transport rate per leaf area at leaf
temperature 30°C (Jiax30). Bars indicated S.E., n = 3 to 6. Black triangles and open circles
respectively represent rainfed and paddy rice.

Surprisingly, during the periods when soil was moist Apax 30 was relatively lower in rainfed
rice before 200 DOY but the difference was small (p = 0.31). The seasonal decrease was less
steep and only slightly decreased by 10.2% from 180 DOY till 240 DOY (Figure 3.3b).
Significant difference in Apax30 between the two cropping cultures was observed on 240
DOY (p < 0.001). The seasonal variations in Apax 30 in rainfed rice could be interpreted by N
use efficiency (defined as assimilate rate divided by N content) and changing g, or either of
them. Although large discrepancy in leaf N between the two types of cultivation at each
growth stage existed, there was still conservative correlations among photosynthetic
characteristics and leaf N. V nax 30 wWas linearly related to N,, with similar slopes of 170.1 and
204.3 in paddy and rainfed rice, respectively (Figure 3.4a). However, there were distinct
differences in residual N, (the x—intercept), 0.26 and 0.84 g m™ for paddy and rainfed plots,
respectively. Similar performance as found in the V max30—N, correlation occurred in the
Jmax30—Na correlation (Figure 3.4b), again showing similar slopes but higher residual N, in
rainfed rice at 1.01 g m?, compared to 0.42 g m? in leaves of paddy rice. Apax 30 linearly
scaled to N, in paddy and rainfed rice, exhibited similar slopes of 20.3 and 22.5, respectively
(Figure 3.4c). Clear discrepancies in y-intercept existed, with 0.32 and 0.92 g m for paddy
and rainfed rice, respectively. Residual N content invested in non-photosynthetic tissues in
rainfed rice was as high as three times that of paddy rice. At the plot scale, the relationship
between NPP,,,x and total nitrogen content (Ny) (Figure 3.4d) was similar to that observed
in Apmax30—Na correlation, i.e., similar slopes but different intercepts. Thus, residual nitrogen
values in the whole canopy data for paddy and rainfed plots were 0.5 and 1.0 g m™ (ground),

respectively, compared with 0.32 and 0.92 g m™ (leaf) derived from the Apa—N, in leaves of
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paddy and rainfed rice. Paddy rice had improved N use efficiency at given leaf N content due

to lower non—productive N investment in leaves.

Contribution of photosynthetic N content to photosynthetic capacity was analyzed from the
negative x—intercept (residual N content in Apax30—Na) with respect to leaf N content. Given
that photosynthetic N content derived from Vimax30—Na 0Or Amax30—Nas Or Jmax30—Na
relationship was roughly similar to the other, thus, productive N content from the side of
Amax30—N, correlation was displayed (dashed lines in Figure 3.3a). Photosynthetic N in
rainfed rice at around 160 DOY and from 180 to 210 DOY was compatible to paddy rice but
exceeded paddy rice from 230 DOY on by 22.6%. Difference in photosynthetic N between
the two cultures widened, as delayed commencement of the grain—filling stage in rainfed rice
resulted in a high volume of green leaves, while paddy rice had already senesced. Similar g 3o
occurred in paddy and rainfed rice during the initial growth stage, while a large discrepancy

appeared at mid—season (p = 0.001) when soil water content was abundant (Figure 3.3b).
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Figure 3.4 Correlations for (a) sunlit leaf maximum carboxylation rate (V¢max30) and Ny; (b)
leaf maximum electron transport rate (Jmax30) and Ny; (c¢) photosynthetic capacity (Amax30)
and N,, and (d) daily maximum net primary production (NPP,s) and total leaf nitrogen
content (Nio1) in paddy and rainfed rice. Open circles represented measured Apax 30 in paddy
rice grown at growth chamber. Each point was computed average from 3 to 6 replications.
Black triangles and open circles respectively represent rainfed and paddy rice.

3.4.5. Comparisons in diurnal courses of gas exchange between paddy and rainfed rice

Decline of leaf N, from 177 to 221 DOY in paddy rice was 24.1% accompanied by 21.4% of
decline in Apmax 30 On average, whereas, 9.7% of decline in N, in rainfed rice did not match the
huge reduction of Apax30 by 42.3% on average (Figure 3.3b), which occurred simultaneously
with lower gsmax. TO gain insight into the adjustments in regulatory mechanisms controlling
leaf gas exchange fluxes in the rainfed plots during periods of adequate soil moisture versus

during periods of drying, diurnal courses of gas exchange in the rainfed and paddy plots were
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compared (Figure 3.5). Days for comparison were chosen based on similar diurnal patterns of
PAR (mostly clear sky and maximum midday irradiance of approximately 1600—1700 pumol
m? s7) and leaf temperature. A perfect comparison was not possible, cf. 181 DOY when
rainfed rice was measured, and where incident irradiation was influenced by intermittent
clouds. When air temperatures in the two plots were similar, leaf temperatures in the rainfed
rice were generally 2-3°C higher than in the paddy rice leaves, which leads to significantly

higher water vapor pressure deficits (VPD) in the rainfed plots.

In the paddies (Figure 3.5a, ¢), where soil water content remained high throughout the season,
the diurnal patterns for A, E and g were all “bell-shaped” with a maximum occurring near
midday. During periods of adequate soil moisture in the rainfed plots (SWC > 0.3 m’ m>),
such as 181 DOY (Figure 3.5b) a similar pattern was observed, although the pattern on 181
DOY was disrupted by periods of cloudiness. In the absence of soil water deficits, the
maximum assimilation rates in the paddy (Figure 3.5a) and rainfed plots (Figure 3.5b) were
relatively similar; however, stomatal conductance in the rainfed plots was substantially less
than in the paddies (approximately 150 mmol m? s versus 230 mmol m™ s) as indicated
above in Figure 3.3b. As a result, internal CO, concentration (C;), averaging about 240 umol
mol™ in the paddies, was lower in the rainfed fields (maximum of approximately 200 pmol

mol'l).

During the second period of soil drying (SWD2 in Figure 3.1c) in the rainfed plots,
differences between paddy (Figure 3.5c) and rainfed (Figure 3.5d) rice leaf gas exchange
were amplified. On the one hand, maximum rates of assimilation in the paddy were
significantly reduced compared to earlier in the season due to reduced leaf level nitrogen
concentration, which had fallen from 1.78 g m™ on 177 DOY to 1.35 g m™ on 221 DOY. In
addition, leaf temperatures were substantially higher, exceeding 36°C on 221 DOY, above the
optimum for photosynthesis (ca. 33°C, Figure 3.12.B1d). Despite the fact that leaf nitrogen
levels in rainfed rice (1.95 g m?) were substantially higher than in the paddy fields,

maximum rates of assimilation were only approximately 15 pmol m? s on 229 DOY, a
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decline of 40% since 181 DOY. Stomatal conductance, driven by extremely high VPD and
low soil moisture, decreased below 80 mmol m2s, Ci values which remained unchanged at
ca. 240 pmol mol™ in the paddy rice, fell to about 140 umol mol™ in rainfed leaves. Reduced
stomatal aperture in the rainfed plants conserved water loss under extremely high VPD

.. . .. 2 -1
conditions and maximal transpiration rates were between 3 and 4 mmol m™” s™.

June 26 (177 DOY) June 30 (181 DOY) August 09 (221 DOY) August 17 (229 DOY)
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Figure 3.5 Diurnal course of meteorological factors PAR, water vapor pressure deficit (VPD)
and leaf temperature, and assimilation rate (A), transpiration rate (E), stomatal conductance
for CO, diffusion (gs) and intercellular CO; concentration (C;) on 177 (early season) and 221
(late season) DOY in paddy rice, and 181 (early season; minimum leaf water potential = -1.4
MPa) and 229 DOY (late season; minimum leaf water potential = -2.0 MPa) in rainfed rice.

3.4.6. Leaf level components of the rainfed rice plants regulating gas exchange response

under changing soil water availability

Regulation of instant stomatal conductance (gs) to reduce transpiration water loss was more
pronounced during soil drying conditions, which is manifested by maximum E during dry
period accounting for only half of that during wet period (Figure 3.6a). Nevertheless, leaf
water potential (V;) rapid declined to -2 MPa, which means capacity of water compensation
via water transport conduit to sustain relatively high leaf water content was constrained

during daytime in the dry period.
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Photosynthetic saturating light (LSP), defined as the PAR value at which assimilation rate
become light saturated, hyperbolically correlated to ‘¥, (Figure 3B1a). Rapid decrease in LSP
initiated when ¥ declined beyond -1.0 MPa. Assimilate rate and stomatal conductance at
saturating light around noon were extracted as instant maximum assimilation rate (Ap,x) and
instant maximum stomatal conductance (gsmax), to indicate the potential impacts of the soil
water depletion on leaf gas exchange. Gas exchange behavior in rainfed rice during periods

with high SWC and at drying time SWD1 and SWD?2 is compared in Figure 3.6.
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Figure 3.6 Correlations between transpiration rate (E) and leaf water potential (V)) during
wet versus dry period,in rainfed rice (a); hyperbolic relationship of photosynthetic capacity
(Amax) to plant hydraulic conductance (k) (b); relationship between maximum stomatal
conductance (gsmax) and x at elongation (gsmax= a-b-x /(1 + b-x) +c,a=475,b=0.3,c =
-82, R’= 0.97, p < 0.01) and grain-filling (gsmax=a-b-x /(1 + b-x) + ¢, a =349, b=0.3,c =
64, R*= 0.83, p < 0.01) (c); relationship between intrinsic water use efficiency (WUE,ys, as
the ratio of Apax tO Zsw.max to water vapor) and «k (d); correlation between & and ¥ (e), and
correlation for leaf rolling degree and leaf water potential (V) (f). Black triangles represent
rainfed rice. Representations of other symbols are indicated in plots.
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During wet periods water potential gradients from soil matrix surrounding plants to leaves
was relatively small less than 1 MPa, although transpiration rates at saturating light
environment were ca. 6 mmol m~s™. Hydraulic conductance (k) of the soil-plant system was
high. The reduced k was associated with strong shifts in leaf physiology, i.e. g max and Amax
appeared to have a hyperbolic correlation with respect to k (for g max R*>0.83, p <0.01 and
for Amax R > 0.90, p < 0.01). The shape of the relationship seems independent of growth
stage (Figure 3.6b, c) but the maximum rates for gas exchange and stomatal conductance
change due to the seasonal trends in leaf nitrogen content. The threshold (cross point between
extension of linear phase and extrapolation of saturating phase) which indicates sensitivity of
Amax to k decreased from the elongation stage to grain-filling stage from 3.5 to 4.1 mmol m™
gt MPa'l, and in the case of gsmax from 4.5 to 5.3 mmol m?2 s MPa. This suggests that

stomatal conductance was more sensitive to fluctuations in hydraulic conductance.

To visualize the effects of soil drying on carbon gain and water use, intrinsic water use
efficiency (WUE; as the ratio of Apax to gsw.max) and inherent water use efficiency (intWUE,
as assimilation rate to transpiration rate) were evaluated. As expected, at sufficient soil water
conditions WUE; in paddy and rainfed rice were similar over growth seasons without
significant difference. But WUE; steeply increased when k fell less than ca. 5 mmol m? s’
MPa’! (Figure 3.6d), which is in the range of aforementioned threshold in ggmak
relationship. Similar to the correlation between k and WUE;, k rapidly declined when ¥
dropped down to approximately -0.075 MPa, which corresponds to the threshold point of 5

mmol m> s MPain WUE—k.

In contrast to the uniform correlation between WUE; and k, shape and amplitude of the
correlation for intWUE to k under dry conditions differed from the wet (Figure 3.7a),
although both two curves increased with decreasing k. As mentioned above, VPD dominated
the direction and intensity in the diurnal pattern of E (Figure 3.5d). Increasing VPD promoted
k when soil water content was abundant (Figure 3.7b). Surprising, k leveled off even though

VPD increased to 4.5 kPa in a drying environment (Figure 3.7b).
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A two—segmented response curve for leaf rolling degree in response to V) was detected
(Figure 3.6f). During the wet growth season that was featured by ¥; greater than -1 MPa,
plants grew with fully expanded canopy crown, while initiation of a linear decline of canopy
area exposure commenced after ¥; was reduced to less than -1 MPa, with maximum leaf

rolling extent up to 60% when leaves completely rolled at ‘¥, of ca. -2 MPa.

Stomatal limitation (L) in both paddy and rainfed rice during grain—filling stages are
illustrated in Figure 3.8. With wet soil, Ly reached the maximum at midday, ranging between
20 to 30%. However, increased stomatal limitation occurred in rainfed rice during dry periods

(DOY 202 and 233) with constraints up to 55% (80% greater than in paddy rice).
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Figure 3.7 Correlations (a) between plant hydraulic conductance (k) and inherent water use
efficiency (intWUE); (b) correlation between k and water vapor pressure deficit (VPD) in

rainfed rice.
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Figure 3.8 Diurnal courses of stomatal limitations of photosynthesis in paddy rice on DOY
221 and in rainfed rice on DOY 202 (dry), 206 (wet), 233 (dry) and 237 (dry).

3.4.7. Canopy level components regulating carbon gain and biomass production under

changing soil water availability

There was little accumulation of aboveground biomass in either paddy or rainfed rice until ca.
DOY 170 (Figure 3.9a). Following DOY 170, biomass production accelerated in both, but the
increase in paddy rice was more rapid. The difference in aboveground biomass continued to
widen with maximum at ca. DOY 180 (p < 0.01). Thereafter, the onset of senescence of
paddy at ca. 205 DOY reduced the difference (p = 0.24). By ca. DOY 220 until DOY 240, the
aboveground biomass in rainfed plots exceeded that in the paddy rice by ca. 50%, which is in

agreement with changes in NPP at the same agronomic stages (Figure 3.2b, c).
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Carbon gain as NPP;, directly related to aboveground biomass and LAI (R2 =0.91,p<0.01)
(Figure 3.9b). Exceptions in NPP;,—LAI correlation appeared at dry period SWD1 in rainfed
rice when canopy carbon gain was strongly constrained by stomatal closure, and was
observed further during ripening development in paddy rice DOY 240, presumably due to
low leaf N and resulting decline in Ap,x. For those reasons, a scatter in the correlation
between aboveground biomass and total leaf N content was observed for both paddy and

rainfed rice (R* = 0.49, p = 0.04; Figure 3.9¢).
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Figure 3.9 Seasonal trend in aboveground biomass accumulation (a); correlations between
leaf area index (LAI) and daily integrated net primary production (NPPj,) (b); correlations
for aboveground biomass accumulation and total leaf nitrogen content (Nia) (c). Bars
indicated S.E., n = 3 to 6. Filled triangles and open circles indicate paddy at senescence stage
and rainfed rice during first soil drying period, respectively. The two clearly deviate points in
dotted square frames of Figure 3.9b for NPP;, were measured during dry period SWDI1
(DOY 202 in rainfed rice) at elongation and at maturation stage (DOY 240) in the case of
paddy rice.
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3.4.8. Comparison of yield in rainfed and paddy rice

Although aboveground biomass and LAI between paddy rand rainfed rice were almost
similar even with a slight time shift due to early establishment in paddy rice, and the
relationship of NPP to LAI is essentially the same, grain yield production decreased by
10.2% 1in rainfed rice. We can conclude that this has multiple causes, the first being the
reductions in carbon gain that occur during periods with relatively dry soil (cf. data shown in
Figs. 3.2 through 3.6). A second probable cause is that more carbon must be invested in the
root system (not systematically documented in the study). Root biomass measured in soil
layers 0-5, 5-10, 1020 and 20-30 cm depth in the rainfed rice at harvest was shown in
Table 1. Even though the climate can be considered relatively moist, the rainfed rice used 25
to 30% of carbon gain to support the root system. Additional aboveground components
(panicle number, spikelet number, proportion of filled ones, and thousand grain weight) that
influence grain yield production is also indicated in Table 1. The proportion of filled spikelets
86.3% in rainfed rice as compared to flooded field of 93.5% decreased (p = 0.0001). No
significant differences in comparisons of other yield components were found (p > 0.05).
Grain yield was compromised due to constraints on filled spikelets, which occurred in

parallel with decreases in carbon gain during the grain-filling stage (Figure 3.6d).

Table 3.1 Root biomass distribution in soil profiles in rainfed rice field and comparisons in
rice crop yield components per square meter ground area (panicle number, spikelet number,
proportion of filled ones, and thousand grain weight) collected on 246 DOY. Values in
parentheses indicated S.E., n =3 to 6.

Rainfed rice

Soil layer S5Scm 10 cm 20 cm 30 cm

Root biomass 168.5 (15.5) 52.0 (6.6) 64.1 (37.5) 8.1 (0.55)

Yield Panicle Spikelet % Filled 1000 grain Grain

components no./m* no./hill spikelets weight (g) Ton/ha
93.5%

Paddy rice 221 (9) 108 (5) (1 4{70) 29.14 (0.62)  6.58 (0.32)

. (Y

86.27%

Rainfed rice 225 (25) 105 (5) i 29.38 (0.75)  5.97 (0.32)
(2.31%)
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3.5. Discussion

In flooded rice field, rice seedlings with 4 true leaves were transplanted and five seedlings in
average were grown in each hill. In rainfed field, 4 or 5 seeds were drilled into aerobic soil
conditions. Crop establishment between two cropping cultures is totally different, which
might lead to variations in crop growth and carbon gain over growth season. One recent study
adopting direct-seeded rice under aerobic, unsaturated and flooded soil institutions at same
cropping establishment claimed that rice was more vulnerable to varying soil water content
rather than difference in planting methods (Okami et al., 2013). Congruent with their findings,
LAI development in rainfed rice lagging behind that of paddy rice during vegetative stage but

not at late stage was also observed in our research.

Impermeability of soils in paddy fields could influence rice plants by blocking oxygen
diffusion and creating an anaerobic soil substrate. On the other hand, compensating
mechanisms for delivery of oxygen to roots by aerenchyma and avoidance of radial oxygen
loss by root suberization may limit effective water uptake and cause transient water stress,
resulting in stomatal closure during midday (Kotula et al., 2009). In our field observations,
however, there was no indication that paddy rice suffered from such water stress, since
photosynthetic rate and stomatal conductance were simultaneously at maximum when PAR
and leaf temperature reached a peak at midday (Figure 3.5) and similar behavior was
observed throughout the season. Recorded daily maximum air temperature at 2 m height was
between 30 and 36°C in July and August without large day to day changes. Leaf water
potential on clear days in flooded paddy fields ranged between -0.5 and -0.2 MPa (Hirasawa,
1999). Based on the observed leaf response, the assumption made that flooded rice grew
under non-water stress conditions seems be reasonable. Overall, the most important
environmental factors influencing differentiation in biomass and grain yield production
between the two contrasting cropping cultures are (1) soil water availability surrounding roots
(Figure 3.1c) as it changes in the rainfed field over the course of the season and (2)
differences in micrometeorological drivers such as air temperature just above canopy which
determines water vapor pressure deficit (Figure 3.5). In response to these environment drivers,
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the observations revealed that rice plants modified several endogenous controls on carbon

gain and water use.

3.5.1. Leaf area index and allocation of N to leaves regulate seasonal patterns in net

carbon gain

Nitrogen is a key element of proteins required in photosynthesis such as Rubisco, enzymes of
the dark reaction and components of the electron transport chains of the light reaction.
Above— and belowground environment substantially modify patterns in nitrogen allocation to
the components of the photosynthetic apparatus, and regulate acclimation in photosynthetic
performance (Niinemets and Valladares, 2004; Niinemets, 2007). In line with previous
reports (Adachi et al., 2013; Anten et al., 1995; Campbell et al., 2001b; Yoshida, 1981), we
observed strong correlations between photosynthetic capacities and N, for the rate—limiting

photosynthetic parameters V max and Jyax (Figure 3.3 and 3.4).

Changes in leaf and canopy nitrogen allocation between paddy and rainfed rice could
contribute to the observed variations in productivity. The similarity in slope of the linear
correlation between the two planting systems indicated that increasing leaf nitrogen content
results in the same degree of increase in photosynthetic capacity. Nevertheless, significant
differences in residual N content at A, of zero separates N use efficiency where rainfed rice
exhibited lower N use efficiency as compared to flooded rice. Analogous changes in N use
efficiency between non—flooded rice and flooded rice paddies have been reported in Oryza
sativa cv. Araure 4 (Anten et al., 1995) and Oryza sativa cv. Takanari (Adachi et al., 2013). It

appears that rice planted in rainfed field has a high “non-productive” N investment in leaves.

