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Summary

In the light of increasing pressure on limited fresh water resources, growing population and
increasing greenhouse gas emission, maximizing crop water use becomes an important topic.
Rice isa staple food for a large number of peoples and a crop with higher water demand. Water
use efficiency of rice@ryza satival) was studied from different viewpoints and at different
spatiotemporal scales, which can markedly influence the information ayaidifferent
processes. Here, water use efficiency was assessed from a physiological, agronomic or
ecosystem perspective, as well as at spatiotemporal scales comprising leaf level or ecosystem
processes. The study sheds light on variations of differemititeis and interpretation of

water use efficiencies.

The work was carried out in two different rice ecosystems; rainfed rice and paddy rice, in
Gwangju, South Korea. A variety of techniques were applied in this thesis to study different
water use effi@ncy terms: the leaf gas exchange measurement, stable carbon isb¥Ope (
analysis, ecosystem gas exchange measurement (evapotranspiration and net carbon exchange),
partitioning hourly to dagime evapotranspiration fluxes by stable water isoto@€Oj
approach, as well as partitioning daily to seasonal evapotranspirgfidrili{xes by model

simulation.

Stable water isotop@?!0) basecET partitioning showed a significant role of the contribution
of transpiration fluxes in the total water fluxes aferiecosystem. Botht®O partitioning and
partitioning by a modified Penman Monteith ET mod#8®M) gave a similatrends of the
contribution of transpiration to evapotranspiration (T/B/Vater fluxes from rainfed rice were
mainly dominated by transpirati (T/ET = 0.65, while that of paddy rice was mainly driven
by evaporationT/ET = 0.42.

Comparing the water use efficiency of rainfed and paddy rice at different temporal and spatial
scales indicated that physiologically defined water use efficierfcees leaf level intrinsic

water use efficiencyA/gs) and instantaneous water use efficien&§T) cannot represent the
biomass related water use efficiencies (\MUE:_abgrcandWUEsgro). Physiologically defined
WUESs, which include intrinsi®WUE, ingantaneou$VUE and ecosystemVUE, of rainfed rice

was higher than that of paddy rice. On the other hand, productivity WadEsl which include
biomass production per transpiration and grain yield per transpiration, paddy rice was higher

than that of rairdd rice. Similar results were obtained when calculating integrated intrinsic
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water use efficiency based on canopy integrated bulk le2v€sanalysis. Thus, rainfed rice

was more efficient, transpiring less water per assimilated carbon. On the other hand,
considering productivity bas&lUEs, which include biomass production per transpiration and
grain yield per transpiration, paddy rice waghar than that of rainfed rice, which was also
reflected in its higher leaf are indexAl) and slight, though not significant, higher grain yield.

At larger scales, partitioning the gross fluxes allows to disentangle the determining processes:
considerimy total evapotranspirative water loss, which were 42.16 % lower rainfed rice, it had
higher agronomic water use efficiency (55.42 %), in spite of only slightly lower grain yield
compared to paddy rice. However, after partitioning the evapotranspirat@prioductive

water loss (transpiration) and unproductive water loss (evaporation), transpiration efficiency,
which is the ratio of grain yield per transpiration, was not different between paddy and rainfed
rice. Thus, lower agronomic water use efficien€paddy rice was in concert with its higher
unproductive water losses. According to the seasonal trends of daily evapotranspiration fluxes,
most of the unproductive water losses in paddy rice occurred before the crop development stage
with low canopy coverAfter the end of the crop development stage, evapotranspiration fluxes
in both rainfed and paddy rice were similar, although slightly higher in paddy rice. Thus,
minimizing the evaporation losses during the early crop growth stages of paddy rice system

could increase the agronomic water use efficiency of paddy rice.

From the ecosystem point of view, if ecosystem water use efficiency is defined as the ratio of
gross primary production to evapotranspiration, rainfed rice also had higher ecosystem water
useefficiency (61.67 % higher) than paddy rice. Gross primary production is an important
parameter to access the productivity (i.e., carbon gain), however, carbon loss through the
ecosystem respiration process should not be neglected. Thus, when theorgspadion

fluxes were taken into account (i.e., net ecosystem carbon exchange), ecosystem water use
efficiency of both rainfed and paddy rice changed dramatically, pointing the role of ecosystem

respiratory losses in the definition of ecosystem wateefigéency.

Comparing the agronomic and ecosystem water use efficiency of rainfed and paddy rice
showed that rainfed rice had higher agronomic and ecosystem water use efficiency. However,
higher water use efficiency of rainfed rice ecosystem comes akg@nse of a slightly lower

crop productivity and higher respiratory €@ss mainly form the soils, which provides a

source for greenhouse gas to the atmosphere.
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Zusammenfassung

Der Optimierung der Wassernutzung von Nutzpflanzen kommt insbesonderahiicklauf

den steigenden Druck auf bereits begrenzte Frischwasserressourcen, wachsender globaler
Bevolkerung und zunehmender Treibhausgas Emissionen, eine immer starkere Bedeutung zu.
Reis ist ein Grundnahrungsmittel fir einen grof3en Teil der globaledlk&eung und weist

eine vergleichsweise hohe Wassernutzung auf. Die Wassernutzungseffizienz vadriras (
sativalL) wurde bereits aus verschiedenen Blickwinkeln und auf unterschiedlichen raumlichen
und zeitlichen Skalen untersucht, welche erheblichenflussn auf die gewonnenen
Informationen nehmen kann. In dieser Arbeit, wurde die Wassernutzungseffizienz von Reis
unter physiologischem, agronomischem und 6kosystemarem Gesichtspunkt untersucht, zudem
wurden verschiedene zeitliche und raumliche SkalendenrBlatt bis zu Okosystemebene,
untersucht. Dabei werden insbesondere die Unterschiede der verschiedenen Definitionen und

Interpretationen von Wassernutzungseffizienz beleuchtet.

Die vorliegende Arbeit wurde in Gwangju Sud Korea, in zwei verschiedenésn Re
Anbausystemen durchgefihrt, Nas®wie Trockenreis (regengespeist). Zur Untersuchung
unterschiedlicher Wassernutzungseffizienz Definitionen wurden in dieser Studie zahlreiche
Techniken angewendet: Gaswechselmessungen auf einzelblatt und Bestandesebene
Erhebung der Assimilation, Nettokohlenstoffaustausch sowie Transpiration und
Evapotranspiration, Analyse stabiler Kohlenstoffisotop€Q) sowie die Auftrennung der
EvapotranspirationgT) in Bodenevaporation und Transpiratio von stundlicher bis salso

Skala mittels stabiler Sauerstoffisotopen Anayl#&d) und model Simulationen.

Die Separierung der Evapotranspiration basierend auf stabiler Sauerstoffisotopen Analyse
ergab eine signifikante Rolle des Transpirationsflusses fur die Gesamtwasseraega
Okosystems. Weiterhin stimmten beide verwendete Method€@, Partitionierung und
Modelierung basierend auf dem Pennman Monteith Mo86éIP¥) weitestgehend Uberein.
Insgesamt dominierten im Trockenreis Feld die Wasserverluste tUber TranspifédE®n=(

0.65), wahrend im Nassreis Feld die Bodenevaporation dominigid € 0.42).

Vergleicht an die Wassernutzungseffizienz von Troekea Nassreis auf unterschiedlichen
zeitlichen und raumlichen Skalen, konnte festgestellt werden, dass physioltifjrsehste
Wassernutzungseffizienzen (z.B. Blatt intrinsiseYldE (A/gs) und instantan®/UE (A/T)

nicht mit Biomasse abhangig¥®UEsvergleichbar sind (z.BWUE: abgrreandWU Eagro).
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Physiologisch definiertéd/ UEs wie intrinsisch&VUE, instantane und OkosysteMUE, waren
samtlich héher in Trockenreis verglichen mit Nassreis. Andererseits, konnte Nassreis hdohere
WUEs basierend auf agronomischer Definition aufweisen, wie z.B. Biomasse Produktion pro
Transpiration oder Kornertrag pro Tsmiration. Ahnliche Ergebnisse wurden bei der
Berechnung Kronen integrierter intrinsischer Wassernutzungseffiizienz basierend auf stabiler
Kohlenstoffisotopen AnalyseX3C) von Gesamtblattmasse erzielt. Trockenreis war demnach
effizienter in seiner Waseautzung, ausgehend von weniger Transpiration pro assimiliertem
Kohlenstoff, wahrend Nassreis insgesamt einen leicht hoheren Ertrag aufwies und

agronomisch definiert die héhere Effizienz aufwies.