In our research, residual N, in paddy and rainfed rice were 0.32 and 0.92 g m™, a difference
of 190% (Figure 3.4c). Rainfed rice also exhibited a high massed based leaf N (1.33%
compared to 0.68% in paddy rice). Thus, crop growth in the modified soil environments
shifts N allocation among photosynthetic components and non-photosynthetic components

(Niinemets and Tenhunen, 1997). Plants growing in unsaturated soil substrates preferentially
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allocate more N into supporting tissues such as cell wall (Niinemets and Valladares 2004),
which should allow enhanced drought-resistance manifested by higher leaf mass per leaf area
(LMA, not shown). N, is the product of N, and LMA. Residual LMA derived by the ratio of
residual N, to residual Ny, in paddy and rainfed rice leaves were 47 and 69.2 g m? (47%
difference), which alone does not account for the 190% difference in N,. If the relationship of
Amax3o to N, i1s adjusted by eliminating residual N, the same tight dependence of
photosynthetic capacity on varying N would exist. We conclude that adaption of rainfed rice
to upland conditions was characterized by significant variations in leaf anatomy and

consequently in N use efficiency.

Leaf area development is a key determinant of canopy level photosynthesis rate, where the
canopy profile includes an aggregate of leaf response types that differ with respect to N
investment, e.g., investments in biophysical response capacities (Niinemets, 2007). The
linear correlation between NPP;j,; and LAI shown in Figure 3.8b documented that irrespective
of cultivation, canopy photosynthesis over the course of the growth season in paddy and
rainfed rice was regulated by canopy leaf area development in the same manner and
amplitude. Lower NPP in rainfed rice in the initial growth stage was associated with lesser
canopy leaf area (Figure 3.2b). The narrowed discrepancy in NPP;,; and NPP,,,x at ca. 200
DOY between paddy and rainfed rice resulted from continuous enlargement of LAI but also
from a gradual increase in leaf Ajax. Contribution of leaf An.x to enlargement of NPP was
amplified on DOY 240, where rainfed rice maintained Ayax of 20.1 umol m?2 s while paddy
rice leaf rates declined to 10 umol m? s’ (Figure 3.3b). Although paddy rice LAI was still
relatively high LAI at 3.2 m> m'z, NPP;, declined to 2.4 g C m2dl.

The existing differences in the relationship to LAI existing before and after ripening most
likely relate to translocation of leaf nitrogen to grain components and subsequent decreases in
N available to support photosynthesis (Makino et al., 1984), which is in line with
observations in soybean and maize (Gitelson and Gamon, 2015). Due to delayed grain—filling

in rainfed rice, higher leaf N and total N significantly contribute to enlargement of carbon
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gain capacity at DOY 240 as compared to senescent paddy rice (Figure 3.2¢; Figure 3.3b).

Regulatory mechanisms in seasonal gross primary production (GPPj,) by canopy leaf size
and nitrogen assemble to principle of NPP seasonality. Plant respiration rate plays a direct
role in balance of net carbon gain by canopy. Linear correlation between LAI and NPP;,, over
growing season and two cropping cultures was evident, while, exponential relationship
between LAI and GPP was generated when all data were integrated. It meant linear
correlation between LAI and GPPj, is resulted by seasonal changes of plant respiration.
Exponential correlation found between GPPj, and LAI is a result of multiple coordinated
adjustments among canopy structure and leaf physiology, which is discussed by the other

work not here.

3.5.2. Enhanced respiratory carbon loss in rainfed rice

Biomass accumulation is a direct result of canopy carbon fixation; therefore, carbon uptake
capacity and carbon consummation by plant respiration both take a role. Higher proportion of
plant respiration in seedling and late growth stages were found in two cultures, which
favorably conform to previous report in rice (Alberto et al., 2012). Whereas, rainfed rice
showed overall significantly higher ratio, meaning larger proportion of carbon gain was
partitioned into plant respiration. Estimate of seasonal respiration as a fraction of
photosynthesis in cereal crops ranged from 0.3 to 0.6 and the ratio varied depending growth
conditions (Amthor, 2000). Plant respiration tightly related to GPP and accounted for
approximately 40% of gross C assimilation until 2 weeks after flowering (Yoshida, 1981).
Our values in rainfed rice fell in the reported range, while lower value in paddy rice were
observed might due to low maintenance respiration in paddy plants to support growth.
Respiration is a metabolic process in which carbohydrate substance produced by chloroplast
is oxidized to intermediates along with generation of usable high energy matters ATP and
NADPH. During oxidation process, several protein enzymes were involved. As a result, plant
respiration depends on canopy temperature and leaf canopy size (Sinclair and Horie, 1989)

and growth stage (Gimenez et al., 1994). Seasonal fluctuations in ratio of plant respiration to
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GPP are expected. Higher leaf thickness and supporting tissue which relates to improve
drought resistance commonly have enhanced leaf respiration rate and leaf turn over rate
(Niinemets and Valladares, 2004). Rice plants grown in unsaturated soil water environment
had greater leaf thickness (data not shown) throughout growing season, which might promote
enlargement of plant respiration. Enhanced ratio of plant respiration at end of growth season
was greater in paddy by 22.1% than rainfed rice, due to early commencement of leaf age and
senescence in paddy plot. GPP in rainfed rice relatively higher than paddy rice was
accompanied by occurrence of enhanced plant respiration, leading to compatible net carbon

gain between two cultures.

3.5.3. Vulnerability of canopy carbon gain to soil water depletion as regulated by leaf

structure and function

CO, diffusion rate from the leaf surface to the carboxylation sites in the mesophyll is
primarily regulated by stomatal and mesophyll conductance (Niinemets et al., 2009). Whether
intermittent drying of soil during elongation and grain-filling stages impacted the
aboveground green biomass production in rainfed rice could not be discerned from our data.
On the other hand, canopy NPP were clearly vulnerable with respect to decreases in soil
water availability, and high NPP in rainfed rice were severely depressed during SWD1 from
initial 7.02 (199 DOY) to 3.2 g C m? d' (202 DOY) during the elongation stage (Figure
3.2b). Decline of canopy photosynthesis was affected by short-term responses in leaf
morphology (display of leaf surface) and physiology, since total leaf nitrogen and individual
leaf nitrogen content changed little between the end of elongation and the beginning of the

grain-filling stage (Figure 3.3a).

With transfer of rice to a rainfed environment, both carbon gain capacity and water use
efficiency are apparently important, and in general lower transpiration rates occur due to a
decline in stomtal conductance. This regulation in leaves of rainfed rice led to lower C;,
which reduced at times severely leaf assimilation rates. Stomatal limitation of carbon gain

was approximately 55% during most of the daylight period, and was strongest at midday
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when PAR was saturating (Figure 3.7b, c¢). The limitation was much stronger in the rainfed
environment during the short dry periods as compared to after rainfall and higher than in the
flooded field. Leaf water potential at midday at 202 DOY was close to -2 MPa, resulting
further in a dramatic decline of effective leaf area (by as much as almost 60%; Figure 3.6f).
The observed declines in NPPy,x by 116% during SWDI reflected these superimposed

impacts from down-regulation of stomatal conductance and a decline in leaf area exposure.

Leaf temperatures in rainfed rice on both 181 and 229 DOY were higher by 2 to 3 degree
than observed in the flooded rice paddy, while VPD in the rainfed field was as high as 3.5
kPa on sunny days, two times higher relative to 1.5 kPa in the paddy (Figure 3.5). On the
other hand, increases in radiation over the course of the day could promote stomatal opening
in order to gain CO,, water loss via transpiration with high VPD can lead to the opposite ,
namely strong stomatal closure (Niinemets and Valladares, 2004; Otieno et al., 2012). We
found that although light intensity continuously increased in the morning and peaked around
noon on both 181 and 229 DOY, assimilation rate in rainfed rice did follow in a same manner
but rather decreased when PAR was over certain level (approximately 900 pmol m? s
Figure 3.5d). Stomatal conductance could show cycling or oscillation between the open and
closed conditions (Tenhunen, 1987), lasting short time in minutes to hours to optimize the
conflicting requirement of CO, uptake and control of water loss. Sensitive stomatal
adjustments were not observed in rainfed rice during drying situations. Compatible
transpiration rate in rainfed rice as compared to paddy rice led to increasing water lost and
depress stomatal openness. Stomatal conductance was significantly lower by 120% in upper
canopy leaves of rainfed rice and remained at a constant lower level around noon (Figure
3.5d). With development of dry conditions indicated by reduced soil water content from 0.35
to 026 m> m~ the minimum leaf water potential measured around noon significantly
decreased to -2.0 MPa (Figure 3.1c), which resulted in an almost linear decline in both
stomatal conductance and assimilation rate at both the elongation and grain-filling stages
(Figure 3B1b, c). For example, leaf An.x declined from ca. 25 to ca. 20 pmol m?> s when

leaf water potential decreased to -2.0 MPa during the elongation stage. Relatively high
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assimilation rate at given leaf water potential at elongation than grain-filling stage resulted

from relatively high leaf N, (Figure 3.3a).

Adaptive adjustments in plants to reduce water lost may be achieved by modifying stomatal
conductance and/or plant hydraulic conductance from the roots to the leaves. Several
components of hydraulic conductance that respond to changes in soil water availability have
been reported, such as altered stem hydraulic conductance, changes in characteristics of the
soil-root interface (Stiller et al., 2003), and differences in leaf hydraulic conductance (Locke
and Ort, 2015). However, xylem hydraulic conductance has been suggested as the main
concern in plant growth regulation in response to environmental changes, especially in the
case of water stress (Hacke, 2014). We found a hyperbolic correlations for plant hydraulic
conductance k with stomatal conductance, and with assimilation rate (Figure 3.6b, c), both of
them saturating at high k and rapidly declining when k dropped below ca. 5.3 mmol m™ s™
MPa™'. The threshold point for stomatal conductance was in the range of 4.5 to 5.3 mmol m™
gt MPa'l, and for Apax in the range 3.5 to 4.1 mmol m?2s! MPa'l, which is approximately the
same as previously reported for wetland grass species (Otieno et al., 2012) and in rainfed rice

(Stiller et al., 2003). Stomatal conductance was more sevsitive to fluctuations of k. We

observed enhanced WUE; during drought period (Figure 3.6d).

To underpin wide understanding in soil-plant system associated with water transport and
thereafter impacts on photosynthetic physiology, it is useful to insight the internal correlation
between ¥, and k. Threshold point in correlation between ¥ and k was close to -0.075 MPa,
corresponding to k of 5 mmol m™ s MPa™ at which a rapid decline in stomatal conductance
was initiated (Figure 3.6e). This threshold was in the range reported from other studies -0.05
to -0.25 MPa (Wopereis et al., 1996) and was close to a previous report for sensitivity of
transpiration in rainfed Japonica rice (-0.074 MPa) (Davatgar et al., 2009) and in upland
Indica rice cultivars in Asian tropic regions (Alberto et al., 2011; Davatgar et al., 2009).
Although leaf level response regulated transpiration downwards and strengthened rolling

extent in order to maintain high water content inside leaf to avoid irreversible impacts on

130



Chapter 3 - Canopy gain, water use and yield in paddy and rainfed rice

photosynthetic processes during drought periods, decline of hydraulic conductance
significantly constrained Ap.x. Irrespective of growth stage, WUE; was constant at 0.075
umol mmol™, but curvilinearly increased when « decreased to less than 5 mmol m™s™ MPa™.
This indicates that the higher water use efficiency occurring during dry periods was at the

cost of lowering intercellular CO, concentration and carbon gain capacity.

Instantaneous water use efficiency (intWUE) increasing along with declining k at drying and
wet soil environment was evident (Figure 3.7a), while the correlations between intWUE and
k differentiated in the manners associated to responsive amplitude and tendency when soil
water limitation was strong. As mentioned above, responsive correlation between WUE;y
(A/gsw) and k over growth season was essentially in the same manner (Figure 3.6d), while
separated correlation between intWUE (A/E, E = gy * VPD) and k might attribute to
correlation between k and VPD. VPD was direct driver that influences diurnal variations of
transpiration (Figure 3.5d), but did not contribute to any changes in k during water stress
periods, which in line with previously reported that blunt response of hydraulic conductance
to increasing high temperature and VPD (Locke et al., 2013). It, likely explained soil water
content dependent response curves of intWUE versus k. intWUE is largely affected by VPD
and is a comprehensive surrogate that reflects influences caused from both meteorological

and physiological processes.

In some plant species, particularly so—called “anisohydric water use plants”, high levels of
stomatal conductance and photosynthesis are maintained even though hydraulic conductance
and leaf water potential show very large decreases (Locke and Ort, 2015). One recent study
claimed that rice plants are isohydric, which was supported by observations of a relatively
stable leaf water potential at ca. -0.6 MPa under mild—drying conditions and accompanying
declines in stomatal conductance (Parent et al., 2010). In line with the report in rainfed rice
(Stiller et al., 2003), stomatal conductance in our study was stabilized at high k but rapidly
declined when k was less than ca. 5 mmol m? s MPa. In the field, leaf water potential

during wet soil conditions varies in a range greater than -1 MPa, but stomatal conductance as
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well as photosynthetic rates do not correlate to changes in k or leaf water potential. Our
results support the idea that rainfed rice strongly regulates WUE; in response to changing
water availability at an identifiable level in soil water potential and level of k, and that this
can be quite important for initiating irrigation to eliminate the potential impacts of drying soil
on yield of rainfed rice. Demarcating response types for water use in plant species seems too
simplistic and can lead to misunderstandings and mistakes for irrigation—decision making,
since separation between isohydric and anisohydric could not be always successful in the

field (Limpus, 2009).

3.5.4. Biomass accumulation and grain yield production between paddy and rainfed rice

High dry biomass production in certain studies has been related to the amount of N uptake in
rainfed rice (Kato et al., 2006; Okami et al., 2013). In our research, total N content was only
weekly correlated to aboveground biomass accumulation (Figure 3.9¢) even though canopy
leaf N could significantly contribute to carbon gain. A variety of factors additionally
influence seasonal aboveground biomass production. Perhaps most important among these
are seasonal development in canopy light interception, light conversion efficiency, and carbon
allocation to different plant organs (Gitelson and Gamon, 2015; Niinemets, 2007). Although
rainfed rice exhibited similar total leaf nitrogen content as compared to flooded rice at
tillering and elongation stage, NPP and aboveground biomass production were still lower.
One another factor interfering observed correlation between total nitrogen and biomass
production might relate to proportion of carbon investment in root development. Although no
data available to show seasonal development of root biomass in paddy and rainfed rice, there
is general consensus that rainfed rice plants develop stronger and deeper root systems to
reach moist soil layers (Fukai and Cooper, 1995). Thus, allocation to the root system may

have played a role in reducing the rate of aboveground biomass accumulation.

Grain yield reduction in the field appeared to be influenced by the response to dry soil
conditions. The overall impact of drought is controlled by multiple factors (Araus et al.,

2008): 1) water stress accelerates leaf senescence and directly depresses photosynthesis
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during the growth cycle; 2) During grain—filling, panicle development is constrained, leading
to barrenness and kernel abortion. Occurrence of soil water depletion during the grain-filling
stage had a strong impact on the proportion of filled panicle, but not on panicle number and
1000 grain weight (Table 3.1), leading to a 10% of yield decline relative to paddy rice.
During the drying periods, leaf temperatures are slightly above the optimal growth
temperature range for rainfed rice (ca. 33°C, Figure 3.A3d), which might be one of factor
causing spikelet sterility or abortion (Rang et al., 2011). Ultimately, grain yield is primarily
determined by the amount of starch that filled spikelets have during the grain—filling stage
(Yoshida, 1981). Concurrent down-regulation of photosynthesis and reduced effective
photosynthetic area during grain—filling stage in rainfed rice may, therefore, be linked with

kernel abortion.

3.6. Conclusion

In our research, rainfed rice under wet conditions had similar maximum net primary
production, leaf area index, and biomass accumulation as compared to paddy ric of the same
genotype. Canopy structure and function in the rainfed rice was severely impacted by
occurrence of drying soil conditions. Soil water depletion characterized by -75 kPa and plant
hydraulic conductance 5 mmol m? s MPa™ initiated a rapid decline in carbon gain capacity,
which directly resulted from lowering of intercellular CO, concentration. A high proportion
of spikelet abortion occurred during prolonged dry periods and also contributed to reducing
the grain yield by 10.2% in rainfed rice. The results showed contrasting responsive
correlation between plant hydraulic conductance and VPD under drying and wet conditions,
which likely explains observed changes in intWUE. intWUE is more dependent on
momentary environmental conditions, but WUE; shifts are closely indicative of changes in
photosynthetic physiology. Use of WUE; and information on soil water potentials may be

used to assess the impacts of water stress and to aid in irrigation-decision making.

The total farming area where is rice grown in rainfed fields is expected to increase in
monsoon climate regions of Asia, as risks in water scarcity change in the next 50 years and
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along with uncertainties in the frequency and intensity of regional precipitation. The results
of the study improves our understanding of canopy structural and functional adjustments
which relate to carbon uptake and water use in rainfed rice as well as biomass and grain yield
production. The information can contribute to improved insight of how variations in climate

conditions will affect rice growth.
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3.9. Appendices

Appendix A. Seasonal performance of net primary production—incident PAR curve in paddy

and rainfed rice
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Figure 3.10.A1 Light—net primary production response curve in paddy rice over growth
stages.
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Figure 3.11.A2 Light—net primary production response curve in rainfed rice over growth
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Table 3.2.A1 Parameter estimation for instantaneous NPP-light response curve: initial slope
(o) of response curve, saturating level (B) of NPP at extremely high PAR, and y-axis
intercept (y) when PAR is close to 0 in paddy and rainfed rice on different measuring dates.

DOY Paddy rice DOY Rainfed rice
o B Y a § Y
0.05 0.01

158 6.1 (0.29) -3.4(0.21) 157 4.6(0.6) -1.5(0.2)
(0.004) (0.002)
0.08 0.02 12.3

166 13.6 (2.0) -7.1(1.35) 166 -4.5(0.7)
(0.01) (0.005) (0.98)
0.1 26.8 0.05

181 -6.2(1.1) 181 15.7(1.4) -4.7(0.5)
(0.008) 1.97) (0.01)
0.06 0.07

200 36.0(2.7) -62(1.1) 199 28.1(3.5) -4.1(2.1)
(0.01) (0.01)
0.07 0.12

220 32.0(1.9) -55(2.45) 221 38.7(42) -79(2.5)
(0.01) (0.02)
0.06 0.05

240 152(2.9) -64@3.5) 241 28.3(1.9) -4.7(0.6)
(0.05) (0.004)
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Appendix B. Characteristics of photosynthetic physiology in rainfed rice responding to leaf
water potential and leaf temperature
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Figure 3.12.B1 Dependence of light saturating point (LSP) on leaf water potential (‘V}) (a);
relationships between maximum photosynthetic capacity (Ama.x) and (¥} (b), between
maximum stomatal conductance (gm.x) and (¥)) (c); and temperature response of Ap.x in
rainfed rice (d).
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4. Flux partitioning reveals trade-off between water and carbon loss of paddy and

rainfed rice (Oryza sativa L.)

Bhone Nay—Htoonl, Wei Xuez, Steve Lindnerz, Matthias Cuntz3, Jonghan K04, John

Tenhunenz, Maren Dubbertl’s, Christiane Werner'”

1Department of Agroecosystem Research, University of Bayreuth, 95447 Bayreuth, Germany
2Department of Plant Ecology, University of Bayreuth, 95447 Bayreuth, Germany

3 Computation Hydrosystems, Helmholtz Center for Environmental Research (UFZ), 04318
Leipzig, Germany.

4Department of Applied Plant Science, Chonnam National University, 500757 Gwangju,
South Korea

’Department of Ecosystem Physiology, University of Freiburg, 79085 Freiburg, Germany

4.1. Abstract

Agricultural crops play an important role in the global carbon and water cycle. Global climate
change scenarios predict enhanced water scarcity and altered precipitation pattern in many
parts of the world and a mechanistic understanding of water fluxes, productivity and water
use of cultivated crops is of major importance. We compared water and carbon fluxes of
paddy and rainfed rice by canopy scale gas exchange measurements, crop growth, daily
evapotranspiration, transpiration and carbon flux modeling. Throughout a monsoon rice
growing season, soil evaporation in paddy rice contributed strongly to evapotranspiration
(96.55% to 43.28% from initial growth (Day of year 140) to fully developed canopy (Day of
year 200) and amounted to 57.93% of total water losses over the growing seasons.
Evaporation of rainfed rice was much smaller (only 35.29% of growing season total
evapotranspiration). Water use efficiency (WUE) was higher in rainfed rice both from an
agronomic (WUE,,, 1.e. grain yield per evapotranspiration) and ecosystem (WUE.,, i.e.

gross primary production per evapotranspiration) perspective. However, rainfed rice also
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showed high ecosystem respiration losses and a slightly lower crop yield, demonstrating that
higher WUE in rainfed rice comes at the expense of higher respiration losses and lower plant
productivity, compared to paddy rice. Our results highlighted the need to partition water and
carbon fluxes to improve our mechanistic understanding of carbon and water balance of rice

ecosystems and environmental impact of different agricultural practices.

Keywords: Evapotranspiration, Flux partitioning, Net ecosystem CO, exchange, Paddy rice,

Rainfed rice, Water use Efficiency
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4.2. Introduction

Water scarcity and extreme droughts are increasing in many regions of the world due to the
changes in precipitation pattern, intensity and temperature (Intergovernmental panel on
climate change [IPCC], 2013). Agricultural production accounts for 70% of global freshwater
withdrawals while being the most sensitive sector to water scarcity (Food and Agriculture
organization [FAO], 2012). According to recent projections, reduced crop productivity due to
heat and drought stress is highly expected (Blanco et al., 2014; Peng et al., 2004; Watanabe
and Kume, 2009) and crop management adaptation due to climate variability are under

debate.

Rice (Oryza Sativa L.) is an important food source for half of the current world’s population
and global demand for rice is projected to increase along with increasing global population
(Alexandratos and Bruinsma, 2012; Khush, 2005; Muthayya et al., 2014; Ray et al., 2013;
Seck et al., 2012). More than 80% of global rice production area is located in Asia (Kudo et
al., 2014; Yan et al., 2003) and 80% of it is cultivated under conventional flooded conditions
(Bhattacharyya et al., 2014; Nie et al., 2012). Rice grown under flooded conditions consumes
1000 to 5000 I of water to produce 1 kg of grain and is also reported for its high methane
(CH4) emission (Hussain et al., 2014; Kudo et al., 2014; Smith et al., 2007). Therefore,
several water saving rice production techniques are introduced, which also aim at mitigating
CH4 emission (Bouman et al., 2005; Pittelkow et al., 2013; Zou et al., 2005). On the other
hand, decreased crop yields under water limited conditions are reported (Bouman and Tuong,
2001), although it is a crop which can be grown under different water regimes (International

Rice Research Institute [IRRI], 2002).

Agricultural land—use—changes such as shifting conventional flooded paddy rice to dry—land
rice farming further impacts carbon and water exchange of rice ecosystems (Alberto et al.,
2013, 2009; Kudo et al., 2014; Nishimura et al., 2008; Sakai et al., 2004; Wassmann et al.,
2000; Zou et al., 2005). Even in conventional paddy rice systems, intensity and timing of
flooding and drainage regulation influences the seasonal carbon and water balance (Alberto et
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al., 2009; Kudo et al., 2014; Miyata et al., 2000; Nishimura et al., 2015; Thanawong et al.,
2014). Although previous studies report on differences in ecosystem carbon and water
balance of paddy and rainfed rice (Alberto et al., 2009; Thanawong et al., 2014), a
quantification of the contribution and seasonal dynamics of the productive (plant
transpiration and gross primary productivity) and unproductive (respiration and soil
evaporation) components of ecosystem carbon and water exchange to estimate possible
trade—offs from ecosystem and agronomic perspective under different environmental

conditions is still lacking.

We studied carbon and water exchange of paddy (conventional flooded system) and rainfed
rice (non—irrigated, water saving rice production system) over a whole growing season by
combining classical chamber flux measurements, high resolution remote sensing by
Unmanned Aerial Vehicle (UAV) and crop growth modeling. The main goal of this study was
to analyze the carbon and water fluxes of conventional paddy rice and rainfed rice systems by
partitioning unproductive water losses (Evaporation) from productive water use
(Transpiration) and carbon losses (Respiration) from carbon gain (Net ecosystem carbon
exchange) to see the trade—offs between paddy and rainfed rice in regard to evaporative water

and respiratory carbon loss.

4.3. Materials and methods

4.3.1. Study Site

The study was conducted in the Chonnam National University research farm, (35°10' N,
126°53" E, alt. 33m), Gwangju, Chonnam province, Republic of Korea (South Korea).
Chonnam province is one of the major rice growing regions of South Korea, which has
typical East Asian monsoon climate with an annual mean temperature of 13.8°C and annual
mean precipitation of ~1391 mm during the past 30 years (1981-2010). More than 60% of
precipitation events occurred during the monsoon season (May to October). Both paddy and
rainfed rice fields have similar soil properties with loamy texture and pH 6.5. Detailed soil

properties are indicated in the supplementary material (1), Table 4.1.S1.
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Rice (Oryza sativa L. subsp. japonica cv. unkwang) was cultivated as rainfed dryland crop
and flooded paddy crop. In both rainfed and paddy rice fields, N: P: K fertilizer (11:5:6) were
applied at a rate of N = 115 kg ha' (80% as basal dosage and 20% during the tillering stage).
P fertilizer (62 kg ha™) was applied as a 100% basal dosage. K fertilizer (60 kg ha™') was
applied as 65% basal dosage and 35% during tillering). All field management practices of
paddy rice and fertilizer dosages reflected the practices of farmers in the region. Under
rainfed conditions, rice was directly seeded and no additional irrigation was applied to natural
precipitation. The experiment was conducted in a randomized complete block design with

three replications.

4.3.2. Environmental variables

Weather data (global radiation, precipitation, air temperature, relative humidity and wind
speed) were continuously collected at 2 m height with an automatic weather station every five
minutes (Automated Weather Station, WS—GP1, Delta—T Devices Ltd., UK) and half hourly
mean values were logged. Photosynthetic photon flux density (PPFD, LI-190, LI-COR,
USA) was measured directly above the crop canopy (~20 cm above the canopy and inside the
chamber). Air temperature (T,i;) (at ~20 cm above the canopy) inside the chamber was also
measured by custom built temperature sensor. Soil temperature at root zone was manually
measured along with gas exchange measurements using temperature probes (Conrad,
Hirschau, Germany). Soil temperature and volumetric water content (5TE and 10HS,
respectively, Decagon, Washington, USA) were measured at 5, 10, 20, 30 and 60 cm depth in
each experiment plot. 15 min averaged data from 5TE sensors were stored in a datalogger
(Em 50, Decagon, Washington, USA) and 30 min averaged data from 10HS sensors were
stored in a datalogger (CR1000, Campbell Scientific, Logan, UT, USA).

On the days of flux measurements, above ground biomass of plants adjacent to vegetation
plots were harvested. Leaf area (LA) was determined with a Leaf Area Meter (LI-3000A,

LI-COR, USA) and leaf area index (LAI) was calculated as leaf area per ground area. Total
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aboveground biomass was collected, dried (60°C, 48 hours) and weighed. Plant height of

representative plants was manually measured every month.

4.3.3. Canopy carbon and water flux measurement

Canopy fluxes were measured on canopy vegetation plots (3 replications per treatment)
where soil collars were permanently installed soon after seeding of rainfed and planting of
paddy rice. CO, and H,O fluxes of rainfed rice were measured by a custom built open
chamber constructed according to Pape et al. (2009) and successfully tested by Dubbert et al.
(2013). H,O fluxes were measured by a Cavity Ring—Down Spectrometer (CRDS, Picarro,
Santa Clara, USA) and CO, fluxes were measured by a portable Infra—Red Gas Analyzer
(LI-820, LI-COR, USA). Both carbon and water fluxes were calculated as differential CO,
or H,O concentration (i.e. the CO, or H,O concentration difference between the air samples
taken from the chamber inlet and outlet). Air inlet to the chamber was stabilized by a buffer
bottle (200 L). Outlet air from the chamber was pumped to the analyzers via tubes heated up

to 38°C to avoid condensation.

As the heavy weight of the open chamber was hard to handle in paddy soil conditions, CO,
fluxes of paddy rice were measured by custom built closed chambers described by Li et al.
(2008) and Otieno et al. (2012). CO, fluxes from both chambers did not differ significantly
(t—test; n.s.). Ecosystem respiration (Re,,) was measured by insulated opaque PVC dark
chambers on crop canopy. Soil respiration (Rs.j;) was measured from bare soil plots next to
the vegetation plots. Data were collected from 6:00 hr to 18:00 hr in one and a half hour
interval. Fluxes were recorded within 10 minutes of placing the chambers on soil collar.
Diurnal courses of canopy fluxes were recorded during four important crop growth stages,
namely; seedling (DOY 140 to 170); tillering (DOY 170 to 180); heading (DOY 200 to 210);
maturity (DOY 210 to 220).

Gross Primary Production was calculated as:

GPP=-NEE+R,, (4.1)
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where GPP is gross primary production, NEE is net ecosystem CO, exchange and R is
ecosystem respiration. Total daytime fluxes were calculated by summing up hourly carbon

and water fluxes from 6:00 to 20:00 hr.

4.3.4. UAV remote sensing, modeling daily NDVI

An Unmanned Aerial Vehicle (UAV) equipped with Miniature Multiple Camera Array (Mini
MCA) (Tetracam, Inc., USA) with 450, 550, 650, 800, 830, and 880 nm bands and 10 cm
ground resolution at 300 m altitude was used. For radiometric calibration of MCA images,
calibration targets (black, white and gray) were set up next to the paddy field. A cropscan
instrument (MSR, Cropscan Inc., USA.) was used to calibrate and evaluate the reflectance

data obtained by the UAV system.

Remote sensing images were analyzed by ENVI software (Exelis Visual Information
Solutions, Inc., USA.). Three sampling points for each treatment plots of both rainfed and
paddy rice were used to calculate normalized difference vegetation index (NDVI) as:
NDVI = Poir ~ Pred

Prir T Prea (4.2)
Remote sensing campaigns were carried out at noon of DOY 172, 192, 206, 220 and 233. For
daily crop ET and GPP modeling, daily NDVI was modeled by GRAMI crop growth model
(for details see Ko et al., 2006; Stephan J Maas, 1993a; Stephan J. Maas, 1993b). Briefly, it
simulates daily crop growth based on growing degree—day, radiation use, daily carbohydrate
production by crop canopy, conversion from carbohydrate to leaf development and
relationship between LAI and NDVI. Simulated crop growth, particularly, LAI and NDVI
were validated by measured LAI by leaf area meter (LAI 2000, LI-COR, USA) and

measured NDVI by crop scan (Figure 4.5.A3).

4.3.5. Modeling and partitioning crop evapotranspiration

Crop evapotranspiration was calculated based on FAO 56 dual crop coefficient model, which

is a modified version of Penman Monteith (1965) ET model (Allen et al., 1998):
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AET,)= (AR, ~G)+oC, (e, e, )/, JAa+r{t+( /1,)) 4.3)
where A is the latent heat of vaporization of water vapor, A is the slope of the saturation vapor
pressure temperature relationship, R, is the net radiation, G is the soil heat flux, es-e, is the
vapor pressure deficit of the air, p is the mean air density at constant pressure, C, is the
specific heat of the air, r, is aerodynamic resistance, r. is the canopy resistance and r is the

psychrometric constant.

The model estimates crop ET based on the reference crop evapotranspiration (ET,)
multiplied to the sum of the transpiration coefficient (K¢,) and the evaporation coefficient (K,)

(Alberto et al., 2011, 2014; Allen et al., 1998; Payero and Irmak, 2013).
ET =(K,, +K,)XET, (4.4)

where ET is the crop evapotranspiration, K, is the transpiration coefficient equivalent to the
ratio of transpiration to potential evapotranspiration, K. is the evaporation coefficient
equivalent to the ratio of soil evaporation to potential evapotranspiration, ET, is the reference

evapotranspiration of a well-watered and healthy grass layer.

In our case, instead of hypothetical parameters for grass canopy provided by FAO 56 dual
crop coefficient model, we used the measured crop physiological parameters (leaf resistance
to water vapor transfer, leaf transpiration, and daily canopy aerodynamic resistance) for well
irrigated and healthy rice in the field. Therefore, our ET, was reference crop

evapotranspiration of rice under standard crop management.

We calculated canopy transpiration (T) by equation (3) but used the net radiation intercepted
by crop canopy (Qin) instead of net solar radiation (R;). To estimate Qj,, we partitioned
incoming net radiation (R,) to Qjy and Qe (residual net radiation reaching the soil surface).

Qint Was calculated according to Beer’s law (Zhou et al., 2006):
Q. =0, (1—exp(- K, - LAI)) (4.5)

where K| is the extinction coefficient of the vegetation for net radiation and is in the range of
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0.5 to 0.7; 0.6 was applied in our case (Kelliher et al., 1995; Mo et al., 2004). Simulated daily
ET of rainfed rice was verified by chamber measured ET. The paddy rice ET model was
validated by applying measured ET and NDVI of monsoon 2012 paddy rice, at Haean, South
Korea (Lee, et al., unpublished).

4.3.6. Calculation of K,

In the FAO 56 dual crop coefficient approach of Allen et al. (1998), the basal crop coefficient
or transpiration coefficient (Kp) is calculated based on seasonal change in vegetation ground
cover. Estimates of K, for several crops including rice is provided as a K¢, curve with four
growth stages (initial, development, mid-season, and late season) and it is recommended to

use the estimated K, values after specific climatic adjustment.

Instead of applying theoretical dual crop coefficient K, values of original FAO 56 model, we
developed a daily basal crop coefficient (K.,) curve representing the actual crop growth and
development. Following Choudhury (1994) we derived the daily K., based on the daily and
high resolution NDVT of the whole field:

cb

NDVI__—NDVI_._ (4.6)

_ 1_( NDVI__—NDVI Jk’k*
where NDVIax, NDVIni, and NDVI are vegetation indices for dense canopy, bare soil and
normal vegetation respectively, k is a damping coefficient derived from the correlation of
LAI and the ratio of canopy transpiration to potential evapotranspiration, k* is a damping
coefficient derived from correlation of LAI and NDVI. The relationships between the ratio of
unstressed transpiration (T) to reference crop evapotranspiration (ET,) and leaf area index
(LAI), relationships between LAI and vegetation indexes has been shown (Choudhury, 1994;
Duchemin et al., 2006; Sellers, 1985). Damping coefficient k is the coefficient derived by
exponential correlation of the ratio of calculated daily T to reference ET, and LAI while

damping coefficient k* is the coefficient derived by exponential correlation of LAI and NDVI

(Annex 1 and 2).
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4.3.7. Calculation of K.

Evaporation coefficient (K.) was calculated according to Allen et al. (1998). K, is maximal
when the topsoil is wet or flooded and K. is minimal to zero when the topsoil is dry. The
upper limit of K. (K¢max) which is an upper limit of evaporation and transpiration from
cropped surfaces need to be defined before calculating K, since the evaporation rate never

reached to evapotranspiration and K. needs to be limited by K¢yax.

K. = max{l 2+(0.04(u, —2)—0.004(rh_ — 45))(% 2k, + 0.05} 4.7)

¢ max

where Kcmax 1s the upper limit of evaporation and transpiration from cropped surface, u; is
wind speed (m s'l), rhpin 1s the minimum relative humidity and K., is the transpiration

coefficient derived by equation (4.6).

Soil evaporation process is assumed to be controlled by stages: Stage 1: an energy limiting
stage and Stage 2: a falling-rate stage (Ritchie, 1972; Monteith, 1981; Allen, 1998). Soil
evaporation reduction coefficient (K;) is 1 when the soil surface is wet; K, decreases when
water content in the topsoil is limiting, and K; becomes zero when total evaporable water
(TEW= maximum amount of water that can be evaporated) in the topsoil is depleted. TEW

for a complete drying cycle was estimated as:

TEW =1000(6,. —0.56,, )xZ, (4.8)

where TEW is maximum depth of water that can evaporated from the soil when topsoil is
completely wetted (mm), Ogc is soil water content at field capacity (m3 m'3), Owp 1s soil water
content at wilting point (m®> m™) and Z is depth of surface soil layer (0.1 m). K, for paddy
rice is fixed at 1 since soil surface is flooded most of the time and soil surface is wet even

during the drainage period. K, of rainfed rice was calculated as:
_TEW-D,,,
" TEW - REW (4.9)

where K, is the soil evaporation reduction coefficient dependent on soil water depletion, D ;.|
is the cumulative depth of evaporation depletion from topsoil at the end of the day (i-1), TEW
is the total evaporable water (mm) calculated by equation (8) and REW is the readily

evaporable water which is cumulative depth of depletion of evaporable water from the soil
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surface layer at the end of stage one. During stage one drying, K; is 1 and during stage two
drying, K; is 1 when D, i < REW).

Finally, the evaporation coefficient (K.) is calculated as:

K, =K (K

~K,,)< FEWxK (4.10)

¢ max ¢ max

where K. is the soil evaporation coefficient, K; is the evaporation reduction coefficient, Kcmax

is the maximum value of K., FEW is the fraction of soil surface exposed and wetted.

4.3.8. Modeling and partitioning daily carbon fluxes

Gross primary production was simulated based on the chamber measured canopy light use

efficiency, daily NDVI and PAR and estimation is based on Monteith (1972):
GPP = LUE X fPAR X PAR 4.11)

where GPP is the gross primary production, LUE is the canopy light use efficiency, PAR is
the photosynthetic active radiation (Glenn et al., 2008; Running et al., 2004) and fPAR is the
fraction of incident to absorbed PAR. fPAR was calculated by NDVI-fPAR model, following

Choudhury (1987) and Goward and Huemmrich (1992):

(NDVI — NDVImin )>< (fPARmax — fPARmin )

PAR =
! NDVI . —NDVI .. (4.12)

where, fPAR is the fraction of incident to absorbed PAR, NDVI is the normalized vegetation
index of rice field, NDVI;, and NDVI,.x are minimum and maximum NDVI, fPAR.x is

0.95 while fPARi, 1s 0.001.

Light use efficiency (LUE) is the ratio of gross primary production to absorbed PAR
(Gitelson et al., 2014; Glenn et al., 2008; Monteith, 1972; Running et al., 2004) and thus LUE
was calculated based on chamber measured GPP and absorbed PAR. Absorbed PAR (aPAR)

was calculated as the product of NDVI derived fPAR (see equation 4.12) and incident PAR.

Daily ecosystem respiration of rainfed and paddy rice was calculated following (Reichstein et

al., 2002) as:

Reco = Recoref X f(T'mil )X g(SWC) (4 13)
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where g(SWC) is the saturation function (Bunnell et al., 1977a; 1977b; Reichstein et al.,
2002); Recoref 18 reference ecosystem respiration, f(Tse) 1s the function developed by (Lloyd

and Taylor, 1994) as:

g1 1
R _ Tr@f _TO Tmil _TO

soil — *Vsoilref (414)
where Trr and T, are fixed to 15 and -46°C, respectively, Ty is the soil temperature at 5 cm
depth, E, is the activation energy and was considered to be a free parameter. Simulated CO,

fluxes were verified by measured CO, fluxes.

The productivity of paddy and rainfed rice system was assessed by calculating agronomic and
ecosystem water use efficiency (WUE). Agronomic WUE (WUE,g,,) is defined as the ratio of

biomass production (grain yield) per amount of evapotranspiration (ET):

_ grain
WUEagm - ET (415)

Ecosystem water use efficiency (WUE,,) is defined as the ratio of gross primary production

(GPP) to evapotranspiration (ET):

GPP
WUE Gpp =—— (4.16)

ET
Including both respiratory carbon fluxes (Re,) and ecosystem productivity (GPP), ecosystem

WUE can also be defined as the ratio of net ecosystem carbon exchange (NEE) to ET:

NEE
WUE,,, =—— (4.17)

ET
To exclude day to day effects of changing vapor pressure deficit and highlight the impact of
seasonal changes in water availability on WUE, VPD is often included in the equation (Beer
et al., 2009; Dubbert et al., 2014), however we did not find any significant VPD effects on the

calculations of WUE during our monsoon 2013 field study in S. Korea.