Auf groRerer Skala erlaubt die Auftrennung der Netto Kolgfisund Wasserflisse ein
Verstandnis der zu Grunde liegenden Prozesse: ausgehend von dem Gesamtwasserverlust des
Systems ET), der 42.16 % niedriger war, wies Trockenreis eine deutlich hohere
Wassernutzungseffizienz als Nassreis auf (55.42 %), trotzleids niedrigere Ertrags.
Betrachtet man allerdings produktive und unproduktive Wasserverluste getrennt, so konnte
gezeigt werden, dass die Transpirationseffizienz von-NiasksTrockenreis@PP/T) sich nicht
voneinander unterscheiden und die niedrigegmr@gomische Wassernutzungseffizienz auf
Bestandesebene durch die hohen evaporativen Wasserverluste bedingt wurden. Der Grol3teil
des unproduktiven Wasserverlusts im Nassreisfeld erfolgte dem saisonalen
Evapotranspirationsverlauf zu Folge vor der Hauptwachsphase bei niedriger
Kronendeckung. Im Gegensatz dazu, war die Evapotranspiration im INekJrockenreis

zum Ende der Vegetationsperiode, bei geschlossener Krone, ahnlich und nur wenig héher im
Nassreis. Eine Minimierung der Evaporationsverluste wéhden frihen Entwicklungsphase

des Nassreissystems konnte demnach zu einem deutlichen Anstieg der agronomischen

Wassernutzungseffizienz von Nassreis fuhren.

Aus Okosystemarer Sichtweis#®UE definiert alsGPP/ET, konnte ebenfalls gezeigt werden,

dass die Vdssernutzungseffinzienz hoher im Trockenreisfeld war (61.67 % hG&#&?P)st ein
wichtiger Parameter um Produktivitdt (Kohlenstofffixierung) zu ermitteln, allerdings muss
dabei bedacht werden, dass auch die Atmung eines Okosystems nicht vernachlagsigt wer
darf. Bei Einbeziehung der Okosystem AtmuWgl)E=NEE/ET wies Nassreis eine hthere
Wassernutzungseffizienz auf, da das Trockenreis Feld deutlich hohere Respirationsfliisse
zeigte als das Nassreis Feld. Dies zeigt die Bedeutung auch der Okosystem fitniiag

Okosystemisch definierte Wassernutzungseffizienz.
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Vergleicht man agronomisch und 0kosystemare Wassernutzungseffizienz von Trao#ten
Nassreis, konnte gezeigt werden, dass Trockenreis hiiflgis nach beiden Definitionen
aufwies. Dies geht allendgs zu Lasten leicht geringeren Ertrages und hdherer

Respirationsrationsverluste, hautpséchlich durch Bodenatmung, welche eine Rolle fur
Treibhausgasproduktion spielen.
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WUE.-4%c intrinsic water use efficiency calculated B\C discrimination
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Definitions of different water use efficienees

Leaf water use dficiency

Intrin sic water use fficiency (WUE)

The ratio ofphotosynthesis measured as@Ptake A) to stomatal conductance to watgg)(
is defined asheintrinsic WUE (WUE) (Osmond et al., 1980)

Instantaneous water usefficiency (inWUE)

The ratio of photosynthesis measured as Qidake Q) to rate oftranspiration(T) is defined
as the instantaneoMgUE (inWUE) (Bierhuizen and Slatyer, 1965)

Agronomic water use dficiency (WUEagro)

Farmers and agronomiddgfined the agronomic water use efficiency as the rattheofield

of harvested product to water applied to produce the crop, which coutddigitation and/or
irrigation. (Condon et al., 2004nodified the agronomic water use efficiency definition by
considering the physiological definitions (i.&/UE or inWUE) and describing grain yield as

the function of the amount of water used for crop production (i.e., evapotranspiration). Thus,
WUExgrois also defined as the ratio ofagm yield to evapotranspiration and this definition was

applied in this study

Ecosysem water useefficiency (WUEeco)
WUEeois defined as the ratio of gross primary producti@RP) to evapotranspiratiori()
EcosystenWUEis also defined as the ratio of net ecosystem carbon exchisigg (0 ET

(Beer et al., 2009; Kuglitsch et al., 2008)
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[. Introduction

1.1 Rice production under global change

1.1.1 Rice Qryzasatival.)

Rice Oryzasativa l.) is a staple foodor a large numbeof people and is the single largest
food source for the poor. It is one of the only two domesticated and widely cultivated species
of the genu®ryza tribe Oryzaeand familyPoaceaend itis domesticated in Asia. However,

the exact time and place of rice domestication is not clearly documented and has long been
debatedFuller et al., 2009; Gross and Zhao, 2014; Li Liu et al., 200&xing the distribution

of the Asian wild grasdryza rufipogoi, which is most closely related @ sativa, Ganges

valley of northern India, some regions in China and Southeast Asian regions were roughly
reported to be the very first places@f sativadomesticatio(Huang et al., 2012; Kovach et

al.,, 2007; Londo et al., 2006; Molina et al., 2Q01Another species). glaberrimawas
domesticated in Africa after the Asian rice domesticatD. glaberrimais not as popular as

O. sativaand has never been a staple food due to its lower grain produ(itiviayes, 2002)

O. sativais the only commercial and widely cultivated rice on the Earth and is currently
cultivated in Asia, tropical Latin American and Caribbean regions and E(&gok et al.,

2012)

Rice isproduced in a wide range of climatic and geographic locations, from the wettest
Myanmar 6s Arakan coast (5,200 mm of growing
Arabia @nnual rainfall is less than 100 m\ohanty et al., 2013Approximately 158 million
hectares of rice farms in more than a hundreahtries produce 700 million tons grain (470
ton milled rice) annuallf{GRISP (Global Rice Science Partnership), 2098)% of riceis
produced in AsidKudo et al., 2014; Yan et al., 2008hile the rest are produced in Africa and
Latin America. Most of rice production in Asia and Africa ammallscale subsistence
production systems compared to Latin American coun{i@RiSP [Global Rice Science
Partnership] 2013) Depending on the climatic and geographic locations, rice was produced
by different crop management practices, especially, water maeagpractices. It is primarily
grown on the vast areas of flat, ldaying river basins and deltas of Asia, which are flooded
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at different depths. However, upland rice, rainfed rice and other water saving rice production

practices can be found in water sxEregions.

Planting time

Jan —Mar
Asia: 1 dot = 50,000 tons ' Apr — Jun
Rest of the world 1 dot= 5,000 tons O Jul —Sep

’ Oct —Dec

Figure 1-1 Rice production area (Source: International Rice Research Institute [IRRI], 2014)

1.1.2 Rice and global change

Intergovernmental Panel on Climate Change [IPCC] projethatithe atmospheric C®
concentrationmay increase up t6307 1020 ppm by 2100 arttieglobal average temperature

may riseroughly up to 0.2 C per decadéMeehl and Stocker, 2007Moreover, change in
precipitation patterns, especially, higher chance of increasing intense and heavy episodic
rainfall associated with longer relatively dry periods in between are predimMedhl and
Stocker, 2007)Thesepredicted climat changes may have significant impacts on crop yield

via change in crop evapotranspiration, crop growth and develogbudrgll and Field, 2007;
Lobell et al., 2011; Long et al., 2006; Ray et al., 20irease or decrease in rice grain yield
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under projected climate changes, is region specific and depends a lot on regional precipitation
and temperature pattethzumi et al., 2011; Ko et al., 2014, Lobell et al., 2011;dPenal.,
2004; Ray et al., 2015)

At the same time, it is reported tlgddbal average yield improvements of rice are slower (only
0.9 to 1.6 percent annually) than required ratesatisfy the global demar{&ischer et al.,

2014; Grafton et al., 2015; Ray et al., 2018)cording tatheprojected population growtkhe

current agricultural production system need produce 50 % more food to supply the needs

of projected 9 billion population by 20%8lexandratos and Bruinsma, 201&)dthus, needs

to double the current crop productidexpanson of crop production area and intensive use of
existing croplandscould be an option to increaiee crop productionGodfray et al., 2010;

Ray et al., 2013although possible environmental impacts such as greenhouse gas emission

(CHa, N20) could lead to other challenges.