To quantify the impact of unproductive water loss (E) and respiratory carbon loss (Reco), we
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also calculated productive WUE,, (the ratio of yield to transpiration (T)) and productive
WUE,, by excluding evaporative losses (the ratio of GPP to T). We also calculated WUE,

as the ratio of NEE/T to highlight the influence of evaporation on WUE, of paddy rice.

4.3.9. Statistical analysis

Two statistical tests were used to evaluate the model performance of daily NDVI, LAI, ET,
GPP and R, simulation: i) root mean square error (RMSE) and ii) model efficiency (ME)
(Nash and Sutcliffe, 1970). To test for a relationships between daily average environmental
variables (Radiation, Ty, Tsoi, VPD, SWC) and measured canopy fluxes (sum of day time
NEE, GPP, R, ET), a Spearman rank order correlation was performed. To compare the
water use efficiencies of the rainfed rice and paddy rice, the normality of all of WUEs and
WUE component data were tested by Shapiro—Wilk test. When the data is normally
distributed, t—test was performed and otherwise, Wilcoxon—-Mann—Whitney Rank Sum test (a
non—parametric ANOVA) was performed. All statistical analysis were performed using R

statistical software version 3.1.2 (R Core Team, 2014).

4.4. Results

4.4.1. Climate and rice growth

The weather conditions of the study area generally followed the typical East Asian temperate
monsoon climate system. Annual total rainfall of 1332 mm in 2013 was slightly less
compared to 30 years annual average of 1391 mm (1981-2010). There was a dry period with
almost no rainfall between DOY 190 and 235, which gave a very low (0.18 m’ m™)
volumetric soil water content. However, because of the high intensity of some rain events, the
total precipitation amounted to 973 mm during the rice growing season (i.e., May to
September) was above long-term average of 799 mm. Daily solar radiation was up to 26.9 MJ
m™ s in May but declined from the end of June to a low of 2.0 MJ m™ s in July with 5 +
1.8 sunshine hours per day. Daily mean, air temperature (T,;;) during the rice growing season

were 23.4°C. T, measured over the crop canopy was 5.27 + 2.20°C lower in paddy rice than
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in rainfed rice. The highest midday mean relative humidity (rh) was 98.31%, occurring in

August and the lowest midday mean rh, 51.73% in May (Figure 4.1a, b, c¢).

Both rainfed and paddy rice had similar trends of LAI although rainfed rice reached slightly
lower LAI from the end of June onwards (Figure 4.1d). The peak growth for both rainfed and
paddy rice was reached in August with a maximum plant height of 0.80 £ 0.97 m and 0.89 +
0.66 m (not shown), and LAI of 2.69 + 1.21 m* m™ and 3.78 + 0.51 m* m™, respectively.
Paddy rice yielded 6612 + 218 kg grains ha' while the grain yield of rainfed rice was 9.53%
lower (5989 + 683 kg grains ha') but differences between paddy and rainfed were not

statistically significant (W = 26.00, p > 0.05).
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Figure 4.1 Climate conditions and rice growth during the monsoon 2013. (a) Daily averages
of windspeed (m s'l) and relative humidity (%); (b) daily averages of air temperature (°C) and
radiation (MJ m> s'l); (c) daily total rainfall (mm d'l) and daily average volumetric soil water
content at 5 cm depth (m3 m?> ); (d) daily LAI of paddy (solid line) and rainfed (dashed line);
lines represent simulated LAI and circles represent measured LAI (Black circle = measured
LAI of paddy, white circle measured LAI of rainfed rice, n = 9, mean values + SD).

4.4.2. Carbon and water fluxes of paddy and rainfed rice

To investigate the role of carbon and water exchange on WUE,., we measured canopy gas
exchange (NEE, GPP, R.., and ET) at different growth stages. For the seasonal trend, we
simulated daily NEE, GPP, R..,, and ET. Our simulated values were validated against the

chamber measured fluxes, showing a good agreement between measured and
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Figure 4.2 Seasonal carbon and water fluxes of paddy and rainfed rice: daily carbon fluxes of
(a) paddy rice; (b) rainfed rice (simulated gross primary production, black line; measured
gross primary production, black circle; simulated ecosystem respiration, red dashed line;
measured ecosystem respiration, red triangle; simulated net ecosystem exchange, black dotted
line; chamber measured net ecosystem exchange, white circle); daily water fluxes of (c)
paddy rice and (d) rainfed rice. Simulated daily evapotranspiration, black line; chamber
measured evapotranspiration, blue triangle, simulated transpiration, green dashed line;
evaporation, blue dotted line) (n = 3, mean value £ SD for measured fluxes).

modeled data (NEE: ME = 0.86, RMSE = 0.58, R? = 0.86; GPP: ME = 0.95, RMSE = 0.63,
R® = 0.99; Reco: ME = 0.72, RMSE = 0.51, R* = 0.75; ET: ME = 0.82, RMSE = 0.13, R* =
0.97) (Figure 4.2). Rainfed and paddy rice systems showed significantly different water and
carbon fluxes (n = 12, W = 54.00, p < 0.01). Growing season total evapotranspiration (ET) of
paddy rice was 42.16% higher than that of rainfed rice. However, there was no significant
difference between growing season total canopy transpiration (T) although T of paddy rice

was 11.02% higher than that of rainfed rice.

Although we studied both rice systems adjacent to each other under the same environmental
conditions, canopy microclimate differences between paddy and rainfed rice were observed.
Canopy air temperature (T,i;) of paddy was always lower than that of rainfed rice (by 5.27 £
2.20°C). Soil temperature (Ts,;) of paddy rice was lower than that of rainfed rice except
during the maturity stage (DOY 230 onward) when the flooded water was drained from
paddy field. Evapotranspiration of rainfed rice was mainly driven by T, Tsi and VPD
(Spearman’s P = 0.65, 0.57, 0.47, respectively, p < 0.01) while that of paddy rice was driven
by radiation and VPD (Spearman’s P = 0.87, 0.67, respectively, p < 0.01).

Daily contribution of transpiration to evapotranspiration (T/ET) of paddy and rainfed rice was
calculated based on simulated daily T and ET. T/ET of paddy rice steadily increased with the
increasing canopy density (LAI) while T/ET of rainfed rice fluctuated with changes in soil
water content (SWC) and the highest T/ET was found at SWC of 0.34 m® m™ during seedling
stage (on DOY 162, data not shown). H,O fluxes from rainfed rice was mainly dominated by

transpiration (T/ET = 0.65) while that of paddy rice was mainly driven by evaporation (T/ET
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= 0.42). When soil water content (SWC) declined below field capacity, T contributed 80 to
90% of H,O flux in rainfed rice. Evaporative water loss (E) was dominant in the early
vegetative stages (until DOY 200) in both paddy and rainfed rice. At the end of active
tillering stage, along with the increasing canopy density, canopy T became the dominant
water flux in both paddy and rainfed rice. Nevertheless, E of paddy was significantly higher

than that of rainfed rice (W = 20.14, p <0.05).

Growing season total gross primary production (GPP = sum of simulated daily GPP during
monsoon rice growing season 2013) of paddy and rainfed rice were not significantly different.
However, paddy rice had significantly lower ecosystem respiration (Rec,) in both, chamber
measured and simulated daily Re., hence net ecosystem exchange (NEE) was higher in
paddy rice (Figure 4.2, 4.4). Growing season total ecosystem respiratory carbon loss in
rainfed rice was 48.65% of net carbon fluxes while paddy rice ecosystem respiratory carbon
loss was only 33.77% of net fluxes. Both measured and simulated R, of rainfed and paddy
rice was strongly correlated to Ty and T, (Spearman’s P = 0.74, 0.80, respectively for paddy;
Spearman’s P = 0.74, 0.80, respectively for rainfed, p < 0.01) while that of paddy rice
correlated to T, and Ty (Spearman’s P = 0.90, 0.78, respectively, p < 0.01). According to
dark chamber measured soil and plant respiration, Re., of paddy rice was dominated by plant
respiration (Rpjan) While R, of rainfed rice was mainly dominated by soil respiration (Rgoir)
(data not shown). Therefore, higher respiratory carbon loss of rainfed rice system was clearly

due to its higher soil respiration.

4.4.3. Tradeoff between evaporative and respiratory losses in paddy and rainfed rice

Rainfed rice had higher water use in both Yield/ET and GPP/ET than paddy rice (Figure 4.3a).
Interestingly, after excluding the differences in evaporative water loss, there was no
significant difference between productive water use (GPP/T and yield/T, Figure 4.3b, c) of
paddy and rainfed rice (W = 44.00, p = 0.39). These results highlighted that lower Yield/ET
of paddy was mainly due to its higher evaporative water losses, rather than differences in

crop yield or transpiration. Lower GPP/ET of paddy rice also resulted mainly from higher
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evaporative losses(Figure 4.3c), while interestingly, no significant differences in water use
were found between paddy and rainfed rice when calculated based on the transpiration water
use (GPP/T) (W = 44.00, p = 0.39). When we consider the differences in ecosystem
respiratory carbon losses of paddy and rainfed rice, i.e., ecosystem water use efficiency as the
balance of net ecosystem carbon and water fluxes (NEE/ET), NEE/ET of both paddy and
rainfed were not different from each other (W = 62.58, p = 0.58), which revealed the
dominant role of higher respiratory carbon losses in rainfed rice ecosystem carbon exchange
and ecosystem water use efficiency. However, when we exclude the effect of E on NEE/ET
(i.e., NEE/T), paddy significantly had higher water use (Figure 4.3c), pointing the dominant
impacts of evaporative losses over NEE/ET. These results clearly show that ecosystem water
use efficiency was not simply a ratio of GPP to ET but the effects of respiratory carbon loss
and evaporative water loss over WUE.,, should also be considered in the calculation of

WUEc.
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Figure 4.3 Effects of respiratory carbon loss and evaporative water loss over water use
efficiency: (a) Yield/ET of rainfed rice (light yellow) was higher than paddy rice (dark green)
(W =36.00 , p < 0.05) but NEE/ET were not significantly different, (b) Yield/T was not
significantly different between paddy and rainfed rice (W = 23.00, p = 0.48), highlighting the
higher evaporative loss in paddy rice; (c) Lower GPP/ET of paddy rice due to its higher
evaporative water loss (W = 119.00, p < 0.05); and higher GPP/ET of rainfed rice due to its
higher respiratory carbon loss (W = 126.00, p < 0.05).(Wilcoxon-Mann-Whitney Rank Sum
test (a non-parametric ANOVA) was performed to access WUE differences between paddy
and rainfed (n = 3 to 12, mean value + SD); different small letters denote significant
differences among paddy and rainfed rice within each panel (a to f) while different capital
letters denote significant differences among different water use efficiencies (A to G).
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4.5. Discussion

Agricultural production worldwide is highly sensitive to water scarcity and at the same time
accounting for 70% of freshwater withdrawals. Increasing heat and drought stress predicted
by climate change scenarios may thus strongly impact on carbon cycling and, hence, crop
productivity, and strongly alter the hydrological cycle threatening sustainability of current
production methods (FAO, 2012; Blanco et al., 2014). Rice production is one of the most
water consuming crops and globally rice production has huge impacts on carbon and water
cycling (Adekoya et al., 2014; Kim et al., 2013; Lindner et al., 2015). The main goal of this
study was to compare carbon and water fluxes between conventional paddy and rainfed rice
farming analyzing the distinct contributions of unproductive water losses from soil
evaporation and respiratory carbon losses to net ecosystem carbon and water exchange.
Quantifying the impact of these distinct irrigation treatments is specifically important to find
an optimal balance between low evaporative and respiratory losses for a sustainable rice

production.

Comparing paddy and rainfed system under the same climate condition revealed different

carbon exchange process of water saving dryland rice and conventional paddy rice clearly

(Figure 4.4).
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Figure 4.4 Seasonal carbon and water balance of paddy and rainfed rice. Measured and
simulated daily gross primary production (GPP), net ecosystem exchange (NEE), ecosystem
respiration (Reco), evapotranspiration (ET), transpiration (T) and grain yields were used in
this schematic representation. All flux data and grain yield are mean values (flux data: n=3 £
SD; grain yield: n = 6 = SD). Crop growing season was 120 days (sowing to harvest).

Rainfed rice production had higher R, (34.88% higher than paddy) due to its higher soil
respiration (see also Miyata et al., 2000, Alberto et al.,2009; Thanawong et al., 2014). On the
other hand, paddy rice has significantly higher evaporative water loss during the growth
period, increasing the overall water loss of the ecosystem by 42.17%, compared to rainfed
rice. Since the paddy rice system is the conventional rice production system which can be
found in most of the global rice production area (International Rice Research Institute [IRRI],
2002; Seck et al., 2012; Tuong et al., 2005), significantly reduced evaporation per unit
production area can raise a question on possible global or regional water cycle changes if
most of paddy system were converted to water saving production systems (Fitzjarrald et al.,
2008; Sakai et al., 2004; Wang et al., 2014; Zhao et al., 2008). Since global water and carbon

fluxes are coupled by vegetation, impacts on water cycle could lead to impacts on the carbon
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balance (Hu et al., 2008; Istanbulluoglu et al., 2012; Tian et al., 2011; Williams and Albertson,
2005; Wolf et al., 2011).

As expected, we clearly found higher WUE.,, and WUE,z, (GPP and Yield/ET) in rainfed
compared to paddy rice (Adekoya et al., 2014; Alberto et al., 2009; Thanawong et al., 2014;
Figure 4.3). However, a different picture emerged when considering the productive water use
and respiratory losses. Generally, WUE,, defined as the ratio of gross primary production to
evapotranspiration (WUE,.,, = GPP/ET) has been estimated for different ecosystems ranging
from grasslands to cultivated vegetation without considering the influence of respiratory
carbon losses (Reeo) (Beer et al., 2009; Reichstein et al., 2002). Although, this yields
information on the water use efficiency of plants to fix carbon at the stand level, considering
ecosystem respiration into WUE assessments is crucial to gain an ecosystem perspective
(Dubbert et al., 2014; Huang et al., 2010; Scott et al., 2006; Tallec et al., 2013; Zeri et al.,
2013). Partitioning carbon and water fluxes in paddy and rainfed rice revealed the strong
influence of Re., over WUE,.,. Accordingly, higher GPP/ET in rainfed rice ecosystem was
due to higher R, since rainfed rice had similar GPP to paddy rice but lower net ecosystem
fluxes (NEE). Thus, accounting for this difference by considering net ecosystem exchange

(NEE/ET) yielded comparable water use efficiencies of both rice production systems.

Along with respiratory carbon loss, unproductive water loss (evaporation; E) considerably
affects the water use of rice production. Evaporation (E) influences T by influencing canopy
microclimate (canopy temperature and VPD) which indirectly influences T/ET, water use,
crop growth and yield (Alberto et al., 2009; Balwinder-Singh et al., 2014; Leuning et al.,
1994). As a result of maximization of carbon gain per water use along with available water,
productive water use efficiency (GPP/T and Yield/T) of paddy and rainfed rice were almost
equal. However, T/ET was significantly different between paddy and rainfed rice (Figure 4.3;
Blum, 2009) and increased along with crop growth. By contrast, the contribution of
evaporation to H20 fluxes was relatively similar in both production types from the end of

tillering stage onwards (DOY 200) when the crop canopy was dense, as major differences in
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unproductive water loss occurred before canopy closure. Overall, the higher WUE,g, of
rainfed was in concert with significantly reduced evaporation but also a slightly decreased

grain yield compared to paddy (Figure 4.3).

According to water scarcity projections based on socioeconomic assumptions, population
density per capita income, climate change scenarios and mitigation options, the frequency of
extreme droughts may increase in many regions (Eastern China, India, Western Europe and
Middle East) (Arnell and Lloyd-Hughes, 2013; Hejazi et al., 2014), highlighting the change
in regional specific hydrologic cycle. Moreover, global annual yield increase rate (current
rate = 2.4%) of major agricultural crops (especially, rice, maize, wheat, soybean) should be
doubled to meet the projected food demand by 2050 (Alexandratos and Bruinsma, 2012; Ray
et al., 2013; Mutayya, et al., 2014). Hence, a choice between the trade-off of paddy rice
production with high evaporative losses and methane emissions and rainfed rice with
increased respiratory losses and possible impact on grain yield (though this was not
significant in this study; Nay-Htoon et al., 2013; Tuong and Bouman, 2003, Figure 4.3),
depends largely on the regional water availability and precipitation regime. Moreover, the
greenhouse gas balance of conventional flooded rice system is still unclear since CH4 and
N,O emission not only depend on the amount of flooding but also on other factors such as
climatic conditions, crop growth, atmospheric CO, concentration (Alberto et al., 2014;
Wassmann et al., 2000; Groenigen et al., 2011, 2012; Dijkstra et al., 2012), source and rate of
fertilizer applied (Berger et al., 2013), inorganic and organic carbon substrate availability for
denitrifying bacteria, oxygen availability and bacterial activity (Seo et al., 2013). Traditional
flooded paddy rice has high CH4 and low N,O emissions while non-flooded rainfed rice
shows low CHy4 but high N,O emissions (Weller et al., 2014) together with high respiratory

CO; release, all being relevant greenhouse gases (Xiao et al., 2005).

Under the environmental conditions at the present study location, with abundant monsoon
rainfall, the high water consumption of paddy rice presents much less of concern than high

respiratory losses of rainfed rice. However, in different climates, such as the Mediterranean,
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Africa or Middle East, producing rice in a more sustainable management regime considering
its impact on the regional hydrological cycle may well outweigh slight impacts on grain yield

and higher respiratory losses.

4.6. Conclusion

We cultivated the same rice variety under the same environmental conditions except water
available and observed significant differences in ecosystem carbon and water balance.
Significantly high WUE,g, (yield/ET) was found in rainfed compared to paddy rice, as
expected. However, this difference vanished when WUE,,, was calculated excluding the
differences in unproductive water loss (evaporation). Moreover, WUE,, of rainfed rice was
only higher when calculated based on gross primary production. If we consider the ecosystem
productivity by excluding respiratory losses, WUE, of rainfed and paddy rice were not
significantly different. After excluding evaporative losses which is highly amounted to the
whole water budget of paddy rice, neither WUE, nor WUE,,, of paddy and rainfed rice
were significantly different. Therefore, given its higher WUEs in concert with significantly
higher respiratory carbon loss and slightly reduced grain yield, altering conventional paddy
rice system to water saving rice production such as rainfed rice should be based on careful
analysis of the regional hydrological cycle and ecosystem and socioeconomic tradeoffs. Since
unproductive carbon and water losses play an important role in vegetation carbon and water

balance, they should be considered in WUE, studies.
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4.9. Annex 1

LAI and T/ET, relationship
Damping coefficient k (relationship of transpiration to potential evapotranspiration ratio to

LAI) was derived from the figure Al. k of paddy rice = 0.49 and rainfed rice is 0.48.
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Figure 4.5.A1 Relationship between T/ETo and LAI of (a) paddy and (b) rainfed rice. LAI
was calculated as leaf area per ground area where Leaf area (LA) was determined with a Leaf
Area Meter (LI-3000A, LI-COR, USA). T/ETo was calculated as the ratio of estimate daily
transpiration of the LAI measurement date (equation 4.3 and 4.6) to estimated reference
evapotranspiration (equation 4.3).

Annex 2

LAI and NDVI relationship
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Figure 4.6.A2 Relationship between NDVI and LAI of (a) paddy rice and (b) rainfed rice.
LAI was calculated as leaf area per ground area where Leaf area (LA) was determined with a
Leaf Area Meter (LI-3000A, LI-COR, USA). NDVI was measured by Cropscan (Cropscan
Inc., USA). Damping coefficient k* (relationship between NDVI and LAI) was derived from
figure 4.6A2. k* for both paddy and rainfed rice = 0.8.
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Figure 4.7.A3 Simulated daily crop growth of paddy and rainfed rice a) LAI, b) NDVI, c)
Dual crop coefficient (K.). Daily K¢, was simulated based on daily NDVI, after following
Choudhury (1994).
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4.10. Supplementary

Table 4.1.S1 Soil chemical and physical properties of study area, Chonnam National
University research farm, Gwangju, S. Korea.