However, vater resource availability is another limitation to expand oensify current
agricultural production, especially the rice productiRaughly,90% of global rice production

area is located in Asia and 80% of it is cultivated under conventional flooded conditions
(Bhattacharyya et al., 2014; Nie et al.,, 2012) Al mos't 30% of wor |l do:c
withdrawn byabout 80 million hectares of irrigated rice worldw{@®»uman et al., 200@nd

most of global rice producing countries are suffering economic (water scarcity due to human,
institutional and financial capital limited access to water) and physical sedecity (water
supply does not meet water demaiidigure I-2). Along with the fresh water resources
limitation, conventional flooded rice is alsotoriousfor its high methane (CHlemissiorand

urged for a suitable adaptation measkHsssain et al., 2014; Kudo et al., 2014; Smith et al.,
2007) Therefore, several water saving rice production techniques are introduced, which also
aim atadapting andnitigatingthe CH4 emission(Bouman et al 2005; Pittelkow et al., 2013;

Zou et al., 2005)
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. Physical water scarcity

[ | Approaching to physical
" water scarcity

. Economic water scarcity

I ] Little or no water scarcity

|| Not estimated

<

Figure 1-2 Physical and economic water scarcity worldwide (Physical Water scarcity: water
resources development is approaching or has exceeded sustainable limits; Approaching to
physical water scarcity: these areas will experience physical segeity in the neduture;
Economic water scarcity: these areas are suffering water scarcity due to human, financial and
institutional limitations although natural water resources are abundant relative to water use;
Little or no water scarcity: Abundant water resourcesivedd use) (Sourc&€omprehensive
Assessment of Water Management in Agriculture, 2007)

Among the introduced water saving rice production techniques, aerobic ricko¢ded
standing water) and alternate wetting and dryidAgvVD) were reported to have high water
productivity with ksstechnical complexityFarooq et al., 2009Aerobic rice is grown in well
drained and nopuddled soil with no standing watéBouman et al., 2005)rhe production

and management methods of aerobic rice resembles to that of conventional rainfed upland rice
or other irrigated but neflooded upland crops such as agibarley and wheat. Aerobic rice
production can save 60 to 90% of water compared to conventional flooded paddy rice but with
up to 2030 % yield reductioriMostafa and Fujimoto, 2014; Tuong and Bouman, 2@03D

can be described as an irrigation manageregstem since it is a rotation of flooded and-non
flooded period. Depending on the frequency, duration and timing of flooding and drying cycles,
the degree of water stress during the drying period, water productivity and crop yéMDof
system varie§Chapagain et al., 2011However, thalecreased crop yield under water limited
conditions, which could lead to reduced economic profitability, are reported in all of water

saving rice poduction systems, although rice is a crop which can be grown under different

4
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water availabilities, ranging from flooded to nflooded (Bouman and Tuong, 2001,
International Rice Research Institute [IRRI], 2Q02)
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Tablel-1 Some ofthe conventional angvater saving rice production systems and their crop management practices

Rice system Typical crop management Geography Water input Water needs  Remark

Flooded and needs a special deepNatural wetlands with dee'NaturaI flood

Paddy rice (Deep water) : : - Conventional
water rice variety water
Paddy rice (Irrigated) Flooded with irrigated water Almost everywhere rice caRain + Irrigation High Conventional
be planted
Paddy rice (Rainfed lowland) Rain water is ponded following the Tropical and subtropical Rain water Medium Conventional
land preparation and rice is regions with high intensity
transplanted in the rain water poncof rainfall
Paddy rice (Alternate Wetting and Drying) Irrigation is supply intermittently ~ Almost everywhere rice caRain+ Irrigation  Less Water saving
depending on soil water status ancbe planted but regions witt paddy rice
cropwater demand well-functioningirrigation
facilities
Rainfed rice / Aerobic rice No standing flooded water Almost everywhere rice caRain water Super less Water saving rice
be planted bufavorable to as well as
the regions with high conventional
intensity of rainfall. practice
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1.2 Water useefficiency

As defined in most efficiency concepts, water use efficieMNE) is a simple balance
betweenthe gain (kg of biomass produced or unit £&ssimilated) andhe cost (unit water
transpired to produce the biomass or to assimilateg). @bng with the increasing pressure

on limited fresh water resources, growing popolatiand increasing atmospheric £0
concentration, plant physiologists, hydrologists, agronomics and ecologists draw attention to
maximizing crop water use. Thud/UEis studied at different spatial (from leaf to whole plant

to farm to ecosystem) and templdffeom minutesto months tacrop growing seasons years
scaleqFigure I-3) (Blum, 2009; Bouman et al., 2005; Kuglitsch et al., 2008; Pittelkow et al.,
2013; Zou et al., 2005)

WUE,

wgro = Yield / ET

NEE /ET

Crop season, Years (macro scale)

WUE,,, = GPP / ET

Days, Months (meso scale)

Temporal scale

WUE,,, = GPP / ET

I
Plant Plhysmlogy Ecology

Seconds to hours (micro scale)

Leaf (micro scale) Plant, farm (meso scale) Ecosystem (macro scale)

Spatial scale



Water use efficiency of rainfed and paddy rice ecosy$t&mone NayHtoon

Figure 1-3 Water use efficiency at different temporal and spatial S@dlé is intrinsic water

use efficiency;A is photosynthetic C® assimilation; gs is stomatal conductancd; is
transpiration, WUE: is canopy water use efficiencyA: is canopy photosynthetic GO
assimilation;Tcis canopy transpiratiod;BMis total dry biomass; Biomass is dried biomass of
interest;Yield is the yield of biomass of interest, i.e., grain yield in the case of Eitaes
evapotranspiratigrNEEis net ecosystem C@xchangeGPPis gross primary C&exchange.

When aWUE equation is written directly on the dashed line, INatE equation is commonly

used to calculate for both temporal and spatial scales directly above and below the dashed line
(Adapted fromKuglitsch et al., 2008)

At leaf scale WUEis measured as both short and long time scales. Short temporal scale leaf
WUEmeasurements can be done by instantaneous gas exchange measurentgetégsmporal
scale measurements can be done by carbon isatbf® é&nalysis othe soluble sugar of the

leaf or theaccumulated leadry mass Short temporal scale |e#fUE is estimated by relating

the rate ofphotosyntheticCO; assimilation A) to either stomatal conductanag)(or leaf
transpiration T) (Bierhuizen and Slatyer, 1965; Farquhar and Richards, 1984; Fischer and
Turner, 1978; Osmond et al., 198The ratio ofA to gs is defined as intrinsig?WUE (WUE)

and the ratio oA to T is defined as instantaneoWSUE (inWUE). Long temporal scale leaf
WUE can be measured hy°C analysis of accumulated drgass since*C discrimination
(0°C) of leaf drymass is determined by the ratio of sstbmatal C@concentation Ci) and
atmospheric CeconcentrationCa), which is determined relationship between photosynthetic
CQOz assimilation A) and stomatal conductanag)((Farquhar and Richards, 1984; Farquhar et
al., 1989; Werner et al., 201.mongthis three leafVUEs, A/lgandJ3Ci the intrinsicWUE
(WUE) is mostly applied to determi®UEindependento specific environmental conditions
Since the regulation di/gsis genetic dependent but independent to environmental effects such
as atmospheric evaporative demantlgs and 2°C is commonly applied in crop varietal
screeningBierhuizen and Slatyer, 1965; Condon et al., 2004; Gago et al., 20MéSet al.,
2011; Rizza et al., 2012pn the other handhWUE (A/T)is widely applied to access the leaf
WUE changes under different environmental conditions sihaepends on the degree of
stomatal openinggf) and leaf to air vapor pressure def(&PD). inWUEIis used to access the
time integral (minutes, hours to day) change in WafE, i.e., accumulated carbon gain and
transpirationwater loss during a certain time period ranging from minutes t¢Magirano et

al., 2012, 2009Morison et al., 2008; Rizza et al., 2013fudyingA/gs andA/T at the same
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time under different environmental conditions such as water limited andvai@n limited

condition can help to understand the genetic and environmental controls over cropseate

Although many water use efficient crop varieties are screened badbe leaf water use
efficiency analysis by leaf gas exchange/biC measurements, it is reported that water use
efficiency of a certain crop is hard define based on leaf scateeasurementdBlum, 2009,

2011) The degree of day light interception by different leaves in a canopy varies depending on
the location of the leaf and thus photosynthetic @Ssimilation of laves in a canopy vary
significantly (Flexas et al., 2010; Medrano et al., 20E8nce, water use efficiency of leaves

in a canopynayvary depending on their specific locations in the canopy and higher leaf water

use efficiency does not necessarilgan higher canopyWUE (WUE).