Parameters Values

pH (1:5)* 6.5 (0.1)

Total organic carbon (g C kg™) 12.3 (0.5)

Total N (g K g™) 1.0 (0.2)

Available P (mg P,Os kg™ 13.1(0.7)

CEC (com kg™) 14.4 (0.4)

Texture Loam (Sand: Silt: Clay= 40: 37: 23)

Values were mean values of six replicates and standard errors in Parentheses.
*the ratio of soil: water

181



Chapter 4 - Carbon and water fluxes between paddy and rainfed rice

Table 4.2.S2 Water and carbon fluxes, grain yield and water use efficiency of paddy and rainfed rice. Net Ecosystem Exchange (NEE, -NEE =
GPP + R..) is the balance between photosynthetic uptake and release of carbon dioxide by autotrophic and heterotrophic respi ration. Gross
primary production (GPP) is photosynthetic uptake. Ecosystem respiration (Rec,) is respiration from soil and plant. Ecosystem water use
efficiency was calculated as the ratio of NEE to evapotranspiration (ET); the ratio of NEE to transpiration (T) and the ratio of GPP to T.
Agronomic water use efficiency was calculated as the ratio of grain yield to ET. Differences between paddy and rainfed were tested by one way
ANOVA: Carbon, water fluxes, Grain yield and water use efficiency were compared not only as crop seasonal sum but also as growth stage

specific.

Measured daily catbon and water fluxes Grain Water Use Efficiency
. GPP NEE Rec ET T yield N N . ) WUE
Cl’ﬂp DOY G3 (ng‘Jd'l) [ng‘Jd'l} [gcm_zd_l} [ _Jd_]_} I: _Jd_l} [kghﬂ-l;l NEEET NEE/T GFF/ET GFFRT agm
m=3} {n=3} n=3} =3} m=3} {n=a} =3} {n=3} =3} {n=3} {n=a}
E 172 s 306 =027 157013 * 23515+ 123026 %* 089011 wa 128=0.19 1.76=0.15* 322x051*%  445z021 nwa
R 182 T 1202+153 3E6x081* 601073 * 1.74 £0.01 ** 138008 i 222+138 280112 %* 691 =087 * 871037 wa
E 206 H Q45070 ** 180021 % 210008 * 006004 % 087001 ni 208 =087 228 £0.66 +* 08024 % 1086042 na
E 218 juui 287070 224048 * 374030 % 130 £012% 1372001 wa 161=137*% 164087+ 638080 6.47 £0.47 wa
P 167 s 412018 202013 % 120006 * 227x021% 079 2009  wi 126 £0.08 370017 ** 1.81=008%* 3.15x0.06 nwa
P 175 T 2620351 JOEx042 ¥ 139=011%* 3.61 =038 ** 111016 nwa 196 x0.12 6.38 =022 ** 241014 %  782=x0.11 nwa
P 200 H 1319+112*% 031008 * 3EEx020% 3.00+0.35] = 146024  wia 233023 638 £0.17 ** 320£028%% 001028 wa
P 219 M 1084 003 65027 * 419+026%* 166 =028 ** 135018  wa 401+£016% 420=011%** 633002 699 £0.02 wa
CrOp £ason - < 39925 £147 32 37O 53042 48 13BT73 6843 BOTO 3080 - - 558 =
R totali 71008 £26543 . . +5735 =683 288022 444 £0.63 ** 561004 * 868 +187 079 *=
Crop s2ason - g O3NS 2BI30EI6132 23088 £8T745 100.91 6612 B = 0= E— - o o= 368
P total 85243 18078 . o 23437 18 230 2041 547017 347019 825048 0.2] **

* one way ANOVA between RF-PD followed by TukeyHSD test (significant at p < 0.05)
** one way ANOVA between RF-PD followed by TukeyHSD test (significant at p < 0.01)

Note: GS= growth stages, R= Rainfed, P= Paddy, S= seedling, T= Tillering, H = Heading, M= Maturity. Numbers followed the + sign is SD.
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Table 4.3.S3 Correlation matrix of carbon and water fluxes and environmental variables of paddy rice

PP NEE Reco ET T Radiation Tair Tsoil VPD SWC Windspeed
GPP
Spearman's { o) -0.96 0.37 0.46 0.84 0.52 0.37 0.71 0.43 -0.41 0.46
P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MNEE
Spearman's { o) -0.96 0.37 -0.60 -0.76 -0.62 -0.39 039 047 0.26 -0.39
P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Reco
Spearman's { g 0.57 0.37 -0.15 Q.70 0.04 0.90 0.78 0.20 -0.80 042
P 0.00 0.00 0.11 0.00 0.67 0.00 0.00 0.03 0.00 0.00
ET
Spearman's { g ) 046 -0.60 015 0.36 087 0.00 0.26 0.67 0.07 0.20
P 0.00 0.00 0.11 0.00 0.00 0.96 0.00 0.00 045 0.03
T
Spearman's { o) 0.84 0.76 0.70 0.36 048 0.63 0.70 0.44 -0.62 0.25
P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fadiation
Spearman's { o) 0.52 -0.62 0.04 0.87 048 0.06 0.30 0.78 018 0.24
P 0.00 0.00 0.67 0.00 0.00 0.51 0.00 0.00 0.03 0.01
Tair
Spearman's { g ) 0.57 -0.39 0.90 0.00 0.63 0.06 0.86 0.29 -0.70 0.35
P 0.00 0.00 0.00 0.96 0.00 0.51 0.00 0.00 0.00 0.00
Tsoil
Spearman's { g ) 071 -0.59 0.78 0.26 Q.70 0.30 0.86 0.3% -0.67 048
P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
VPD
Spearman's { g) 043 047 0.20 0.67 044 0.78 0.29 038 034 0.39
P 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SWC
Spearman's { o) 041 0.26 -0.80 0.07 -0.62 018 -0.70 0.67 -0.34 -0.17
P 0.00 0.00 0.00 045 0.00 0.05 0.00 0.00 0.00 0.06
Windspeed
Spearman's { g ) 0.46 -0.39 0.42 0.20 0.25 0.24 0.55 048 0.39 -0.17
P 0.00 0.00 0.00 0.03 0.01 0.01 0.00 0.00 0.00 0.06
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Table 4.4.S4 Correlation matrix of carbon and water fluxes and environmental variables of rainfed rice

GPP NEE Reco ET T Radiation Tair Tsoil YVPD SWC Windspeed
GPP
Spearman's { o) -0.81 0.89 0.71 0.79 0.25 0.72 0.80 0.20 -0.42 0.56
P 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.00 0.00
NEE
Spearman's { o) -0.81 -0.30 -0.66 -0.67 -0.53 -0.486 -0.58 -0.43 0.36 043
P 0.00 0.00 0.00 (.00 0.00 0.00 0.00 0.00 0.00 0.00
Reco
Spearman's { o) 0.89 -0.50 0.55 0.65 -0.01 0.74 0.80 0.00 035 0.55
P 0.00 0.00 0.00 0.00 0.90 0.00 0.00 0.97 0.00 0.00
ET
Spearman's { o) 071 -0.66 0.55 043 0.63 0.57 047 -0.36 043
P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
T
Spearman's { o) 0.79 -0.67 0.65 0.89 0.23 0.76 0.59 0.28 -0.56 0.39
P 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Radiation
Spearman's { o) 0.25 -0.53 -0.01 0.43 0.23 -0.02 0.10 0.81 -0.04 0.12
P 0.01 0.00 0.90 0.00 0.01 0.86 0.27 0.00 0.65 0.21
Tair
Spearman's { o) 0.72 -0.46 0.74 0.65 0.76 -0.02 0.82 0.19 -0.58 0.62
P 0.00 0.00 0.00 0.00 0.00 0.86 0.00 0.03 0.00 0.00
Tsoil
Spearman's { o) 0.80 -0.58 080 0.57 0.59 0.10 082 0.22 038 072
P 0.00 0.00 0.00 0.00 (.00 0.27 0.00 0.01 0.00 0.00
YVPD
Spearman's { o) 0.20 -0.43 0.00 0.47 0.28 0.81 0.19 0.22 025 0.24
P 0.03 0.00 0a7 0.00 0.00 0.00 0.03 0.01 0.01 0.01
SWC
Spearman's { o) -0.42 036 035 -0.36 -0.56 -0.04 -0.58 -0.38 -0.25 -0.26
P 0.00 0.00 0.00 0.00 (.00 0.65 0.00 0.00 0.01 0.00
Windspead
Spearman's { o) 0.56 -0.43 0.55 0.43 0.39 0.12 062 0.72 0.24 026
P 0.00 0.00 0.00 0.00 0.00 0.21 0.00 0.00 0.01 0.00
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5.1. Abstract

Light use efficiency (LUE) plays a vital role in determination of crop biomass and yield.
Important components of LUE, i.e. canopy structure, nitrogen distribution, photosynthetic
capacity and CO, diffusion conductance were investigated in paddy rice grown under low,
normal and high supplemental nitrogen (0, 115, and 180 kg N ha'). Photosynthetic
characteristics varied linearly with leaf nitrogen content (N,), independent of treatment and
canopy position, so differences in photosynthesis were due to differences in N allocation.
CO, diffusion resistances were significant and constrained LUE (more during late season),
but there were no differences between treatments. Early in the season (tillering stage) leaves
in the fertilized treatments had higher photosynthetic rates due to higher leaf N content
leading to larger amounts of rate-limiting photosynthetic proteins, which gave them an early
head start and boost in productivity and leaf area index, bringing increases in canopy light
absorption. Later during the growth season, differences in leaf N, and photosynthetic
characteristics between treatments were slight. Enhanced LAI in fertilized plots throughout

the growing season was related to greater leaf number and leaf area per planted bundle and a
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larger leaf area in the upper canopy (LAUC). Fertilized treatments had a higher LAUC with
high leaf nitrogen concentration and reduced mesophyll diffusion limitation but greater
exposure to full sunlight that led to improved nitrogen use efficiency and efficient carbon
gain. In conclusion, differences in carbon gain and biomass accumulation under differing N
fertilization were associated primarily with resource allocation associated with canopy leaf
area development rather than leaf morphological or physiological properties. The results
provide new insights with respect to the multi-dimensional coordinated structural and

physiological adjustments governing LUE over the course of rice crop development.

Keywords: canopy structure; CO, diffusion conductance; light use efficiency; nitrogen;

photosynthesis; rice crop
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5.2. Introduction

As proposed by Monteith (1972, 1977) ecosystem or crop productivity is largely determined
by the amount of solar radiation intercepted and the efficiency with which that absorbed
energy is converted to carbohydrates in the process of photosynthesis. The percentage of
incident photosynthetically active radiation that is absorbed by a plant canopy (APAR) is
largely determined by canopy architecture (leaf area index, leaf angle distribution) and leaf
pigments, while the efficiency of energy conversion is a function of leaf physiological
processes. Although light use efficiency (LUE) has been equated with quantum use efficiency
in the plant physiology literature (Ehleringer and Pearcy, 1983), in the remote sensing and
crop production communities, LUE is defined as total carbon uptake (Gitelson and Gamon,
2015), integrated over some period of time divided by the total irradiance incident on or

absorbed by the vegetation.

LUE of developing crops therefore depends on canopy leaf area and leaf angle distribution
which determine light interception, on the distribution of nitrogen in the canopy as it relates
to the profile of photosynthetic capacity, and on diffusional limitations which restrict delivery
of CO; to the site of fixation (Parry et al., 2011). Until recently, the only diffusional
limitations considered were boundary layer and stomatal conductances. Recent progress in
the analysis of leaf gas exchange, however, has elucidated an additional component of leaf
structure and function that significantly affects crop photosynthesis, namely the mesophyll

conductance of the leaves, g, (Ethier and Livingston, 2004; Niinemets et al., 2009a).

Depending on the magnitude of g, the CO, gradient between substomatal cavities and the
chloroplast stroma varies, which impacts the physiology of photosynthesis and, over the
long-term, influences natural selection along ecological gradients (Muir et al. 2014; Flexas et
al., 2012; Niinemets et al., 2009b), and g, has been identified as an important factor in
regulation of crop primary production (Adachi et al., 2013; Parry et al., 2011). Mesophyll
conductance is positively correlated with and essentially linearly related to photosynthetic
capacity (Bernacchi et al., 2002; Evans and Loreto, 2000) when considering a broad spectrum
of leaf types with varying leaf density (Niinemets, 2009b). However, based on existing data
from herbaceous species, the relationship is relatively scattered (Flexas et al., 2012;
Niinemets et al., 2009b; Warren and Adams, 2006), indicating that additional factors

influence carbon uptake of crop species to a different degree and in different ways. For
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example, nitrogen allocation rather than leaf structural modifications may primarily mediate
changes in g, and Ap.x (the maximum net photosynthesis rate at saturating light, optimal
temperature and normal atmospheric CO, concentration) in species with herbaceous-type

leaves (Niinemets, 2007).

While mesophyll conductance has gained much attention recently, comprehensive studies of
nutritional influences on leaf area index development and allocation, canopy nitrogen
distribution, stomatal conductance (gs) limitations, time-dependent changes in Ap.,x and
canopy GPP, and the ecophysiological regulation of g, are lacking (Niinemets, 2009b) and
needed as they are fundamental physiological concepts in sustainable crop production
(Foulkes and Reynolds, 2015). To gain greater insight, several studies concerning the
relationships among leaf N, g, g, and photosynthesis in crops have been implemented, but
these have been carried out in controlled environments or over short time periods.
Longer-term studies of crop production over the seasonal cycle and in natural field
environments are needed in order to better understand the multiple influences that regulate

LUE and production.

In this study, gas exchange and chlorophyll fluorescence measurements were made on leaves
of rice to determine CO, uptake, transpiration, g and g,. These measurements were carried
out simultaneously with observations of crop development and canopy CO, exchange in
experimental fields of Chonnam National University, Gwangju, South Korea under three
nutrient treatment levels. We examine the extent to which increased nutrient supply leads to
increases in canopy leaf area, altered nitrogen investments, as well as changes in leaf gas
exchange and biomass production (Yoshida, 1981). We address the following hypotheses:

1. Seasonal development of rice is characterized by a LUE optimization-oriented
coordination in LAI, canopy N distribution, and leaf conductance (g5 and g,) limitations on
carbon gain.

2. Increasing nutrient supply to the rice crop leads to an acceleration in the rate of canopy
development (rate of increase in LAI) and overall carbon gain, but not to the basic way in
which coordination of the process relevant to LUE occurs.

3. Variation in leaf function in rice grown with different nutrient supply and under varying
light environments within the crop canopy is largely explained by variations in leaf nitrogen

allocation and nitrogen-driven gas exchange.
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5.3. Materials and methods

5.3.1. Study site

The experimental site is located at the agricultural fields of Chonnam National University,
Gwangju, South Korea (126°53" E, 35°10" N, altitude 33 m). Rice (Oryza sativa L. cv.
Unkwang) seedlings cultivated in a nursery were transplanted to a flooded field using a
four—-row rice transplanting machine on May 20th, 2013 (day of year-DOY-140), with a
row-line spacing of 12 x 30 cm. On average, each planted bundle contained five seedlings. A
mass ratio of N:P:K of 11:5:6 was used in the paddy rice plots for three fertilization
treatments: 0 kg N ha™ (no supplemental fertilization as a control referred to as low; plot size
~511 m?), 115 kg N ha (the agricultural agency recommended amount, referred to as normal,
plot size ~1387 m?) and 180 kg N ha™' (referred to as high, plot size ~511 m?). Nitrogen was
applied in two dosages, 80% as basal dosage two days prior to transplanting and 20% during
the tillering stage, 19 Days After Transplanting (DAT). P fertilizer (62 kg ha™) was applied as
a 100% basal dosage, and K fertilizer (60 kg ha™') was applied as 65% basal dosage and 35%
during tillering. All field management practices of paddy rice and fertilizer dosages reflected
the practices of farmers in the region. Fertilizer migration between nutrient treatments and
potential losses via runoff were minimized by cement walls 35 cm wide, inserted to a depth
of one meter in the soil. Excess water drained out of the field during the summer monsoon in
July and August when heavy rainfall occurred. The time periods during which rice under
these field conditions grew in different agronomic developmental stages after transplanting

were unaffected by fertilization treatment, and are shown in Table 5.1.

Table 5.1 Time periods during which paddy rice cultivar Unkwang grew in different
agronomic stages.

Growth stage Day After Transplanting Day Of Year
Recovery from transplanting 0 - 10 142 - 152
Active tillering 10 -30 152 -172
Elongation 30-64 172 - 206
Flowering 64 -70 206 - 212
Grain-filling 71 —120 212 -162

To underpin several physiological assumptions, the same rice variety was planted in

September 2014 in a greenhouse at the University of Bayreuth, Germany (11°34" E, 49°56'
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N). Seedlings were transplanted at 10 cm height into plastic containers (top diameter 25.4 cm
and height 25 cm) with similar plant spacing as in the 2013 field experiment. The equivalent
to the 115 kg N ha™! field treatment was applied again two times, before transplanting and at
the tillering stage as nutrient liquid from 100g N/l Wuxal super (Agrarvers and Oberland Inc.,
Schongau, Germany). For gas exchange experiments, the plants were then acclimated in a
growth chamber to daytime air temperature 30°C, relative humidity 60% and light intensity of

900 pmol m?s™. Air temperature during nighttime was constant at 25°C.

5.3.2. Field measurements of diurnal courses of canopy and leaf CO; exchange

Four plots were established in the middle of the paddy fields for each nutrient treatment to
monitor diurnal canopy CO; gas exchange, using a custom-built set of one transparent and
one opaque chamber (L 39.5 x W 39.5 x H 50.5 cm; detailed information on chamber
construction and measurement protocols are given in Li et al. (2008) and Lindner et al.
(2015). Three frames, each enclosing three bundles of healthy plants, and a fourth frame
without plants were deployed. Diurnal gas exchange courses of net ecosystem CO, exchange
(NEE — with transparent chamber) and ecosystem respiration (Re., — with opaque darkened
chamber) per square meter ground surface were monitored at hourly intervals from sunrise to
sunset. Incident PAR in the transparent chamber was measured with a quantum sensor
(LI-190, LI-COR, Lincoln, Nebraska, USA). A hyperbolic light response model was fit to
estimate gross primary production (GPP; sum of NEE and Re,) as a function of incident PAR,
generating instantaneous canopy light use efficiency (LUE;,) defined as the initial slope of
the response, and an estimate of potential maximum GPP rate at PAR of 1500 umol m? s’
(GPPax) (Li et al., 2008; Lindner et al., 2015). Canopy LUE;,, defined as daytime integrated
GPP divided by daytime total incident above-canopy PAR, was calculated for each day of

measurement.

Diurnal gas exchange and chlorophyll fluorescence measurements in the sunlit (uppermost),
second, third and fourth mature leaves of the high fertilization group were conducted using a
portable gas-exchange and chlorophyll fluorescence system (GFS-3000 and PAM
Flourometer 3050-F, Heinz Walz GmbH, Effeltrich, Germany) on 57 and 73 DAT to track
ambient environmental conditions external to leaf cuvette. The measurement dates of diurnal
courses of the sunlit (uppermost) leaves in the low and normal groups were 31 and 72 DAT,
and 25 and 77 DAT, respectively. Middle parts of two or three intact and healthy leaves were
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enclosed from sunrise to sunset. Microenvironmental factors such as incident light intensity,
air/leaf temperature, air humidity, and CO, concentration were recorded simultaneously.
Leaf-level light use efficiency was determined from a linear estimation of photosynthesis

response to light when incident PAR was less than 200 pmol m?s.

5.3.3. Measurements of CO; response curves of net assimilation rate

The Walz GFS-3000 was used to measure net assimilation CO, response curves at different
leaf temperatures. CO; response curves of uppermost canopy leaves were measured twice for
the low and normal fertilization treatments, on around 28 DAT (tillering stage) and around 74
DAT (beginning of grain-filling stage: subsequently termed grain-filling). CO, curves were
commenced after leaves had acclimated to the cuvette microenvironment (CO, concentration
of 400 pmol mol™ and saturating PAR of 1500 pumol m™? s™) after which CO, concentration
was changed progressively according to the sequence 1500, 900, 600, 400, 200, 100 to 50
umol mol”. Relative humidity was controlled to ca. 60%. Assimilation rate and stomatal
conductance data were recorded after new steady-state readings were obtained. At least three
replicate CO, curves were obtained at each leaf temperature, which was varied in 5°C steps
from 20 to 35°C at the tillering stage and from 25 to 35°C at the grain-filling stage. For each
CO; response curve, the protocol described by Sharkey et al. (2007) was used to estimate

values for the parameters V. max and Jyax.

Amax (photosynthesis rate at 400 pmol CO, mol'l, saturating PAR of 1500 pmol m?> s!'and
30°C) in leaves at different depths in the canopy were measured on around 54 DAT (low,
normal and high fertilization treatments) and around 72 DAT (low and high fertilization
treatments) using the GFS-3000. On 90 DAT similar photosynthetic capacity determinations

were conducted, but only on the uppermost leaves in the canopy.

5.3.4. Measurement of canopy reflectance

Radiometric measurements were carried out intensively in three nutrient groups over growth
season by a portable instrument equipped by multispectral radiometers (MSR, Cropscan Inc,
MN, USA). The MRS-5 was positioned facing vertically downward at 2 m above crop
canopies, and measurements were taken at solar noon to minimize the effect of diurnal

changes in solar zenith angle. 6 replications surrounding plots for canopy gas exchange
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measurements were conducted, and reflectance measurements were then averaged.
Normalized difference vegetation indices (NDVI) was calculated from the spectral bands
obtained in the channel 3 and 4 of the MSRS, corresponding to the red (630-690 nm) and near
infra red wavelength (760-900 nm) respectively by following formula,

NDVI = Loir —Prea 5.1)

Prir T Prea

To get the NDVI on those days when measurements of canopy gas exchange were
implemented and on other days that were clear and sunny at solar noon, the time series

function was fit to measured NDVI,

. (5.2)
NDVI=a-t" e

where a, b and c are coefficienct and t is time (day after transplanting)

5.3.5. Characterization of leaf nitrogen content, leaf area, leaf angle, and biomass

After conducting gas exchange measurements, leaf samples were collected to estimate leaf
area, dry mass and nitrogen content. On 26, 33, 54, 72 and 86 DAT, three planted bundles
consisting of fifteen plants (five seedlings comprising one planted bundle) from each
treatment were harvested, and total plant area (leaf and stem) of each was determined with an
LI-3100 leaf area meter (LI-COR Inc, Lincoln, Nebraska, USA). On 54 and 72 DAT a portion
of the standing canopy in each fertilization treatment was stratified into vertical layers, each
layer 15 cm in thickness. Leaf and stem area and biomass in each stratified layer were
measured. After chamber gas exchange measurement, the green biomass overlying one half
square meter of ground in each nutrient group was harvested. All samples were dried at 60°C
in a ventilated oven for at least 48 hours before determination of dry mass. Leaf nitrogen
content was measured by C:N analyzer (Model 1500, Carlo Erba Instruments, Milan, Italy).
On 43 DAT, three typical bundles from each treatment were randomly selected to record
individual leaf laminar area. Grain yield determinations were obtained at four sampling plots
(0.5 x 0.5 m) at the end of the growing season at 113 DAT (253 DOY), and were weighed
after air-drying. Seasonal changes of leaf area index were measured using a plant canopy

analyzer (LAI-2000, LI-COR, Lincoln, Nebraska, USA). Measurements were taken across
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the rows and above the water surface using a cover with small view of 45° at early growth
stages and one with large view of 270° at later growth stages. All measurements were made
when there was no direct beam of sunlight, either in the late afternoon or during periods of

uniform cloudiness.

5.3.6. Characterization of canopy light and nitrogen distribution profiles

Vertical profiles of incident light were determined either the day before or on the day of plant
sampling with light data loggers (HOBO, Onset Computer Corporation, Bourne, MA)
mounted on thin rods with vertical spacing of 15 cm from base 0 cm to top of the canopy, and
where multiple rods were placed along a transect diagonal to the planted rows. Data was
logged every 15 min on two consecutive days when the measurements of stratified leaf area
were made for nutrient groups. The HOBO logger light values were periodically compared to
PAR measured with a LI-COR quantum sensor to develop a calibration curve and to estimate
the PAR profiles. A trapezoidal integration was conducted to obtain daily integrated PAR.
Close correspondence between daily integrated PAR from the quantum sensor of the
GFS-3000 and those from HOBO loggers indicated that the computation method was reliable.
PAR was assumed to be attenuated through the canopy according to the Lambert-Beer law,

where Q, the daily integrated PAR at a given canopy height is calculated as:

0=0Q,exp (-K,f) (5.3)

where Q, is the daily integrated PAR above the canopy, K; the canopy light attenuation
coefficient, and f is the plant area index (PAI) from the top of canopy to the measurement
level. There were few leaves in the 15-30 cm layer and no leaves in the 0—15 cm layer during
late growth stages. Substantial presence of stems at lower layers, nevertheless, caused light
attenuation, and plant area index showed a better correlation with measured light intensity at
each layer than LAI. An exponential equation analogous to Eq. 5.3, substituting an N
extinction coefficient Ky for Kj, was used to describe leaf nitrogen distribution. When K; or
Ky is equal to 0, uniform distributions of light or N resources occur in the profiles. Increasing

coefficients indicate a steeper gradient in resource distribution.
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Light use efficiency based on absorbed PAR (LUE,,s) was defined as the ratio of daily
integrated canopy GPP at each measuring date to integrated PAR intercepted by the canopy.
Intercepted radiation, Qj,, was estimated by two methods, one using Eq. 5.4, derived from Eq.
5.3 (Hui et al., 2001).

0, =0,(1-exp(-K,- f)) (5.4)

The other is from NDVI-fPAR correlation (fPAR is fraction of incident to Q). The
relationship between vegetation index NDVI and fPAR is generally found to be curvilinear
(Choudhury, 1987; Goward and Huemmrich, 1992; Inoue et al., 2008; Gitelson et al., 2014).
Linear correlation between those two biophysical variants in paddy rice before ripening stage
was structured by Inoue (2008), while their data integrated with those in cereal crops grown
under different ecological conditions from Choudhury (1987) actually followed exponential

trend which is formulated by,

(5.5)

PAR = fPAR {1( NDVI.. — NDVI ”

NDVI,, —NDVI,

For determination of fPAR two types of variant need to be priori quantified based on field
grown rice at specific nutrient manipulation condition: canopy geometry property (g) which is
the ratio of dampening factor K, and factor K;, maximum and minimum NDVI values. K, is
coefficiency controlling correlation between canopy light interception and LAI, K,; being
coefficiency controlling relationship between NDVI and LAI fPAR;.x in rice is 0.95
recommended by Atwell et al. (1999). Max. NDVI in fertilization group and low group were
0.92 and 0.84 which were field observations, respectively. K, and K,; at 0.48 and 0.8 in rice
suggested by Nay-Htoon (2015) were adopted, generating € of 0.6, which compares favorably
to modeling outputted € of 0.58 via apply Eq. 5.5 to integrated data group in Figure 5.1a. Min.
NDVI (x—intercept) is 0.11 when fPAR is zero. The model simulation was tested against field
observations at three nutrient groups. Striking correspondence between prediction by Eq. 5.5
and field observations (calculated from Eq. 5.4) documented that values of independent
variants in Eq. 5.5 are representative proxy reflecting rice growth and development and can
be used for estimation of fPAR and thereby LUE,, at the days when canopy gas exchange

were collected.
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Figure 5.1 (a) Exponential correlation between normalized difference vegetation indices
(NDVI) and fraction of incident PAR to absorbed PAR in cereal crops. Filled stars represent
data in paddy rice from Inoue et al. (2008) and open stars in other cereal crops from
Choudhury (1987). (b) Seasonal development of NDVI in paddy rice grown under three
nutrient treatments: low (filled circles, 0 kg N ha'l), normal (open circles, 115 kg N ha"l) and
high (cross symbols, 180 kg N ha™).

The amount of sunlit leaf area (leaves exposed to full sunlight) in each canopy layer at the
low and normal groups during grain-filling stage was estimated based on the classical gap
probability function in canopies (see Caldwell et al. (1986) for detailed description), in which
sunlit leaf area is a function of solar position in the sky and the surface area and leaf
geometry of each layer. For these calculations, a weighted average method considering the
proportion of individual leaf area to total leaf area at each layer was used to generate average
leaf angle of each layer. Leaf absorptance of PAR was assumed to be 0.84, and the leaf
clumping factor used was 0.8, representative values for grain crops. Tight correlation between
predications in light intensity at each layer by radiation transfer model and measurements
y=0.82x+1.2 (R* = 0.90, p < 0.01) meant the pragmatic implementation of classical gap
probability function to mimic canopy dynamics with respect to light distribution and sunlit

leaf area.
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5.3.7. Estimation of the mesophyll diffusion conductance (g,,)

The variable Jp method of Harley et al. (1992) for estimating mesophyll conductance was
applied to data on the ETR-limited portions of CO, response curves. The proportion of
generated electron transport rate that is used by CO, fixation process was quantified
(Appendix A, Figure 5.Ala). In general, ETR, inferred from fluorescence measurements,
became stable when C; was higher than ca. 240 pmol mol ™. Assimilation rate and ETR in the
region from 240 to 600 pmol mol™ were used, because i) g, estimates over this range of Cj
values are reliable, since photosynthesis is limited by regeneration of RuBP and limitations
by triose phosphate utilization usually occur only at higher CO, concentrations (Flexas et al.,
2007; Harley et al., 1992; Sharkey et al., 2007); and ii) the determinations are appropriate for
the values observed for C; under natural field conditions (ca. 250 pumol mol'l). Thus,

g, =ANC, —(T°(J, +8A+8R, N/IJ,~4A~4R, ) (5.6)

where A, C; and J, are measured directly. Chloroplast CO, compensation point (I'*), the
intercellular CO; concentration at which carboxylation rate equals photorespiration rate in the
light was determined for our rice cultivars to be 44.4 + 1.3 pumol mol” (Appendix A, Figure
SA1Db), which is consistent with values reported for cultivars as tobacco (Bernacchi et al.,
2002). Rgay, non-photorespiratory CO, evolution in the light, was approximately 60% of dark

respiration as measured by gas exchange.

Using values of Vimax and Jnax determined from CO, response measurements, rates of net
assimilation were predicted assuming different values of C,, the CO, partial pressure at the
site of fixation, which is jointly determined by fixation rate, stomatal and mesophyll
conductances. The limitations on photosynthetic capacity resulting from finite stomatal and
mesophyll conductance were evaluated by comparing measured A4 at C,= 400 with rates
predicted assuming infinite stomatal and/or mesophyll conductance by Eq. 7-9 (Harley et al.,

1986; Monteith, 1972):

Lgm =100 A = Auo (5.7)
L =100 Asi—ao0 ~ Asoo (5.8)
. €i=400
A —A
mel =100 cc=400 400 (59)

cc=400
where L, is the percent limitation due to mesophyll conductance, L,s that due to stomatal

196



Chapter 5 - Nutritional and developmental influences on carbon gain capacity

conductance, and Ly, the total percent limitation of the conductance pathway on

photosynthesis.

5.4. Results

5.4.1. Seasonal changes in canopy reflectance, biomass production, canopy LUE, and

leaf area in response to fertilizer treatments

Timer series functions connecting measured NDVI at solar noon during sunny days were
indicated in Figure 5.1 that NDVI value at fertilization group during vegetative growth stage
before flowering and ripening stage were significant higher than control group (Friedman
ANOVA, p = 0.045). Green biomass accumulation in all three nutrient groups exhibited
similar seasonal trends. Biomass increased rapidly after ca. 30 DAT, reached a maximum on
ca. 64 DAT, and subsequently declined (Figure 5.2a). Peak aboveground biomass was
significantly higher in the normal and high fertilization treatment groups by 62% and 56%,
respectively, compared to the low group. Similar to biomass production, grain yields in
normal and high fertilization treatments were similar but markedly higher than in the control
group by 58% and 73%. The seasonal change in measured rates of GPPy,,x is shown in Figure
5.2b. During tillering (16 DAT) GPP,,x was low in all treatments (ca. 2 pmol m> s'l; no
significant difference, p > 0.05) and increased rapidly with increasing LAI. GPP,,x increased
throughout the elongation period, but plants in the normal and high fertilization treatments
showed increased carbon gain relative to the low fertilization after 30 DAT (p = 0.05). The
highest GPPp,x (~28 pmol m?s™) occurred in fertilized plots at approx. 60 DAT, just before
commencement of the grain-filling stage, at which time GPP,,,x in unfertilized plots averaged
~21 pmol m2st Subsequently, GPPy,.x in low N plots leveled off and GPPy,.x in fertilized
treatments declined to ~23 pmol m?s™, so that 20 days later, during grain-filling (78 DAT),
GPP,,.x in fertilized groups was only 10% higher. GPP;, exhibited similar seasonal trends
across the three groups, reaching a maximum of 11.3 g C d”' in the fertilized group and 9.4 g

C d" in the plots receiving no additional nitrogen (Figure 5.2b).

Seasonal time courses for daily LUE;,. (Figure 5.2¢) based on incident light were similar to
those for GPP,x and GPPj,. On an incident radiation basis, differences among treatments
were found as expected with higher LUE;; in fertilized plots after 16 DAT, and the difference

increasing over time. At approx. 60 DAT, the differences were statistically significant (p =
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0.039).

LAI in all treatments increased rapidly through the elongation stage, and substantial
differences in LAI among treatments occurred after 34 DAT (p < 0.01; Figure 5.2d) as LAI
increased much more rapidly in the fertilized plots. These differences in LAI between
treatments had multiple causes. Early in the elongation stage at 43 DAT, both leaf number
and leaf mass per planted bundle were much higher in the normal and high plots than in the
low treatment (Table 5.2). There were no significant differences in leaf biomass per bundle
between the normal and high treatments, but the differences between non-fertilized and
fertilized plots increased dramatically throughout the elongation stage (p < 0.05).
Furthermore, plants in the fertilized treatments exhibited significantly greater amounts of leaf
area in the upper levels of the growing canopy. At 43 DAT, early in the elongation stage, the
mean area of individual leaves whose height of petiolar insertion was more than 20 cm above
ground surface was significantly greater in the fertilized treatments than in the low N plots
(the normal and high treatments greater by 33% and 22%, respectively; Table 5.2). Similar
differences were found later in the elongation stage, at 53 DAT, with fertilized plots
accumulating a greater amount of leaf area in leaves originating in upper portions of the
canopy, between 45 and 60 cm and between 60 and 75 cm above ground. By the grain-filling
stage, however, leaf area in the upper levels of the canopy (above 60 cm insertion height)
were 21.6, 23.0, and 23.0 cm? in the low, normal and high nutrient groups, and were no

longer significantly different (Table 5.2).
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Figure 5.2 Seasonal courses for aboveground biomass production, observed maximum rates
in gross primary production (GPP,,x) during daily measurement cycles, integral daytime GPP
(GPPjy), canopy light use efficiency (LUE;,.), and leaf area index for paddy rice grown at
three levels of fertilization. Low = no fertilizer addition; normal = 115 kg N ha'l; high = 180
kg N ha! as described in the methods. Bars indicate SE;n=2to 12.

Table 5.2 Leaf dry mass per planted bundle (g) and mean leaf laminar area (cm?) at different
developmental stages and in different canopy layers in paddy rice grown at low (0 kg N ha™),
normal (115 kg N ha™') and high (180 kg N ha™') fertilizer levels. S.E. is given in parentheses.

Growth stage Nutrient Leaf dry Number Mean leaf area in a given canopy height range
treatment mass of (sz)
per leaves
bundle  per
(2) bundle
Canopy height
above ground >20cm  45-60cm  60-75cm  75-90 cm
Early-elongation Low 2.1 57 (4) 22.1 (2.2)
43 DAT Normal 3.1 101 (4) 294 (1.1)
(184 DOY) High 34 26.9 (1.3)
Mid-elongation  Low 4.6 (0.5) 9.3 (0.6) 3.7(0.9)
53 DAT Normal 7.2 (1.1) 13.10 (0.8) 7.2 (0.8)
(194 DOY) High 6.8 (0.4) 12.0(0.8) 4.2(1.0)
Grain-filling Low 4.2 (0.4) 9.9 (1.0) 12.8 (1.4) 8.9(1.0)
73 DAT Normal 8.7 (0.7) 13.8(0.7) 13.4(1.0) 9.6(1.2)
(214 DOY) High 9.6 (1.1) 13.0(0.6) 12.2(0.9) 10.8(1.4)
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5.4.2. Seasonal changes in leaf morphology and physiology in response to fertilizer

treatments and canopy position

During the course of development, average SLA of top of canopy leaves decreased by approx.
33% (Figure 5.3a) but SLA values for sunlit leaves in the three fertilization groups were not
significantly different (p > 0.05). Despite this presumed increase in leaf thickness over the
growing season, leaf nitrogen per unit area (N,) decreased strongly, by approx. 40% in all
treatments (Figure 5.3a). The decrease occurred more rapidly during the elongation stage
when the crop canopy was closing rapidly, than during the flowering and grain-filling stages.
Although no significant differences in N, between leaves of the normal and high fertilization
treatments were observed over the entire growing season, leaf nitrogen in both was
significantly greater than in the low fertilizer treatment during leaf elongation. No significant
differences in N, were observed between the three groups at grain-filling stage (after 60 DAT,

p < 0.05).
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Figure 5.3 Seasonal changes in sunlit mature leaves at top of canopy for leaf nitrogen content
(Na), specific leaf area (SLA), photosynthesis capacity (Amax30), and maximum Rubisco
carboxylation rate (V¢max.30), maximum electron transport rate (Jmax30), stomatal conductance
(gs30), and mesophyll conductance (gm30) under the same environmental conditions. Bars
indicate S.E.,n =3 to 6.
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The seasonal decreases and differences among treatments in N, were reflected in concurrent
changes in photosynthetic activity, measured at saturating PAR and 30°C (Amax30). Thus,
Amax 30 was 14% lower in the low fertilization treatment during early growth (p = 0.02; Figure
5.3b), but the differences were relatively small (~7%) during the grain-filling stage (ca. DAT
72). Carboxylation (Vcmax3o) and electron transport (Jmax30) capacities (Figure 5.3c) were
greater in the normal and high fertilization treatments at tillering stage (prior to 60 DAT; p =
0.05 and p = 0.04, respectively), consistent with observed differences in Ay, and N,. Parallel
decreases in mesophyll and stomatal conductance also occurred over the course of the season
(Figure 5.3d), but differences among treatments were not apparent. The limitations on carbon
gain due to mesophyll conductance (Lgn) and stomatal conductance (L) were of similar
magnitude in all treatments and did not differ significantly at comparable phenological stages
(Table 5.3). As conductances decreased from the elongation stage to grain-filling stage,
however, the limitations by both g, and g, increased dramatically, by between 22 and 49%.
The total limitation of carbon gain due to transport from the external air to the site of fixation
was substantial, ranging from 28 to 37%, with the highest value occurring in the low

fertilization plants at the grain-filling stage, when the lowest leaf N, was also observed.