WUE is the balance of total biomass production or net&Similation and transpiration water
loss of the whole plant canopy and it can be estimated as the rdadysintegratedcanopy
COz assimilation to canopy transgtion. Daily integrate@VUE: can be calculated as the ratio
of chamber measured canopy £43similation rate to canopy transpiratiduinderson et al.,
2012)

The main target of agricultural crop production is the final harvestable yield of the biomass of
interest, i.e., grain in the case of ceraaid boll in the case of cottofhus, water use efficiency

of a cropis also measured as the ratio of crop yield to evapotranspiration {@atain ET) and

is termedagronomidWUE (WUEaxgro) (Mo et al., 2009; Pereira et al., 2012; Tallec et al., 2013)
Although leaf and canopWUE is calculatedas the ratio of carbon or biomass gain per
transpiration, WUExgro Often apply evapotranspiration (the sum of water loss by soll
evaporation and plant transpiration) as well as transpiration as the denominators depending on
the interest of studgBlum, 2009)

Improving the crop waterse efficiency of a certain agroecosystem by changing crop
management practices is widely practiced or recommended in many countries with water
resource limitations. On the other hand, it is also essential to consider the possible ecosystem
impacts due tohie changen agricultural practicesince anagrcecosystem is a complex
network of multiple ecosystem components. All of the system components of an agroecosystem
are linkedto each other andchange in one system component could lead to change in gnothe
affectingthe sustainability of the agroecosystédakai et al., 2004 Even a slight and short

time fluctuation of flooded water level in a paddy rice field can alter the carbon and water cycle
over the rice fieldAlberto et al., 2009; Kudo et al., 2014; Miyata et2000; Nishimura et al.,

9
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2015; Thanawong et al., 2014or the largerspatial and temporacales, change incrop,

tillage, cultivation and management practices affectss#@sonal change in PAd&bedo,
evapotranspiration, carbon uptake aeduestrabn, emissions and net carbon flux&ordon

et al., 2008; Luo et al., 2010; Pielke et al., 2007; Sakali,e2004; West and Marland, 2002)
Thus, from a minor to major changes in a certain agroecosystem not only affects the crop
production but also affects the ecosystem functions of the agroecosykenefore, branding

a crop variety or a crop produati practice as highly water use efficientariety or practices

based on the water use efficiency quamtifaccordingto the genetic, leaf and crop
physiological performancmight not enough for the agroecosystem sustainabilitis &lso
important tosee thepossible ecosystem impacts due to thanges in physiological and

agronomic water use.

WUEoof cultivated and natural vegetation are also studied at ecosystem scale from an ecological
point of view. Since plants are playing an important mlbalancing ecosystem carbon and
water cycle through the photosynthesis and transpiration pr@egsse 1.4), theinfluenceof
vegetation land coveon global scale ecosystem carbon and water balangeoiminent
(Kuglitsch et al., 2008)Thus, ecosysteMWUE (WUEco of vegetation is studied as the ratio

of ecosystem carbon assimilation of the vegetation to evagptration or transpiration. When
calculatingWUEesco, both gross ecosystem carbon exchar@PR) (i.e., ecosystem carbon
fluxes excluding respiratory carbon losses) and net ecosystem carbon exd&Bpé.¢€.,
ecosystem carbon fluxes including respiratcaybon losses) are used as nomirg(Beer et

al., 2009; Dubbert et al., 2014b; Hu et al., 2009; Kuglitsch et al., 2008; Reichstein et al., 2005)

10
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ET

eco

GPP

Jll‘

W

Figure 1-4 COz exchange in a vegetation systeMiEE is net ecosystem CG@xchange which
is the net flux of respiratory and photosynthetic2@®changeReco is ecosystem respiration
which is the net flux of plant and soil respiratidBPP is gross primary production or the
photosynthetic C@assimilation of the vegetation sgat.

1.3 Productive and unproductive water use partitioning evapotranspiration

Plant transpiration is the water used during the photosynthesis process and it is regarded as
productive water use. On the other hand, soil evaporative lwagemwhichis na associated to
biomass production, is regardedtasnonproductive waterTherefore, in comparing the water

use efficiencies of two different rice ecosystems (rainfed and paddy rice), it will be useful to
compare the productive and unprotive water use of both systerf®sgam et al., 2012; Van
Halsema and Vincent, 2012Moreover, it will need to partition the unproductive soll

evaporation and productive plant transpiration

Attempts to partition transpiration and evaporation of both agricultural systems anal natu
vegetation systems were done as early as 1858ood example of simple partitioning
approaches isliminating soil evaporation by covering ground surfédarrold et al., 1959;

11
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Peers and Russell, 1959; Shaw, 199@pdel based partitionin@Ritchie, 1972; Shuttleworth

and Wallace, 1985; Tanner and Jury, 1976jcro-lysimeter based method8oast and
Robertson, 1982; Walke,984) Sap flow measurements based partitionfing er m8k et a
1973; Cohen et al., 19980henet al., 1981; 8kuratanj 1981)andthe stable water isotope
based partitioning methd@€untz et al.2007; Dubbert et al., 2014B013; Wang and Yakir,

2000; Yakir and Sternberg, 200@re popular and advanced partitioning approachash
approach has their owbenefits and drawback&kegardless of differences in spatial and
temporal scalesdifferences in modéhg procedures; partitioningT by differentET flux
modeling approaches apply the same energy and/or water balance theories and need similar
data input. However, stable water isotog@) basedET partitioning is a bit different tafore
mentioned modéhg approaches since this approach partidtased on the distinct isotopic
composition of transpired water vapatfOr) to soil evaporated water vapotfOe). Due to

its direct partitioning oET by tracing distinct*®0 signalsof E andT, it is regarded as a direct

partitioning methodKool et al., 2014)

Many ET partitioning studies were done on agricultural crops and some on natural vegetation
and ove 50 publications were publishgglool et al.,, 2014) However, there is few on
partitioning ET fluxes in the rice ecosystems. In this studg!®O isotope based direct
partitioning method was applied to partitidaytimecanopyET fluxes and compared to the

PM (Monteith, 1965andFAO 56dual crop coefficient§6PM) based partitioning methods.

Stable oxygensiotope (*0) is used as a tracer to trace the water movement in the ecosystem
because the!®O composition of water in the soil, vegetation and atmosphere are unique to
each othefYakir and Sternberg, 2000)*0 of soil evaporated vapor is depleted compared to
source water, which is rain water in the case of no additiamgation, at evaporating site due

to the kinetic and equilibrium fractionatiofllison et al., 1983; Barnes and Allison, 1984,
1983; Craig and Gordon, 1966hder isotopic unsteady state condition. However, the water
vapor transpired from leaf is isotopically similar to that of soil water transported bgdhe

as isotopic fractionation does not occur during the root water uptake. Moreover, leaf water is
mogly at an isotopic steady state due to the rapid turnover of water in the transpired leaf
(Ehleringer and Dawson, 1992; Wang and Yakir, 20@0) the other hand, the steady state
conditions (i.e.a*%0 of transpiration flux is equal to th#®0 of xylem/source watr) cannot

be found underhie transient atmospheric changgakir and Sternberg, 200@nd norsteady

state transpiration is depleteddfO than the source watéCuntz et al., 2007; Dmmann et

12
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al., 1974; Dubbert et al., 2013 everthelesET can be partitioned by tracing the distinct water

isotopic composition o$oil-evaporatedvater vapor and plant transpired water vapagire

1-5).

! top of PBL

entrainment

advection atmospheric water vapor
- 0
(6.=17)

maorning noon, steady state  evening
{8 1= — 15%e) (:i;:ﬁ%oj (6 =—3%0) precipitation

A (&= 6%0)
evaporation transpiration
(&'z="30%) N/
leaf water
(&) ,=+10%)
xylem water
- (4,5 6%) T I soil surface
surface soil water A
(== 2%)
shallow soilwater — 5 i ollY
{Jﬁz_e%u:l
deep soil water «— ground water
(d.=—9%:) (& =—9%a)

Figure 1-5 d*®0 values of water pool and fluxes in the SeiantAtmosphere Continuungh
is d*80 of precipitation;d is a0 of soil water;agis a*%0 of ground watergk is dt20 of soil
evaporationg pis a0 of bulk leaf watergk is &*80 of xylem water;ar is d*20 of transpiration
anda is d*®0 of atmospheric water vap@hang et al., 2010)

13



Water use efficiency of rainfed and paddy rice ecosy$t&mone NayHtoon

1.4 Objectives

Water saving rice production techniques are introduced to adapt water scarcity and to mitigate
methane (Ck) emission(Dijkstra et al., 2012; van Groenigen et al., 2012, 2011; Yao et al.,
2014; Zou et al., 2005Contrastingly agricultural laneuse changes such as shifting the
conventional flooded paddy rice cultivation to thater savingice-farming impacts further

on the carbon and water excige of rice ecosystem@lberto et al., 2013, 2009; Kudo et al.,
2014; Nishimura tal., 2015, 2008; Pathak et al., 2005; Sakai et al., 2004; Wang et al., 2000;
Wassmann et al., 20Q0Even in conventional paddy rice system, intensity and timing of
flooding and drainage regulation influences the seasonal carbon and water pulaerte et

al., 2009; Kudo et al., 2014; Miyata et al., 2000; Nishimura et al., 2015; Thanawong et al.,
2014) Although previous studies reped the differences in ecosystem carbon and water
balanceof paddy and rainfed rigé\lberto et al., 2009; Thanawong et al., 2QIg)antification

of the contribution and seasonal dynamics of the productive (plant transpiratiagroessd
primary productivity) and unproductive (respiration and soil evaporation) components of
ecosystem carbon and water exchange is still lackituyvever, such information is very
important to estimate the possible traufts of water saving and conveoial paddy rice
productions from the ecosystem and agronomic perspechivesidition,it is necessary to
contrast the water use efficiency of rice from different perspectiMessover,according to

the previous workéBlum, 2009, 2011; Condon et al., 2004; Galmés et al., 2011; Huang et al.,
2010; Luo, 2010; Medrano et al., 2015; Tuong and Bhuiyan, 1999; VanLoocke et al,, 2012)
the leaf scie water use efficiency of a certain crop could not represent well to the canopy or
agronomic water use efficiencgnd the variation between agronomic and ecosystem water
use efficiency of some crops are allescribedfor exampleTallec et al., 2013 and Zeri et al.,
2013) Therefore, it is hard to define an agronomic practiceasrabroecosysta as a water

use efficient practice oecsystem based on the results of a certain water use efficiency
analysisThus, this study on water use efficiency ofgioy comparing neflooded rainfed rice

and conventional flooded paddy rice was carried oulh wigeneral aimto examine the

spatiotemporal variation ofvater use efficiencyf rainfed and paddy rice ecosystem
To fulfill the general aim of this study, the following specific objectives are laid out:

1. To estimate the daily evapotranspirationrainfed and paddy rice by integratitiue
Food and Ageulture Organization of the nited Nationsmodified Penma-Monteith

model(56PM) and high resolution spatial vegetatiodexes
14
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2. To quantify theproductive water use (Transpiration) and unproductiveemkiss
(Evaporation) otwo different rice ecosystesandidentify the role of productive water
use (Transpiration), unproductive water loss (Evaporation) as well as respiratory carbon

loss in the definition of ecosystesind agronomic water use efficieasi

3. To contrast the limitations of widely applisthallscalewater use efficiency indicators
(i.e., leaf and short temporal scales) for the representation of larger spatiotemporal
scales water use efficiency (i.e., canopy, agronomic, ecosystem and lemgerdl

scales)

1.50utline of the thesis

This thesis is organized &ightchapters and water use efficiency of rainfed and paddy rice is
distinguishedt different scales, froitie leaf tothe ecosystemfrom the hourly, daily to crop
seasonal timescales Different factors controlling different waterse efficiency are also
identified Finally, based on the comparison of crop growth and developametwater and
carbon cycling of the rainfed and paddy rice systénes)eeds to improve water useiekncy

of rice in a profitable and sustainable way lighlighted The organization of each chapters

is summarized as follow:
Chapter 1: Introduction

This chapter introduces thHeackground and context for ttibesis. It introduces the rice
production pratices, gives a general overview of water use efficiency concepid, the

partitioning of productive and unproductive water use of the.crop
Chapter 2: Materials and Methods

Theoretical background ardkscriptiors of materials and methodspplied in tle study are
summarizedn this chapterCrop growth and development measurement, daily and seasonal
evapotranspiration estimation and field measurements, partitioning of hourly, daily and
seasonal evapotranspiration by mdidgl approach as well as stablater isotope @°O)
approach and different water use efficiency estimation methods are described detail in this

chapter.
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Chapter 3: Environmental condition and crop growth

This chapter presents the environmental condition of the study area, daily sodasezop
growth and development of rainfed and paddy rice. Crop growth and development of rainfed
and paddy rice idescribedn terms of leaf area development, biomass distribution, grain yield
and physiological factors controlling grain yield (i.eelgicomponentsilassification of crop

growth and development stages of rainfed and paddy rice is illustrated in this elsaptdr
Chapter 4: Model development of evapotranspiration

Detailed model deelopment and improvement of dual crop coeffici®PM (Penman
Monteith model modified by Food and Agriculture Organization of the UN) is explained. The
focus of this chapter is the development of ET model specifi¢atlyrice. The gpecific

objective(l) is addressed in this chapter.
Chapter 5: Partitioni ng evapotranspiration

Comparing the water use efficiency of two different rice ecosysteaimfed and paddy rice
systems, specifically needs to compare productive and unproductive water use of the systems.
In this chapter, partitioning evapotranspiratioy an energy balance modelling approach,
which is mostly applied in large scale partitioning studies, and stable water isoté@pe (
partitioningapproachare compared. Daily contribution of productive water use (transpiration)
and unproductive water Isgevaporation) to evapotranspiration is estimated for rainfed and

paddy rice ecosystenfihe gecific objective(2) is addressed in this chapter.
Chapter 6: Water use efficiency of rainfed and paddy rice

As themain focusof this study, leaf, canopy, agrmmmic and ecosystem water use efficiency

of rainfed and paddy rice are presented in this chapter. Factors controlling each water use
efficiency term are explained and the needs to balance agronomic and ecosystem water use
efficiency are pointed out. Moreaveecosystem carbon and water exchange todideof the

rainfed and paddy rice ecosystem is highlighted by partitiopinductive andunproductive

water loss. The role of respiratory carbon loss in ecosystem water use efficiency concept and
the inclusionof respiratory carbon loss in the calculation of ecosystem water use efficiency
(i.e., WUEeco = Net Ecosyster@ O, Exchangévapotranspiratioh is evaluated The pecific
objective(3) is addressed in this chapter.
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Chapter 7: Discussionand conclusion

This chapter is a general discussion and overview of the results presented in the Shdpter
5 and 6. Moreover, bst of conclusions in relation to the specific objectives and general aim

of this thesiss provided in the end of the chapter

17
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[l. Materials and Methods

2.1 Study site

The study was conducted in the Chonnam National University research farrhQ{(8§ 126

53'E, alt. 33m), Gwangju, Chonnam province, Republic of Korea (South Kéigaj€ll.1).
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 o183 annual mean
precipitation of ~1391 mm during the past 30 years (12810) (Choi eal., 2013). 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 tablé-1).

Paddy rice

Figure 1l -1 Study site location: (a) Location of Gwangju; (b) Experimental site location in the
Chonnam National University research farm, Gwangju, South K6al0' N, 126 53' E,
alt. 33m).
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Tablell -1 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 (Cgkg-!) 12.3 (0.5)

Total N (gKg!) 1.0 (0.2)

Available P (mgP,0Oskg™) 13.1(0.7)

CEC (cmolkg1)** 14.4 (0.4)

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

Note: * = Soil pH was analyzed fro 1:5, soil:water suspensiott. Cation exchange capacity of soil.
Values were mean values of six replicates and standard errors in Parentheses.

Rice Oryza sativaL. subsp.Japonicacv. unkwang was cultivated as rainfed dryland crop
and flooded paddy crop. In both rainfed anddyadce fields, N: P: K fertilizer (11:5:6) were
applied at a rate of N = 115 kghé80% as basal dosage and 20% during the tillering stage). P
fertilizer (62 kghat) was applied as a 100% basal dosage. K fertilizer (60}ghas applied

as 65% basal dage and 35% during tilleringrainfed rice was directly seeded on DOY 107
while paddy rice was transplanted on DOY 140. Before transplantadgyprice was
germinatedn the same date with rainfed rice seedind raised in the nursery for abdotir

weeks Figure l1-2). Both paddy and rainfed rice were planted at 10 cm of-pitert spacing

and 30 cm of interow spacing, at a seatknsity of 50.48 kgha All field management
practices of paddy rice and fertilizer dosages reflected the practices of farmers in the region.
Paddy rice field was kept flooded starting from 5 days before transplanting until the heading
stage (late July). Whenever the water |leledtreased below 5 cm above the soil surface, paddy
rice field was regularly irrigated until the heading stad¢reder rainfed conditiomo additional
irrigation was applied to natural precipitation. The experiment was conducted in a randomized
complete blak design with three replications. Field measurements campaigns were carried out

on the days mentioned iable (I11-2).
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Figure 11 -2 Planting of paddy and rainfed rice: (a) Germination of paddy rice inurgery

trays; (b) Ready to be transplanted paddy rice seedlings in the nursery; (c) Manual puddling
and leveling before the transplanting of paddy rice; (d) Machine transplanting of paddy rice;
(e) Gap filling in the paddy rice field after the machinenggdanting; (f)Single row drect
seederused forrainfed riceseeding; (g) direct seeding of rainfed rice; (h)-@meergence
herbicide application in the rainfed rice field

2.2 Environmental variables

Weather data (global radiation, precipitation, @mperature, relative humidity and wind

speed) were continuously collected at 2 m height with an automatic weather station every five
minutes (Automated Weather Station, V81, DeltaT Devices Ltd., UK) and half hourly

mean values were logged. Photosyhthec p hot on fl ux density (PPFI
was measured directly above the crop canopy (=20 cm above the canopy and inside the
chamber). Air temperaturd ) (at ~20 cm above the canopy) inside the chamber was also
measured byustombuilt tempeature sensor. Soil temperature at root zone was manually

measured along with gas exchange measurements using temperature probes (Conrad, Hirschau,
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Germany). Soil temperature and volumetric water content (5TE and 10HS, respectively,
Decagon, Washington, W$ were measuredontinuouslyat 5, 10, 20, 30 and 60 cm depth in
each experiment plot. 15 min averaged data fsoihtemperaturesensors were stored in a
datalogger (Em 50, Decagon, Washington, USA) and 30 min averaged dateofuonetric

soil water cotentsensors were stored irsaconddatalogger (CR1000, Campbell Scientific,
Logan, UT, USA).