Changes in leaf physiological function with depth in the canopy were investigated during the
elongation and grain-filling stages (Figure 5.4). Leaf N, decreased with depth in the canopy
for all treatments during the elongation phase, but the decline was particularly pronounced in
the low fertilization treatment (Figure 5.4a). Thus, significantly higher levels of N, were
observed in second and third leaves in the higher nitrogen treatments at the elongation stage
(Figure 5.4a; p = 0.003), which may be related to initial N investments during tillering (ca. 30
DAT) (cf. Figure 5.3a). During grain-filling, when canopy closure was more complete, N,
declined even more rapidly with depth in canopy, but the N, profiles were similar (p > 0.05)
for all treatments (Figure 5.4b). In general, leaf nitrogen profiles were reflected in similar
declines in physiological variables related to photosynthetic activity, such as Amax 30, Vemax30,
Jmax.30, €m30, and g 30 (Figure 5.4c—1). Despite observed differences in N, profiles during the
elongation phase, canopy profiles of these physiological variables showed no striking

treatment differences during either period of growth (p > 0.05).
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Table 5.3 Comparisons among nutrient treatments in plant area index (PAI, m” m™), leaf area
index (LAI, m? m'z), daytime integral GPP (GPPiy, g C d'l), average overall CO, diffusive
limitation (Lo, %), stomatal limitation (Lgs, %) and mesophyll limitation (Lgm, %), canopy
light attenuation coefficient (K;), and canopy nitrogen attenuation coefficient at elongation
(ca. 54) and grain-filling stages (ca. 73) at low (0 kg N ha™), normal (115 kg N ha™') and high
(180 kg N ha™) fertilizer levels. Grain yields (g m™?) in three groups is indicated. S.E. is given
in parentheses, n = 3 to 6.

Low Normal High
Elongation  Grain-filling  Elongation Grain-filling  Elongation Grain-filling
PAI 3.54 (0.66) 4.45(0.53) 5.56 (0.50) 6.38 (0.51) 5.30(0.55) 6.40 (0.69)
LAI 2.04 (0.17)  3.2(0.23) 3.36 (0.13) 4.53 (0.16) 3.15 (0.07) 4.29 (0.13)
GPP;,;, 9.39(0.48) 8.67(0.70) 11.25(0.25)  9.94 (0.55) 11.31 (0.68) 10.20 (0.65)
Liotar 29.6 4.1) 37.1 (5.1 29.1 (5.9) -- 27.6 3.2) 35.3 (4.8)
Lom 16.9 (4.0) 24.3 (2.1) 15.6 (1.24) -- 16.1 (1.51) 24.2 (2.4)
L 18.3(1.16) 23.7(3.7) 20.6 (5.4) -- 21.6 (1.31) 26.4 (2.6)
K 0.19 (0.04) 0.42 (0.04) 0.18 (0.03) 0.40 (0.05) 0.16 (0.04) 0.39 (0.04)
Ky 0.14 (0.02)  0.28 (0.02) 0.06 (0.005)  0.14 (0.01) 0.06 (0.01) 0.12 (0.01)
Yield 717 (110.5) 1135 (131.2) 1243 (22.94)
ca.54 DAT ca.72 DAT ca.54 DAT ca.72 DAT ca.54 DAT ca.72 DAT
195 DOY 213 DOY 195 DOY 213 DOY 195 DOY 213 DOY
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Figure 5.4 Dependence on leaf position in crop canopy of paddy rice for leaf nitrogen
content N, (a, b), photosynthetic capacity Anax 30 (¢, d), maximum Rubisco carboxylation rate
Vemax 30 (€, ), maximum electron transport rate Jax 30 (g, h), mesophyll conductance gp, 30 (i,
j), and stomatal conductance gg3¢ (k, 1) at elongation and grain-filling stages. Bars indicate
SE.,n=3t06.
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Figure 5.5 (a) Dependence of photosynthetic capacity (Amax30) on leaf nitrogen content (N,);
(b) relationship of maximum carboxylation rate (Vcmax30) to N, (b); (c) correlation between
maximum electron transport rate (Jyax30) and N,; (d) correlation of mesophyll conductance
(gm.30) and Vemax 30, (€) stomatal conductance (gs30) and N,, and (f) gm 30 and N, pooling data
from both sunlit and within—canopy leaves grown in the field and from growth chamber
experiments (open triangle). Inset in plot ¢ indicated correlation between Jax 30 and Vemax 30-

The conservative nature of leaf function in dependence on N, is shown in Figure 5.5. When
measured data on leaf gas exchange traits were pooled across all treatments, a tight linear
correlation between N, and A,y 301s evident (R2 =0.78, p < 0.01; Figure 5.5a). Reflecting the
dependence of An.x on Rubisco capacity and light harvesting, strong linear correlations

between Vemax 30 and Ny, and between Jn,x 30 and N, were also found across all treatments (R2
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> 0.80, p < 0.01; Figure 5.5b, ¢). Vemax 30 linearly scaled to Jiax 30 with a constant ratio of 1.3,
independent of growth environment (inset in Figure 5.5¢). A strong but curvilinear
relationship was observed between V max 30 and gm 30 (R2 =0.76, p < 0.01). Vimax appears to be
an important determinant of mesophyll conductance, although the curvilinearity suggests that
some additional physiological factors play a role. Both g, 30 (R*=0.78, p <0.01) and g3 (R*
= 0.47, p < 0.01) increased linearly with N,, but the slope was significantly higher for g 30
(Figure 5.5¢e, f). As a result, we observed a negative correlation between N, and ratio of g 3o

t0 gm.30 (R*=0.61, p <0.001) (Figure 5.6d).
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Figure 5.6 Photosynthetic limitation by mesophyll conductance (Lgy) and by stomatal
limitation (Lg) in canopy profiles against leaf nitrogen content (N,) at the low, normal and
high fertilization treatments in sunlit leaves during elongation and grain-filling stages.

There was a strong negative correlation between Ly, and N, in canopy profiles (Figure 5.6a)
(R*= 0.50, p = 0.014), but only a slight, non-significant (R*= 0.04, p = 0.51) decline in Lg
with increasing N, (Figure 5.6b). Due to the N, dependency of Lo, Lot also declined with
increasing N, (R* = 0.50, p = 0.006) (Figure 5.6¢). The varying trend for mesophyll and

stomatal limitation respectively corresponded to the CO, drawdown i.e. concentration
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gradient between leaf surface and intercellular airspace, between intercellular airspace and

chloroplast carboxylation site, respectively (not shown).

5.4.3. Seasonal changes in canopy structure in responses to nutrient additions and

effects on canopy LUE

LUE;, increases with increasing canopy LAI (Figure 5.7a) and the relationship applies to all
fertilization treatments, but as canopy closure increases, the effect of additional increases in
LAI lessens. The result is a hyperbolic response of LUE;,. to developing LAI which
approaches a saturation value of ca. 1.1 g C MJ at LAI values above 3 m* m™. Differences
among nutrient groups in light use efficiency on an absorbed radiation basis (LUE,s) during
the active tillering (p = 0.46 between low and normal group) and grain-filling stages (p = 0.49
between low and normal group) were not statistically significant (Figure 5.7b). Overall,
LUE, in all treatments increased after seedlings transplanting and approached observed
maximum level 3.2 g C MJ™! at the low group at the end of active tillering stage, after that

decreased, which changes in parallel with leaf nitrogen content (Figure 5.3a).

Total LAI differed between treatments (Figure 5.2d) but there were also treatment differences
in the vertical distribution of leaf area within the canopy. When leaf area in each of five
canopy layers (each 15 cm thick) is expressed as a percentage of the total canopy leaf area
(Figure 5.7c, d), it is clear that during both elongation and grain-filling stages, an increasing
percentage of total leaf area is allocated to upper levels of the canopy as N fertilization is
increased. A tight correlation between LUE;,. and total leaf N (Ny,) during both elongation
and grain-filling stages were achieved. Fertilized plots had high LUE;,. accompanied by
higher Niy. These differences must be related to enhanced LAI since leaf N values were
similar or higher in the unfertilized group (Figure 5.4a, b). Thus, it seems that canopy leaf

area development and allocation were important determinants of canopy carbon gain.

When LUE;, for all treatments is plotted against the percentage of total leaf area which is

found above 45 cm (termed as leaf area of upper canopy, LAUC), a linear relationship is
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obtained at both elongation (R* = 0.84, p = 0.056) (Figure 5.7¢) and grain-filling stages (R* =
0.99, p = 0.002) (Figure 5.7f). At elongation stage, enlargement of LAUC by 75% promoted
LUEi,c up to 21%, and enhancement of LUE;,. during grain-filling stage was 23.1%
compared to 32% enlargement of LAUC (Figure 5.7f). Similar linear relationship between
LUE;,s and LAUC at elongation and grain-filling phases was evidenced, giving increment of
LUEiys by 19.5% and 25.7%, respectively for a 75% and 32% increase in LAUC (Figure
5.7e). At both development stages, increasing LAUC could be one growth strategy for the
plant canopy to improve carbon gain, since there was a tight correlation between leaf nitrogen
content on a mass basis and leaf LUE (R2 = 0.62; p < 0.01, data not shown). Another
advantage due to enlargement of the upper canopy was that a higher proportion of leaf area
was exposed to full sunlight, especially during midday (Figure 5.8c, d). Compared to the low
nutrient group, over the course of the day, the total amount of sunlit leaf area of the upper
canopy in the normal group was significantly larger, by 44%. To examine the effect of
changing the vertical distribution of leaf area, we reversed the vertical distribution patterns
found in the two fertilization treatments and recalculated sunlit leaf area (gray lines in Figure
5.8c, d) (i.e., the vertical distribution of leaf area in the low treatment (Figure 5.7d) was used
to recalculate sunlit leaf area in the high nutrient treatment and vice versa.). This had the
effect of reducing the difference in sunlit leaf area in the upper canopy between treatments to
20%. Likewise, increasing LAUC in the low fertilization treatment increased the amount of
sunlit leaf area in the upper canopy by 22% (Figure 5.8d, grey lines). Importantly, allocating
more leaf area to positions higher in the canopy where leaves contain more nitrogen (Figure
5.4a, b) would have the effect of allocating additional leaf nitrogen to canopy positions
experiencing high light conditions and enhancing photosynthetic nitrogen use efficiency

(Figure 5.8a).
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Figure 5.7 Correlation between canopy light use efficiency (LUE;,.) and leaf area index (a),
seasonal development of LUE, (b), proportion of stratified leaf area height > 45 cm to total
canopy area (¢ and d). Instantaneous canopy light use efficiency (LUE;,) and expansion of
upper canopy leaves (based on plot ¢ and d) (e), and LUE;,. and expansion of upper canopy
leaves (f) during elongation (solid line) and grain-filling stage (dot line). Bars indicated S.E.,
n=3to6.
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Figure 5.8 (a) Correlation between nitrogen use efficiency and leaf nitrogen content per leaf
area, and (b) leaf inclination angle comparisons in canopy positions at elongation and
grain-filling stages. (c) and (d) Changes of sunlit leaf area at canopy layers from sunrise to
sunset during grain-filling stage for low and normal groups using actual measured vertical
leaf distributions (black lines) or using reversed leaf distributions (grey lines). Bars indicate
SE.,n=3to06.

5.5. Discussion

In this study, carried out in South Korea in the summer of 2013, paddy rice plants (Oryza
sativa L. cv. Unkwang) were grown under three levels of nitrogen fertilization, and the effects
of fertilization on biomass accumulation were investigated. Not surprisingly and
corresponding to previous research (Yang et al., 2015), aboveground biomass accumulation
in paddy rice fields responded positively to increased levels of fertilization, although the
positive effects of increased nitrogen seemed to be saturated at levels of 115 kg N ha!, since
addition of 180 kg N ha' led to no further increase in production (Figure 5.2a). 80% of the

total fertilizer addition was applied two days prior to transplanting and the remaining 20%
208



Chapter 5 - Nutritional and developmental influences on carbon gain capacity

was applied 19 DAT. Only slight aboveground biomass differences between treatments were
observed throughout the tillering phase, which lasted until approximately 30 DAT. With the
onset of the elongation growth phase following 30 DAT, however, aboveground biomass in
the two treatments receiving supplemental N was greatly accelerated relative to the
unfertilized plots. The productivity gap between fertilized and unfertilized plots continued to
widen until peak biomass was reached at the end of the elongation stage (~64 DAT), at which
time aboveground biomass in the two fertilized treatments was approximately 60% greater
than in the plots receiving no supplemental nitrogen. Following peak biomass, aboveground
biomass in the fertilized plots declined more rapidly through flowering and grain-filling
stages than in the unfertilized plots, and at 100 DAT the advantage in the fertilized plots had
fallen to approximately 40%. Similar to biomass accumulation, there was only a small
discrepancy in grain yield between the normal and high groups, but they produced 58% and

73% more grain, respectively, than the low fertilization treatment.

In general, during tillering, plots in all nutrient treatments exhibited low GPP,,x and GPPjy,,
both of which rapidly increased after ~32 DAT, reaching a peak at the end of the reproductive
stage and then declining until the end of ripening stage or at harvest (Figure 5.2b). Following
tillering (after 32 DAT) ample fertilization management significantly promoted GPP,,,x and
biomass production relative to unfertilized plots, and the GPP,,x advantage of fertilized plots
continued to increase throughout the elongation stage. Observed GPPp,.x values in our
research (21.4 to 27.4 pmol m?s™") were compatible with reports of 21.8 + 3.7 pmol m? s’
in South Korea (Lindner et al., 2015). The integrated GPP (GPPj,) under normal field
management in our study (9.9 to 11.3 g m™? d’'; Table 5.3) fell within the reported range of
Asia traditional paddy system 10.36 to 15.2 g m?d" (Alberto et al., 2012; Miyata et al., 2000;
Lee, 2015). Reported variability in carbon gain capacity of paddy rice can probably be
ascribed to ecological conditions where rice was planted such as field management practice
and fertilizer application rate, and also to endogenous variations in the rice genotypes

selected.
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We sought to determine the mechanistic basis for the observed productivity enhancement
with supplemental fertilization. Crop productivity is largely determined by the amount of
solar radiation intercepted by the canopy and the efficiency with which that absorbed energy
is converted to carbohydrates in the process of photosynthesis (Monteith, 1972; Goward and
Huemmrich, 1992; Inoue et al., 2008). This notion has been formalized in the concept of light
utilization efficiency, which in the content of crop production, has been defined as carbon
uptake divided by irradiance, both integrated over some period of time. As pointed out by
Gitelson and Gamon (2015), carbon uptake can be variously defined as net photosynthesis,
gross or net primary production, and irradiance as incident or absorbed PAR. LUE;, is
defined here as daily GPP (g C m” ground) integrated over the daylight hours, divided by

incident PAR (MJ), integrated over the same period.

LUE;,. was measured five times during the growing season (Figure 5.2c¢) and increased
rapidly in all treatments as canopy leaf area increased during the tillering and elongation
stages of development, then leveled off as the canopy approached full closure. Beginning
during tillering, LUE;,. in the fertilized plots exceeded that in the unfertilized treatment by
20-30%, a differential that persisted into the flowering and grain-filling stages. Research in
soybean reported maximum LUE;,. of 1.2 g C MmJ! (Gitelson and Gamon, 2015) and
approximately 1.0 ¢ C MJ™" in rice (Atwell et al., 1999), which are similar to our values in

this rice study (1.12 g C MJ ! for fertilized and 0.92 gCMJ ! for unfertilized plots).

LUE;, is a representative reflection of crop ecophysiology responding to varying growth
environment, and is influenced by multiple factors such as leaf area development, canopy
light interception, light conversion efficiency, and leaf photosynthetic physiology associated
with nitrogen investment in leaves and diffusional limitations. We will examine each of these
factors that contribute to LUE;, to better understand how fertilized rice plants utilize

supplemental N to enhance their growth rates and biomass accumulation.
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5.5.1. The role of leaf photosynthetic capacity in determining LUE;;,.

Enhanced nitrogen supplied through supplemental fertilization, if allocated to individual
leaves, might be expected to increase net photosynthetic rates by increasing the amounts of
rate limiting enzymes. The importance of N, in establishing photosynthetic performance is
highlighted by data in Figure 5.5. Ay, across all fertilization treatments and over the course
of the season, is a linear function of N, (Figure 5.5a) as often reported previously (Yoshida
1981; Campbell et al., 2001a; Niinemets, 2007). Furthermore, as reported by Evans and
Loreto (2000) and Bernacchi et al. (2002) the primary determinants of photosynthetic
competence, Vemax and Jnax, are also linearly related by N, (Figure 5.5b, ¢), resulting in a
strong linear relationship between the two (Figure 5.5c, inset) with a slope 1.3 that falls
within the range reported for a variety of C; species (Niinemets et al., 2009a; Wullschleger,
1993). This linear relationship between N, and photosynthetic components is explained by
the importance of nitrogen in determining amounts of rate-limiting enzymes in the Calvin
cycle (especially Rubisco) and the electron transport chain. Both stomatal and mesophyll
conductances also increase linearly with N, (Figure 5.5e, f) but a mechanistic basis for this
dependency is less obvious; however, it reveals the high degree of coordination between leaf
biochemistry and diffusional limitations, which forms the basis of, for example, the empirical
model of stomatal conductance developed by Ball et al. (1987). One of the consequences of
this coordination between g, and Ay,x is to maintain values of C; across all treatment within a

fairly narrow range (240 to 260 pmol mol™).

Clear treatment differences are apparent in the allocation of available nitrogen to
photosynthetic processes early in the growing season. During tillering stage, N, in the normal
and high fertilization treatment was approx. 32% higher than in the low treatment (Figure
5.3a). N, subsequently declined in all treatments, but the decline was particularly pronounced
in fertilized plots, such that treatment differences in N, narrowed, and by 47 DAT, midway

through the elongation phase, significant differences were no longer apparent.

These differences in leaf nitrogen were reflected in photosynthetic performance at the
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individual leaf level. Light-saturated net photosynthesis at 30°C (Amax30) of upper canopy
leaves was approximately 16% greater in fertilized plots during tillering, but as N, declined
through the growing season, treatment differences in Apax 30 were greatly reduced (Figure
5.3b). Similarly, higher rates of both Vmax 30 and Jmax 30 (Figure 5.3c) observed in fertilized
treatments during tillering were largely eliminated during later growth stages as N, declined

more rapidly in fertilized than unfertilized plots.

Figure 5.4 illustrates profiles through the canopy of N, and photosynthetic parameters during
the elongation and grain-filling developmental stages. During elongation, plants in fertilized
plots clearly allocated more nitrogen to within canopy leaves than plants in the unfertilized
treatment (Figure 5.4a) but, surprisingly, these differences were not reflected in parallel
changes in Apax30 (Figure 5.4c) with depth in the canopy. Vcmax3o values of lower canopy
leaves were less in plants without supplemental fertilizer, reflecting lower N,, but Jnax30
values did not differ at this stage between treatments. The absence of a nitrogen effect on
Anmax 30 may therefore reflect the fact that within-canopy leaves were operating on the
RuBP-regeneration portion of the A-C; response curve (Bernacchi et al., 2002; Yamori et al.,
2011), where reductions in Vpnax 30 would not be reflected in the photosynthesis measurement.
Lower canopy leaves, in which photosynthesis is often light-limited, would benefit from
preferentially allocating limiting nitrogen to light-harvesting proteins (i.e., Jmax30) at the
expense of Rubsico (Vemax30). Later in the season, during grain-filling, canopy profiles of N,
and photosynthetic parameters were largely indistinguishable across treatments (Figure 5.4b,

d, f, h, ).

Canopy area development and the total amount of free nitrogen content have been considered
limiting factors in mediating canopy carbon gain (Leuning et al., 1995). Establishing a
dynamic balance between reduced canopy area and sufficiently high nitrogen invested in
leaves is a survival strategy under limited nitrogen conditions (Anten, 1995; Niinemets, 2007).
Consistent with this, rice plants in the low fertilization group were able to maintain leaf

nitrogen levels, especially in uppermost leaves, comparable to leaves in plants with
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supplemental nitrogen (Figure 5.3a; Figure 5.4a, b), but only by limiting the development of
total canopy leaf area (Figure 5.2d). This nitrogen allocation strategy explains the narrowed

difference in leaf N among nutrient groups in the elongation and grain-filling stages.

Independent of leaf biochemistry, CO, diffusion resistance in leaves, both stomatal and in the
mesophyll, can significantly constrain carbon fixation by reducing the CO, partial pressure at
the site of fixation. As mentioned above, as photosynthetic capacity increased with increasing
N,, the total limitation imposed by diffusional constraints declines (Figure 5.6c). A
comparison of Figs. 5e and 5f indicates that g, increases more rapidly with increasing N,
than does g, such that the ratio of the two (gs30:2m30) declines (Figure 5.6d). Thus, the
relative importance of g, in limiting net photosynthesis declines with increasing nitrogen and
stomatal limitations becomes increasingly significant. The percent limitation imposed by
stomata is somewhat scattered, varying between 17 and 27%, but shows no clear dependence
on N, (Figure 5.6b), while mesophyll limitations clearly become less pronounced as N,
increase (Fig 6a), which was also previously reported (Monti et al., 2009; Tosens et al., 2012).
Thus, diffusional limitations, particularly those imposed by the mesophyll, became more
important as the growing season advanced and leaf nitrogen declined. Although diffusional
limitations increased through the growing season, and represented a significant limitation (up
to almost 45%) during grain-filling, there were no clear treatment differences in either

mesophyll or stomatal limitations (Table 5.3).