2.3 Crop growth and development

2.3.1LAI and biomass measurements

Above ground biomass of plants adjacent to vegetation plots were harvested. LebAprea (

was determined with a Leaf Area MetetbtAD( LI T30
was calculate as leaf area per ground ar@atal aboveground biomass was collected, dried

(60 °C, 48 hours) and weighed. Plant height of representative plants waslijnameasured

every month. Crop yield of paddy and rainfezkrwas estimated based on 1@fi@inweight

of oven dried (moisture percent of dried grain = ~14%) harvested samples108@yrain

weight is regardedsa standard and stable parametetteryield estimation of crop and is the

total grain weight ofthe ovendried 1000 graingYoshida, 1981)To limit the errors and

variations ofyield estimation, 100@rainweight is used as a standard parameter for the crops

with smaller grain sizes such as cereald 100grainweight is used as a standard parameter

for larger grain sizes such as beans and peas.
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2.3.2 High resolution remote sensing foNDVI of rice fields

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 grand evaluation points (baresoil, cement, asphalt,
crop) were set up next to the paddy field. A cropscan instrument (Cropscan Inc., USA.) was
used to calibrate and evaluate the reflectalata obtained by theAY system, based on the

pre-installed reflectance points and calibration plakegure II-3).

Evaluation points NDVI data points

0 Soil D Rainfed rice
O Crop

(&) Cement |:| Paddy rice
@ Asphalt

Figure 1l -3 Remote sensing with Unmanned Aerial Vehicle. (apidture Multiple Camera
Array (Mini MCA) with 450, 550, 650, 800, 830, and 880 nm bands and 10 cm ground
resolution at 300 m altitucl€b) mini MCA mounted on the UAV; (c and d) real time quality
control of the remote sensing pictures; (e) Calibration plates (black, gray and white); (f) NDVI
data sarmling points (yellow for rainfed rice and green squares for paddy rice) and remote
sensing data evaluation points (soil (light orange circle), crop (white circle), cement (gold
circle) and asphalt (dark orange circle).
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Remote sensing campaigns were earrout at noon of DOY 172, 192, 206, 220 and 233.
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 calculattnenormalized difference vegetation indé¥FVI) as:

0 OwO—— (2.1)

whereNDVI is normalized different vegetation indeX]R is nearinfrared and Redis red

wavelengths

2.3.4 Estimation of dailyNDVI, LAl and crop yield

Daily NDVIwas estimated by combining measurdaVI| data and simulated daily crop growth

and development of rice khe GRAMI crop growth model (for details sé&® et al., 2015,

2006; Maas, 1993a; Maas, 19930¥ingthe environmental datapats, GRAMI crop growth

model simulates daily crop growth by calculating grondegreedays absorption of incident
radiation energy by leaf, daily increase in above ground bionh#dspartitioning from
produced biomass and crop yield estimation. Theahads calibrated and validated against
measured values of the same rice varieties cultivated in 2010 and 2011. Finally, based on the
relationship between measuriedl andNDVI, daily NDVI was estimated from the simulated

LA

2.4 Canopy gas exchangmeasurements

Canopy fluxes were measured on canopy vegetation ploteeplications per treatment)
where soil collars were permanently installed soon after seeding of rainfed and planting of
paddy rice. C@and HO fluxes of rainfed rice were measutgda custom built open chamber
constructed according fape et al. (2009nd successfully tested IDubbert et al. (2013)

H20 flux was measured by a Cavity Ribgpwn Spectrometer (CRDS, Picarro, Santa Clara,
USA) and @z fluxes were measured by a portable IriRed Gas Analyzer (LB20, LI COR,
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USA). Both carbon and water fluxes were calculated as differentiab€BO concentration
(i.e., the CQ or H20 concentration difference between the air samples taken frachaheber
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 upCtaa38void

condensation.

Because the heavy weight of the open chamber wasdbashdle in paddy soil condition, GO
fluxes of paddy rice was measured by custom built closed chambers describedtksl.
(2008)andOtieno et al.2012) CO: fluxes from both chambers did not differz®ifluxes were

only measured in rainfed rice since omamd flowrthrough chamber type was more suited to
measure kD fluxes(Dubbert et al., 2014b, 2013; Pape et al., 2088psystem respiration
(Reco Was measured by insulated opaque PVC dark chambers on crop canopy. Soil respiration
(Rsoil) was measured from bare soil plots next to the vegetation plots. Data were céitented
6:00 hr to 18:00 hrin 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 @) tillering (DOY 170 to

180), heading (DOY 200 to 21@ndmaturity (DOY 210 to 220).

Gross Primary Production was calculated as:

OO0 (00 Y (2.2)

where GPP is gross primary productiolEE is net ecosystem C@xchange andReco is
ecasystem respiration. Total daytime fluxes were calculated by integrating hourly carbon and
water fluxes from 6:00 to 20:00 hr.

2.5 Estimation of evapotranspiration of rice field

Evapotranspirationf rainfed and paddy rice field was estimatgth a PenmanMonteith type
ET model modified byhe Food andAgricultureOrganization of the UN§6PMmodel)(Allen
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et al., 1998) In this study the 56PM model was modified specifically for rice before the
estimation ofdaily ET and was reported detail in Chapter 4: Model development for

evapotranspiration.

2.6 Estimation of daily carbon exchange of rice field

To study seasonal ecosystem water use efficiency of rainfed and paddy rice, daily ecosystem
carbon fluxes werestimated. Gross primary production was estimated based on the chamber
measured canopy light use efficiency, da\lipVI and PAR and estimation is based on the
Monteith (1972)

OO0 0OYO QD OYDO'Y (2.3)

whereGPPis the gross primary productionlJE is the canopy light use efficiendyARis the
incident photosynthetic active radiatif@lenn et al., 2008; Running et al., 20@hdfPARIs
the fraction of incident to absorbd@AR. fPARwas calculated byNDVI-fPAR model,
following Choudhury {987)andGoward and Huemmrich (1992)

"Q0 6 Y

&k
(@}
<

(2.4)

where,fPARis the fraction of incident to absorb®AR, NDVIis the normalized vegetation
index of rice field NDVImin andNDVImaxare minimum and maximum NDWVIPARmaxis 0.95
while fPARminis 0.001.

Light use efficiencyl(UE) is the ratio of gross primary production to absorBaR (Gitelsm
et al., 2014, Glenn et al., 2008; Monteith, 1972; Running et al., 28@d)thusLUE was
calculated based on chamber meas @@ and absorbe®AR AbsorbedPAR (aPAR was
calculated as the product dDVI derivedfPAR(see equation (2.48nd incideh PAR.
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Daily ecosystem respiration of rainfed and paddy rice was calculated follRénchstein et
al., 2002)as:

Y Y QY QYw o (2.5)

whereg(SWCjs the saturation functiofBunnell et al., 1977a; 1977b; Reichstein et al., 2002)

Recorefis reference ecosystem respiratif§isoi)) is the function developed blyloyd and Taylor,
(1994)as:

QY Q (2.6)

whereTrer andTo are fixed to 15 ane6 C, respectively Tsoil is the soil temperature atch
depth;Eois the activation energy and was considersalfree parameter. Simulated £idixes

were verified by measured G@uxes.

2.7 Partitioning evapotranspiration

2.7.1 Partitioning diurnal ET fluxes by @0 isotopes

Sampling and measurement of source wat®d: ¢'20 rain and a0 soil

Rainwatersamples foitt80 analysis were collectefdr every rain events throughotite crop
growing season and samples were kept frozen in glass vig2€ atC until analysis. Soil
samples (n=3 per each soil profile) for soil water extractiond@ analysis were collected
from 5, 10, 30, and 60 csoil depthon DOY 172, 182, 192, 202,@5 and 218. Soil samples
were stored in glass vials, immediately sealed with parafilm and kept froZh &tuntil soil
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water extractionkrozen rain and soil water samples were packed in an insulated shipping box
with ice packs and were transportednfr®&.Korea to Germany within 24 hou&oil water
samples were extracted by cryogenic distdlataccording tgDubbert et al., 2013)Soil water

samples were kept frozen unttfO analysis.

d®0 analysis of rain and soil water samples was performed kyh€&ispace equilibration on

a Micromass Isoprime IRMS (IsoprimElementar, Hanau, Germagnyith micro gas
autampler Micromass, UK. Water samples were equilibrated by He (5.0) with 5% (G@)

for 24 hours at room temperature. F#fO calculation versusVSMOW three different
laboratory standardéight =-19.47a , mean=-9.50a andheavy= 0.79a ) were analyzed

5 times prior to every batch of 10 water samples. Laboratory standards were regularly
calibrated agains¥'SMOW SLAP and GISP water standard (IAEA, Vienna). Analytical

precision was 0.1 %.

A80eT, A80e and water fluxes measurement

A Cavity Ring-Down Spectrometer (CRDS, Picarro, Santa &I&ISA) was used to measure
water fluxes and*®O isotopic composition of evaporated vapors from baresoil plots and
canopy vegetation plotshfeereplications). All the water flux and®0 measurementaere
carried out in the mentioned plots where soil collars were permanently installed soon after
seeding of rainfed rigéefore the first sampling’he CRDS calibration was doti@eetimes

a day using a standards delivery module and vaporizer (SDMr®iS8anta Clara, USA) with

two laboratory standards that were regularly calibrated against VSMOW and SLAP.
Measur ement precision was <0, Gudet air Aonbthee nt
chamber) were measured alternately until stable values nwached, which was <10 min.
Finally, 5 min interval values were averaged for the calculation of evapord&joand
evapotranspirationHT) with the gas exchange equations(\adh Caemmerer and Farquhar,
1981) To control the condensation bias ov#¥Oer fluxes measured during the morning,
d®0et data collected at 12:00, 14:00da18:00 hours were used to partition evapotranspiration
of rice.

Isotope signatures of evaporation and evapotranspiration were calculated by mass balance:
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1 0 (2.7)

wherewout andwin are the HO concentratiorat outlet ofthe chamber and ambient air the

inlet of the chambeaind dhut and dh are thé isotope ratios.

Calculation ofd*®Og, d*8Or and T/ET

Vegetation influences on evaporative water isotope signatures of a vegetation syst&i@ and
signatures of barsoil evaporation is reported to be significantly different to that of the soil
underneath of vegetatigibubbet et al., 2013; Wang et al., 2014; D. Yakir and Sternberg,
2000; Zimmermann et al., 196Mherefore 4*%0 signatures measured on bal plot cannot
represent as thé®O signatures of the soil evaporation of a vegetation systEi0s). Thus,
oxygen isotope signatures of soil evaporation of canopy plot ne2#3ef to be calculated
although d*®0e was measured on baseil plot. &%0e baresoil plot was only used for the
validationof calculateda*®Ok of canopy plat &tk of canopy plot was calculatédllowing
Craig and Gordon (1965)

Y — Y ] Y (2.7.1)

where,Reis the ratio of heavy to light water isotog€J/*%0) of evaporated water vapor and
Reis the isotope ratio of soil water at the evaporagitey whichis the isotope ratio of extracted
soil water.Ra is the isotope ratio of ambient water vaparis the kinetic fractionation factor

anda* is the equilibium fractionation factorlk andU" > 1; Majoube, 1971; Merlivat, 1978)

80t was calculated based on stable water isotope signature of leaf water at the evaporating

sites (i'%0e). Following Dongmann et al. (1974%ee alsdCuntz et al., 2007; Dubbert et al.,
2014) 480t was calculated as an iterative solution of the ordinary differential equation for leaf

water at the evaporating sites in rgteady state (equation 2.7.2).
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YO Q0 Y Yo YQ (2.7.2)

where,Re (t + dt) is the isotope ratio of leaf water at the evaporating sites at tinuk, Re(t)

is the isotope ratio of leaf water at the evaporating sites att tigns total conductance (mol

m2 s1) calculated based on canopy temperaturés the humidity in the stomatal cavity, i.e.
vapor saturation at leaf temperature (meDHnol air'), Vimthe mesophyll water volume (mol

m), where gravimetric estimates of lamina water volume were @edd a* are the kinetic

and equilibrium fractionation factors, respectiveRe.is the Craig and Gordon steasiate
isotope ratio at the evaporating sites, E&. (2.7.1) rearranged f&e with the isotope ratio of
xylem. Rx was estimated by the sourceater isotopic ratio, i.e., soil water isotopic ratio
assuming there was no fractionation during soil water uptake. Finally, the isotopic signature
of plant transpiration was calculated by using the Craig and Gordon formulation (see Eqg.
(2.7.1)) after assuing Re as the isotopic signature of leaf water at the evaporating sites in the

nonsteadystate.

After the calculation ofd*®Oe and @*®Or of rice canopy, contribution of transpiration to

evapotranspirationl(ET = f{) was calculated as:

N —— (2.7.3)

2.7.2 DailyET partitioning

Daily ET calculation is explained detail in Chapter 4. To partitioning dailyto canopy
transpiration and evaporatiocanopy transpirationT] was calculated by Penman Monteith
(1965)equation but used the net radiation at the height of the crop caRegyiristead of net

solar radiationRn).

Y _ (2.7.4)
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whereT is the canopy transpiratioajs the latent heat of vaporizatiohwater vaporpis the
slope of the saturation vapor pressure temperature relatioRslsghe net radiatiorG is the
soil heat flux,es-ea is the vapor pressure deficit of the aiis the mean air density at constant
pressureCp is the specificheat of the airya is aerodynamic resistance, is the canopy
resistance which was calculated based on measured leaf resistamis tnedpsychrometric
constant. To estimatésc, incoming net radiationRy) was partitioned intd&nsc (net radiation
intercepted by crop canopy) aReks(residual net radiation reaching the soil surfaRe}xwas
cal cul ated acc @hotetalg2006p Beer 6s | aw

Y YzA@DS 0D 60O (2.7.5)

whereC:; is the extinction coefficient of the vegetation for net radiation and is in the range of
0.5t0 0.7; 0.6 was applied in our cékelliher et al., 1995; Mo et al., 2004)

2.8 Crop water use efficiency of rice

In the search of profitable water saving ripeoduction practices t he rati o of
photosynthetic carbon assimilation rate to water loss (leaf water use efficiency) is regarded as
a physiological yardsticto define the water use efficiency of a certain crop. On the other hand,
for the water use efficiegcof the crop under the real field situatidhe ratio of biomass
production per water use (agronomic water use efficiencghasher yardstick to define the
water use efficiencyAlberto et al., 2@3; Luo, 2010; Tuong and Bhuiyan, 199®oreover,

the importance of rice production on global carbon and wateling process is increasing

(Kim et al., 2013; Lindner et al., 2015%emonstrating both the agronomical and ecological
importance of rice worldwide. Therefore, considering water use efficiency from an ecological
viewpoint (ecosystem water use efficiendyWE:co) is equally important specifically under
global climate change scenari@allec et al., 2013; Zeri et al., 2013 fulfil the aim of this

study, water use effiency of rainfed and paddy rice were calculated at leaf, canopy, agronomic

and ecosystem scales and at skamporal and longemporal scales.
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2.8.1 Leaf water use efficiency

Leaf gas exchange measurement

To calculatdeaf water use efficiengynaximumphotosynthetic C@assimilation Amay and
transpiration ) of an uppermost fully expanded leaf (abntrolled leaf cuvette
microenvironmenat COzconcentrationoft 0 0 & moahd PARDA1 50 0 e2mpwas m
measured at different growth stages by portable gas exchange analyz&0RF-Seinz Walz
GmbH, Effeltrich, Germany). Based on measureghx and T, instantaneous water use
efficiency (nWUE), which is governed by environmental conditions, was tated as the
ratio of Amaxto T. Moreover, intrinsic water use efficiencWUE) which is a genetically
defined water use efficien®f a plantandwhich is widely applied in the selection of higher
water use efficient crops, was calculated as the ratmeafsured maximum assimilation rate

(Amax) to stomatal conductancgs). Measurements dataseprovided in Tablel(-2).

d°C analysisand integrated leaf WUE estimation

Development stage integratéehf WUE was estimated based @’C analysis ofthe leaf
drymassof the whole canopyi.e., leaves including the leaf sheatisich washarvested at
different crop growth stages'*C discrimination (**C) of leaf drymass is determined by the
ratio of substomatal CQconcentration@i) and atmospheri€OzconcentrationCa), which is
linked to the photosynthetic GQassimilation A) and stomatal conductancgs)( of leaf
(Farquhar and Richards, 1984; Farquhar et al., 1989). @bt end of evergaf andcanopy
flux measurement campaigrisaves ovethe whole canopyvere harvested (n=3o0 8) and
frozen under-20 C until they were freezdried bythe vacuum freeze drier (SFDSF24,
Samwon freezing co., Seoul, Korea). Fredded leaf samples of the whole canopy were
milled and samples were kept in exetainer until bulk I#&€ was determined by IRMS
(Isoprime Elementar, Hanau, Germamybh elemental analyzed3C Kauri wood (IAEA No.
298) as laboratorytandard and Acetdide (Carlo Erba Instruments Cod. 338 367 O0LAS
concentration laboratory standavdre analyzethreetimes every ~10 samplddeasurements

of &**C are referenced to Pee Dee Belemnite (PDB).
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Growth stage integrated intrinsRUE (WUE_p+c) of rainfed and paddy rice were determined
based on stable isotopic discrimination of rice ledireduding the leaf sheath§3C). £°C
wascalculated from bulk leaf*C analyzed from théreezedried leaf samples of the whole

canopy harvested at differiecrop growth stages throughout the season.