In summary, large treatment differences in leaf photosynthetic physiology were apparent only
in the early stages of development. Plants in the unfertilized paddies were generally able to
maintain leaf nitrogen levels and photosynthetic capacities comparable to fertilized plants,

but only at the expense of reduced canopy leaf area, discussed below.

5.5.2. Differences in seasonal canopy development between fertilization treatments

In addition to leaf photosynthetic properties that help determine LUE;,. through their role in

controlling GPP,,,,x and GPPj,,, LUE;,. also depends strongly on the amount of light absorbed
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by the canopy, which depends on LAI (Leuning et al., 1995) and to a lesser extent, leaf angle

distribution and leaf clumping.

In the first few weeks after transplanting, canopy development was slow, but by the
beginning of the leaf elongation stage of development (ca. 30 DAT) canopy leaf area in the
fertilized treatment had clearly accelerated relative to that in unfertilized plots, and this LAI
advantage was maintained through flowering and grain—filling (Figure 5.2d). As a result, on
any given day, fertilized canopies were able to absorb significantly more above—canopy PAR
than unfertilized plots throughout the leaf elongation, flowering and grain—filling stages.
Since GPP is strongly influenced by absorbed PAR, seasonal changes in both GPP,,,x and
GPPy,; (Figure 5.2b) paralleled changes in LAI (Figure 5.2b), increasing rapidly through the
elongation phase and then leveling off during flowering and grain—filling. Inasmuch as
LUE;, is driven primarily by GPPjy, it is not surprising that LUE;,. differences between

fertilization treatments also persisted throughout the growing season (Figure 5.2c).

Treatment differences in LAI, PAI and light absorption coefficients at two different growth
stages are apparent in Figure 5.1 and Figure 5.7. During elongation (ca. 54 DAT) K, values
were similar across all treatments, while both LAI and PAI were approximately 50% greater
in the fertilized plots than in the unfertilized treatment. The percentage of incoming PAR
absorbed by canopies in each treatment was calculated using Eq. 4 and PAI and Ky, values
from Table 5.3, and the unfertilized plots absorbed 44% of incoming PAR, significantly less
than the normal or high nutrient plots (59% and 55%, respectively). High canopy light
interception in fertilization group was directly documented by canopy reflectance NDVI
which exponentially correlates to absorption of PAR by canopy (Figure 5.1a). Field
measurement of light interception across three nutrient groups corresponded well to canopy
level spectrum reflectance, meaning NDVI could be one powerful biophysical index to reflect
variation of canopy light interception due to soil nutrient availability. The observed lower
canopy light interception ratio in the low treatment was actually ascribed primarily to lower

canopy leaf area. Three weeks later, in the grain—filling stage (ca. 74 DAT), when all canopies
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were further developed, K; values were much larger, and Ky, in the unfertilized plots was
comparable to the normal or high nutrient treatments, perhaps reflected in similarities in leaf
angle distributions (Figure 5.8b). Ki measured during grain—filling stage fell in the range of
0.2-0.3 for erect canopy and 0.6—0.8 for prostrate canopy in rice (Sheehy and Mitchell, 2013),
and favorably conformed to reports in two cultivars Nipponbare and Chugoku 117 with 0.24
and 0.5 at elongation and grain—filling stage, respectively (Saitoh et al., 2002) and 0.4 at end
of elongation stage (Lee et al., 2006). Research in crops indicates that leaves in the upper part
of the canopy tend to be more erect, with high leaf inclination angle, while lower positioned
leaves tend to be displayed more horizontally in order to intercept transmitted light more
efficiently (Anten et al., 1995). During the measuring seasons, averaged leaf angle
distributions at each layer were similar among nutrient groups (Figure 5.8b), which might
relate to similar light attenuation coefficient (Table 5.3), since variation in Kp, value is
commonly associated with leaf angle (Atwell et al., 1999; Sheehy and Mitchell, 2013).
Compared to elongation stage, plants during grain—filling had significantly higher LAI, PAI
and light extinction coefficients and thus absorbed a much higher fraction of incident PAR
than earlier. Although PAR absorption by fertilized plots (92% and 91% in normal and high
treatments, respectively) remained higher than in the unfertilized paddies (85%), treatment
differences had clearly narrowed compared to earlier growth phases. The greatest benefit
arising from increased nitrogen availability is the burst in productivity early in the elongation
stage that stimulates rapid canopy development and increasing LAI (Figure 5.2d). Thus,
development of aboveground biomass is accelerated in fertilized plots, enabling them to
maintain their LAI advantage throughout development. This leads to greater PAR absorption
in fertilized plots, enhancing both GPPj, and LUE;,. Thus, GPP,, increased rapidly
between DAT 30-60 (Figure 5.2b) despite the fact that Ay« (net assimilation at the leaf scale)
and LUE,; both were already declining (Figure 5.3b; Figure 5.7b), implying that the
observed increase in GPP is not a result of improved photosynthesis at the leaf level, but

rather it is due to increased PAR absorption.

Light use efficiency based on absorbed light by canopy (LUE,s) across three nutrient groups
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were not constant over growing season, with higher level at active tillering phase and
lowering level going on after that stage. Light use efficiency might not be constant and
change as crop species develop (Alberto et al., 2013; Gimenez et al., 1994), with a maximum
existing during vegetative stage and lower at early and late seasons in crops (Hall et al., 1995).
Our reports favorably compared to theirs. LUE,;s of post—anthesis of spikelet fluctuated in a
range from 0.73 to 1.22 g C MJ™! and that of elongation growth between 1.52 and 2.1 g C
My (Campbell et al., 2001b). Similar seasonal tendency was also reported in paddy rice by
Inoue et al. (2008). LUE,s of grain-filling plants in our research ranged within their reports,
while relatively high levels at elongation stage in our research were observed. Large
fluctuations in seasonal LUE,, in fast-growing rice crop are within our anticipation, since
crop physiology and resource use strategy change significantly within short time period
especially growth stage transit from active tillering to elongation and flowering stage (Figure
5.2). Variations in GPP (product of LUE,,s and intercepted PAR) can not be solely interpreted
by either LUE,, or intercepted light. Decline in LUE,y partially interpret phenomena of GPP
saturation at higher LAI that decline of LUE,,, might counteract benefits gained from

increasing canopy light interception.

In addition to allocating more resources to leaf area development, plants in the fertilized
treatments also produced a higher percentage of the leaves in the upper layers of the canopy
during both elongation and grain—filling stages (Figure 5.7c, d). Recent research reported
potential enhancement of carbon gain capacity arising from the enlargement of mid—upper
canopy leaves in cucumber (Chen et al., 2014). In our study, in all treatments at the
elongation stage, the canopy layer with the highest amount of leaf area was the 15—cm thick
layer centered at 37.5 cm height. In the low nutrient treatment, leaf area distribution was
symmetrical, with approximately 26.9% of leaf area displayed in lower canopy layers, below
30 cm height, and 27.2% in layers above 45 cm. In fertilized plots, leaf area distribution was
skewed towards upper layers, with 38.9% above 45 cm and only 15.0% below 30 cm in the
normal nutrient plots, while in the high fertilization treatment the values were 37.2% and

23.4% in the upper and lower portions of the canopy, respectively. Later, during grain—filling,
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as canopy height increases, differences were maintained as only 27.4% of leaf area in low N
plots was found above 60 cm height while 50.2% occurred below 45 cm. Corresponding
numbers for the normal treatment were 34.7% and 30.4% and for the high fertilization

treatment, 37.6% and 33.4%.

Positioning a higher percentage of leaf area in upper layers of the canopy exposes a greater
amount of leaf area in fertilized plants to full sunlight conditions. This effect can be seen in
Figure 5.8c, d which presents modeling results using the multi—layer light interception model
of Caldwell et al. (1986) comparing the amount of sunlit leaf area in low and normal
fertilization plots during grain—filling, and examines the effect of vertical leaf distribution.
Total light absorption by the fertilized canopies was about 7% higher (92% in normal vs. 85%
in low) but it is clear that far more leaf area is potentially exposed to sunlit conditions in the
normal fertilization plots. Most of this difference is clearly the result of higher total leaf area,
but we used the model to investigate the effect of altering the vertical leaf distribution. When
the sunlit leaf area of the normal fertilization canopy was re—calculated using the vertical leaf
distribution associated with the low nutrient canopy, the total amount of sunlit leaf area was
unchanged, but more of the sunlit area was located in the lower canopy layers. When the leaf
distribution of the normal canopy was used to re—calculate sunlit leaf area in the low
fertilization canopy, the reverse was true. Depending on the vertical distribution of leaf
nitrogen, discussed below, these shifts in the vertical distribution of sunlit leaves could have
implications for canopy carbon uptake. Since there is a steep gradient in N, (and
photosynthetic capacity) within rice canopies (Figure 5.4) the ability of fertilized rice plants
to display more sunlit leaves in upper canopy layers, where leaves have higher leaf nitrogen
and photosynthetic capacity, should provide an additional advantage to rice in fertilized
paddies. Because there is a significant amount of residual nitrogen (i.e., nitrogen allocated to
non—photosynthetic processes, x—intercept in Figure 5.5a) leaf nitrogen use efficiency (pumol
CO, g"' N) increases with increasing N, (Figure 5.8a) particularly when incident PAR is high,
as in upper canopy leaves. Similarly, leaf LUE also increases with increasing leaf nitrogen

(data not shown), providing an additional advantage to displaying more leaf area in upper
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layers of the canopy. The linear correlations found between the percentage of leaf area in the
upper canopy and both LUE;,s (Figure 5.7¢), and LUE;,. (Figure 5.7f) supported promising
role of deployment of leaf area allocation in crop canopies to optimally adjust gross carbon

fixation.

5.5.3. Promoted canopy leaf area by fertilization depends on leaf number per bundle

and relates to nitrogen-facilitated photosynthesis occurring initially

Differences in the rate of canopy leaf area development appear to be a key component in
determining treatment differences in GPP and LUE;,. It appears that supplemental nitrogen
supplied during tillering enhances leaf nitrogen concentrations in early emerging leaves
(Figure 5.3a), which manifests itself in higher amounts of photosynthetic enzymes (Figure
5.3¢) and higher rates of light-saturated photosynthesis (Figure 5.3b). It appears that the
initial photosynthetic advantage enjoyed by fertilized plants provides an initial burst of
biomass production that is allocated to rapid production of new leaves. As shown in Table 5.2,
relatively early in the elongation phase (DAT 43), the mean number of leaves per planted
bundle (five plants) in the normal fertilization treatment (101) is 75% greater than in
unfertilized paddies (57). This difference is also reflected in the mean leaf biomass per bundle,
which was 50% higher in the normally fertilized treatment than in the unfertilized plots, and
60% higher in the high nitrogen treatment. A comparative study in the first year of growth of
eight perennial grasses observed that plants under nutrient-rich habitat had higher SLA
(Elberse and Berendse, 1993), which increases the above ground LAI significantly (Knops
and Reinhart, 2000). In our study there were no clear differences in leaf SLA among the three
nutrient treatments (Figure 5.3a) or in canopy level SLA (not shown). Higher leaf area in
fertilized paddies therefore mainly resulted from increased leaf numbers per planted bundle
(Table 5.2), dramatically promoted by fertilization, rather than treatment differences in leaf
thickness or morphology. This early advantage in leaf number and canopy leaf area
development stimulated GPPj,; and LUE;,. (Figure 5.7b) and allowed the fertilized plots to
maintain their LAI advantage for the remainder of the growing season, despite having leaf

photosynthetic characteristics similar to unfertilized paddies.
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Very large gradients of light intensity exist within plant canopies, with light attenuation as
large as 90% in bottom layers especially in dense canopies (Rosenberg et al., 1983). In our
study, maximum light attenuation of 92% was observed late in the season, during grain-filling,
in the normal fertilization plots. Research in several crop species has demonstrated that light
distribution is commonly coupled to nitrogen patterns within canopies (Hirose and Werger,
1987), and that nitrogen extinction coefficients are higher under conditions of low N supply
(Milroy et al., 2001; Moreau et al., 2012). In our study, higher values of Ky in the low
nutrient group at both elongation and grain—filling stages were evident (Table 5.3), in
agreement with previous reports. Leaf nitrogen distribution at the grain—filling stage was less
uniform (i.e., higher Ky) than during leaf elongation in all nutrient treatments, which parallels
seasonal changes in light extinction (Kj). Thus, nitrogen allocation patterns as the canopy

developed reflected increasing light gradients.

5.6. Conclusion

Sustainable rice production system is treated as capable of producing high yield production
with less nitrogen and water resource consumption and minimized impacts on environment
sustainability. A sustainable rice production system is currently challenging by critical global
environmental problems caused by surplus fertilizer application and greenhouse gas emission.
Harvest high biomass production from this fast—-growing crop coincident with environmental
protection needs a priori establishment of fundamental knowledge with respect to plant
growth, regulation and adaption to anthropogenic intervention. Biomass accumulation by
plant is a direct result of photosynthesis which could be stimulated by soil nitrogen addition.
Disentangling ecophysiological mechanisms influencing regulations of rice plant growth and
carbon fluxes is still open area need to fill in. In this research, we attempt to understand
ecophysiological traits that relate to plant efficient carbon gain, and to determine important

factors need to be concerned in sustainable rice production system.

During active tillering stage, fertilization manipulations enhanced leaf N content and
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consequently contributed to higher photosynthesis rates, presumably due to significantly
higher rate-limiting photosynthetic proteins. An important consequence of greater
assimilation rates was the more rapid production of new leaves, resulting in higher leaf
number per planted bundle and head start in canopy area size which is a promising resource
use strategy to maximize canopy light interception and thereby plant carbon gain capacity
and biomass accumulation. Rapid increase in GPP dismissed and approached saturation when
canopy was closing intensively, even though more light could be intercepted. DPP saturation
at higher LAI could be partially explained by continuous decline of light use efficiency after
active tillering stage. Whereas, allocate more leaves at upper part of canopy is seeming to be
promising growth strategy to enhance carbon gain, since more leaves are exposed to full
sunlight environment and those leaves assemble more nitrogen concentration with lowering
CO, diffusion resistance. We suggest that basic knowledge of coordinated adjustments
between structure and leaf physiology should be in concert in sustainable rice production

system.
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5.9. Appendices

Chloroplast CO, compensation point

CO; response curves at different measuring light intensities (PAR of 500, 200 and 100 pmol
m?s") and at leaf temperature of 30°C at tillering and grain-filling stage were obtained using
growth chamber acclimated plants. CO, curves were commenced after leaves had acclimated
to the cuvette microenvironment (CO, 400 pmol mol™” and measuring PAR 1500 pmol m?s?)
after which CO, concentration was changed progressively in the sequence 400, 200, 150, 100
to 50 pumol mol”. Relative humidity was controlled to ca. 60%. Assimilation rate and
stomatal conductance data were recorded after new steady-state readings were obtained. At
least three replicate CO, curves were obtained. Chlorophyll fluorescence was measured
simultaneously. Fully expanded leaves in different age classes, distinguished by distinct
differences in photosynthetic capacity, were selected for study. Leaf physiology was not
altered by the experimental manipulations at different CO, concentrations as indicated by
complete recovery afterward to the initial An.x at 400. Leaves adjacent to those used for CO,
curve measurements were then enclosed in the leaf cuvette at O, concentration of ca. 1%
provided by an external gas cylinder (99% N,) in stable flow rate identical to working
frequency of pump of Walz GFS-3000 system, and CO, response determinations were
repeated. Chloroplast CO, compensation point was defined as the intercellular CO;
concentration where downward extension of linear phase of each photosynthesis-CO,

response curve cross-transit (Figure 5.A1b).

Estimation of linear electron transport rate (Jp)

While measuring gas exchange, chlorophyll fluorescence was simultaneously assessed with a
Walz PAM-Fluorometer 3050-F to monitor dynamics of the quantum yield of photosystem II
(®psyy) in response to varying CO, concentrations. Only those fluorescence data exhibiting a
clear saturation plateau after application of a saturating actinic pulse were considered in the
calculations described below. The electron transport rate (ETR) passing through photosystem
IT (Jg) was calculated using the equation of Genty et al. (1989),

Jp=Ppy a-f-0 (5.A1)
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where Q is incident PAR, a is leaf absorptance (0.84 for rice adopted here from Agarie et al.

(1996), and P is the fraction of excitation energy absorbed by PS II.

Partitioning Jr into component Jp with flow through PS II and I to support Rubisco
carboxylation and oxygenation and an alternative component, J,, which supports electron
consumption by O,-dependent acceptors (i.e., the Mehler reaction, nitrite reduction, and
oxaloacetate reduction) and O,-independent acceptors (i.e., cyclic electron transport around
PS 1I) is physiologically meaningful under saturating light in cereals (Loreto et al., 1994).
The electron transport rate calculated from chlorophyll fluorescence measurements, Jg, is the
sum of Jp plus Jo. The component Jp which is required to calculate mesophyll conductance of

the leaf can be expressed as:

J,=Jp-(1-b) (5.A2)
where br is the ratio of J to Jg Rearranging,
br=1-JulJr (5.A3)

The value of bris assumed to be constant in unstressed plants at normal atmospheric CO, and
21% or lower O,. The value of bg, and therefore the value for Jp,, can be obtained in the

following manner. Eq. 5.A1 can be re—expressed as follows:
JF:O'.CI)COZ.a.ﬁ.Q (5A4)

where 6 is the ratio of ®pgpy to Doy, the efficiency of CO; fixation, @co, 1s defined as G/Q

where G, gross photosynthesis. Substituting for ®cop,

Jp=0-G-B (5.A5)

Assuming a conservative value for the number of electrons required for NADPH synthesis
and the amount of NADPH required for regeneration of one molecule of
ribulose—1,5-bisphosphate (RuBP), i.e., 4 electrons consumed for one molecule of CO; fixed
in the absence of photorespiration, Jp= 4G. Substituting this value for Jp and the value for Jg

from Eq. 5.A5 into Eq. 5.A3,
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b,=1-J,1J,=1-4G /G -c-p)=1-4/(c- ) (5.A6)

We estimated the value of ¢ by calculating ®ps;; and @, over a range of varying ambient
CO; concentrations and light intensities under low O, (to infer the alternative electron
transport rate, ETR, occurring under normal atmosphere conditions) and then plotting them
against one another (Figure 5.A1a). The slope of the relationship, i.e., ¢ was found to be 8.5,
which fell in the range reported in the herbaceous under relatively high light and normal air
conditions (Flexas et al., 2007; Genty et al., 1989; Laisk and Loreto, 1996; Loreto et al., 1994)
and parallel with the average (slope of black line) (Figure 5.Ala). The fraction of absorbed
light used by PS II, B, varies between 0.45 and 0.6 in herbaceous and tree species (Laisk and
Loreto, 1996), and similar values between 0.39 and 0.51 have been reported for several Cs
species (Flexas, 2007). We assume that the absorbed radiation is equally distributed between
PS I and PS 11, i.e., p = 0.5. With o = 8.5 and B = 0.5, the value of bg for our data is 0.06,
meaning that J, is only a few percent of Jp to compensate variations in the NADPH synthesis

as compare to the linear flow.
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Figure 5.9.A1 (a) Relationship between quantum yield of PS II and efficiency of CO,
fixation under varying ambient CO, concentration and light intensity with O, approximately
1% in rice (open circle) and other herbaceous (black circle). (b) CO, response curves at
measuring light intensities of 500, 200, 100 pmol m? s and leaf temperature 30°C during
tillering (filled symbols) and grain-filling stage (open symbols). n =5 to 6. Linear fits to each
data set were made to estimate the C; value at which response curves intersect, indicative of
I'* of 44.4 + 1.3 pmol mol ™.
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