2.8.2 Ecosystem and canopy water use efficiency

WUEeo is defined as the ratio gfoss primary productionQPP) to evapotranspiratiorE(l)
(equation 2.8.2).

OYo — (2.8.2)

EcosystemWUE can also defined as the ratio of net ecosystem cavtsraege NEE) to ET
(equation 2.8.3).

OYo «— (2.8.3)

Although it is reported to include vapor pressure deficit effectgvate (Beer et al., 2009;
Dubbert et al., 2014bjhere was anyWPD effects onWUE during our monsao 2013 field
study in S. KoreaWUEeco calculated after includinyPD effects and excluding thePD
effects were no different (Data not shown). Thhe,VPD effects wereexcluded in equation
(2.8.2 and 2.8.3).

2.8.3 Agronomic water use efficiency

Agronomic WUE (WUExgro) is defined as the ratio of biomass production (grain yield) per
amount of evapoainspiration [ET) (equation 2.8.4).

32



Water use efficiency of rainfed and paddy rice ecosy$t&mone NayHtoon

» YO _— (2.8.4)

All differentWUE calculations were summarized in tiadlell -3.

2.9 Statistical Analysis

Two statistical tests were used to evaluate the model performaaagydDVI, LAI, ET, GPP
and RcoSimulation: i) root mean square err®&MSE equation 2.8.5) and ii) model efficiency
(ME, equation 2.8.6)Nash and Sutcliffe, 1970)

YO YO -B Y O (2.8.5)

where,RMSE= root mean square differen@ = thei™ simulated valueii = thei™ measured

value, andch = the number of data.

B
B

DO »p (2.8.6)
where,ME = Nseff model efficiencyS = thei™ simulated valueMi = thei'" measured value,

Mavg= the averaged measured value, ardthe number of data.

To test for a relationships between daily average environmental varigbaldiation, Tir, Tsal,
VPD, SW(@ and measured canopy fluxes (sum of day tN&&, GPP, R ET), a Spearman
rank order correlation was performda compare the water use efficiencies of the rainfed rice
and paddy rice, the normality of allWfUEsandWUEcomponent dataere tested by Shapiro
Wilk test. When the data is normally distributedtest was performed and otherwise,
Wilcoxon-MannWhitney Rank Sum test (a ngrarametric ANOVA)was performedAll
statistical analysis were performed using R statistical softwengon 3.1.2R Core Team,
2014)
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Tablell -2 Field measurements campaigns carried out in 2013.

Rainfed | Paddy NDVI LAI, |Rainfed| Paddy
DOY | canopy |canopy UAV Biomass,| leaf leaf
fluxes | fluxes ABc fluxes | fluxes
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Tablell -3 Different water use efficiency calculation methods applied in this study

Water use Temporal scale
efficiencies P Spatial scale Equations Methods
WUE: = Amav/gs *  Ama and gs of an uppermost fully expanded leaf
was measured at different growth stages by a gas
WUE; Seconds to Day Leaf where Amax 1s maximum COz assimilation and g: is] exchange analyzer with a leaf cuvette where
stomatal conductance to H2O microenvironment CO> 400 pmolmol™” and PAR
. . 1500 pmolm™s™)
. ) o Ama and T of an uppermost fully expanded leaf
inWUE=AT was measured at different growth stages by a gas
inWUE Seconds to Day Leaf ) o ) L exchange analyzer with a leaf cuvette where
where A is CO; assimilationand 7'is transpiration microenvironment CO> 400 wmolmol™ and PAR
. . . 1500 pmolm™s™)
( L _ABc a)
pﬂ b —a
WUE, y13¢c = 1.6 + Leaf samples of the whole canopy of rainfed and
Growth stage N ) i CO o1 b paddy rice were collected at different growth
WUE; "¢ (Integrated d;ys) Bulk leaf }‘* ere pa 18 atmospheric CO2 partia press‘ure,‘ahls thel  stages (n=6). Harvested leaf samples were freeze-
g rication during binary diffusion of air which i 4red and stored under the moisture free
4.4%o, b is the frication duration carboxylation in C3 condition, until the s8¢ analysis.
plants (29.5%o), factor 1.6 is the ratio of diffusivitiey
of water vapor and CO: in the air.
Growth stage . Bulk leaf §°C was divided by the average VPD
inWUE 4°¢c = Bulk leaf WUE; y13c /VPD (Farquhar et al., 1989) of the specific growth stage which biomass was

(Integrated days)

harvested.
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Tablell -4 Different water use efficiency calculation methods applied in this gtDdgtinued)

Water use
efficiencies Temporal scale Spatial scale Equations Methods
WUE.4bg/Te = AbG/T Growth stage integrated canopy WUE was
- Growth stage Where Abg is above ground biomass harvested at a ce‘:lculated as the atio of <.irled above ground
WUEc.4bg/Tc Canopy . ) . biomass harvested at a specific growth stage to
(Integrated days) specific crop growth stage and Tc is the integrated . . -
L. o . the integrated daily canopy transpiration of the
canopy transpiration of days within the specific e .
days within the specific growth stage.
. I __growthstage | -
WUEecs can be calculated as the ratio of gross CO2
fluxes to evapotranspiration
! WUEeco = GPP/ET Daily WUE.c, was calculated based on measured
ecosystem carbon and water fluxes, measured at
WUE.co Day to Season Ecosystem WUE.co can also be calculated as the ratio of net different growth stages.
CO2 fluxes to evapotranspiration: Growing season WUE.., was calculated based on
WUEeo = NEE/ET the integrated carbon and water fluxes of the
whole growing season (i.e., 120 days).
Where GPP is gross primary production, NEE is net
e » . __primary production and ET is evapotanspiration . | .
Number of panicles and spikelets of three
replicated sample plots (1m” size) of rainfed and
paddy rice were counted. All the panicles from
the sample plots were harvested and ovendried.
WUEagro Season Field WUE.agro = Grainyield /ET Randomly selected 1000 rice grains were weight
and % of filled grains were counted. Finally,
grain yield (Kgha') is calculated and WUEagro
was calculated as the ratio of grain yield to crop
. R . ) seasonal total ET gm3hq'_')._____
TE Crop season TE is calculated as the ratio of grain
(Transpiration Season Field TE = Grainyield/ T yield (Kgha) to crop season total transpiration
efficiency) (m’ha™l).
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II. Environmental condition and crop growth

3.1 Meteorological conditions of the study site

3.1.1 General meteorological conditions

The weather condition of the study area generallpvigdd the typical East Asian temperate
monsoon climate system. Annual total rainfall of 1332 mm in 2013 was less compared to 30
years annual average of 1391 mm (12810)(Choi et al., 2013)There was a dry period with
almost no rainfall between DOY 190 a2@5, which resulted in very low (0.183m®)
volumetric soil,water content. However, because of high intensity of some rain events, the
total precipitation, 972.6 mm of rice growing season.(iMay to September) was above the
mean of 30 year total precipitation, 799.2 mnDaily solar radiation reached its annual
maximum, 26.9 MJmd?, in May but onward from the end of June, daily solaratiain
declined, as low as 2.0 MJu in July with 5 ¢ 1.8) sunshine hours per day. Mean, minimum
and maximum air temperatur€ag) during rice growing season were 23G, 13.9 C (May)

and 28.8 C (August), respectively. The highektytime relativehumidity (RH) was 98.31 %,
occurring in August and the lowedaytime RH, 51.73 % in May. Minimum and maximum
wind speed was 0.3 (May) to 2.37 k{duly) (Figurelll - 1a, 1b, 13.

Under paddy rice condition, water availability was not limited as irrigation was supplied while
rainfed rice had two significant dry periods due to the lack of precipitation. The first dry period
was reported in between DOY 190 and 205, during the lag sfgpanicle initiation (Booting)

and the second dry period was reported in between 215 and 235, during the flowering stage.
Both dry periods happened during the critical crop grostéiges, whictare reported as the

most susceptible growth stages to watieess. Despite of those two dry period, rainfed rice

also had enough water supply due to high intensity rain events in monsoon 2013.

An increase in air temperaturé€ag) was reported during the dry period (between DOY 190
and 235Figure 1l -1). Tair during that period was the highest of monsoon rice growing season
2013.
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Figure Ill -1 Meteorological conditions during monsoon 2013. (a) daily averages of wind speed
(ms?) and relative humidity (%); (lmjaily averages of air temperatur€} and radiation (Mjm
2d1); (c) daily total rainfall (mmd) and daily average volumetric soil water content at 5cm

depth (n%m‘3). Note Volumetric soil water content data is not available starting from the day oPg&as
thevolumetric soil water sensors were uninstalled from the site of study, to ship back to Bayreuth.
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