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Abstract

Jing, Q., 2007. Improving resource use efficientyice-based cropping systems: Experimentation
and modelling. PhD thesis, Wageningen Universityagéhingen, the Netherlands. With
summaries in English and Dutch, 145 pp.

To cope with the projected increase in food demand increased environmental
concerns, rice-based cropping systems combininly legource use efficiencies and
high yields will be increasingly important. By coming experimental research with
crop growth simulation, this study aims at a betfeantitative understanding of crop
production and nitrogen dynamics in irrigated ndeeat (RW) systems to improve N
management as a basis for the design of RW sydtemhsombine high yields with
high N use efficiencies.

The various field experiments included differererigenotypes, environments,
and N fertilizer and water management. Experimedéah was used to evaluate the
rice crop growth model ORYZA2000, which performedisfactorily. The model was
applied to explore options for different N managatmegimes combining high yields
and high nitrogen use efficiency, and to identifye trelative importance of
environmental factors affecting yield and nitrogese efficiency. Average rice yields
of around 10-11,000 kg Hawvere simulated with fertilizer N rates of aroun@dzg
ha', with high nitrogen use efficiency in three eqgsaplits at transplanting, panicle
initiation and booting at Nanjing, China. Indigesosoil N supply affects yield and
internal N use efficiency (INUE, kg grain per kgugtake) more than weather at low
N rate, but its effect is reduced at high N ratemperature contributes more than
radiation to the variation in rice yield, N uptadked INUE.

The study resulted in better understanding of él&tionship between yield and
N dynamics in rice-based systems and in a RW midiegrating existing crop and
soil models and using results from own experimeiitdis model is a promising
research tool to design and to develop rice-basepptg systems with high yields
and high resource use efficiencies.

Key words  Nitrogen; Yield; Rice; Wheat; Environment; Simiite; Soil; Organic
matter; Water; Denitrification
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1 General introduction
1.1 Background

In next two decades world food demand is projetteshicrease with 60% due to the
growing population (Cassman, 1999; FAO, 2003; KhiX05). Especially in Asia,
population growth rates are high, while the demantlrther increased through the
shift in Asian diets from staples towards livest@eid dairy products associated with
the fast growing economies (Pingali, 2007). Ricenésmajor staple crop in Asia, from
the cool sub-tropics to the warm humid tropics (Aid). The total rice area in Asia is
about 143 Mha, of which 73 Mha are irrigated, pimdg more than 70% of the global
rice production (IRRI, 2002). In the tropics, twar- three-seasons of rice production
per year are possible, depending on the avaiklmhtwater. Only one rice crop per
year can be grown in part of the sub-tropics, duéotv temperatures in the winter
period. Instead, winter crops, such as wheat apeseed, are grown in rotation with
rice. Of these, rice-wheat (RW) cropping systemsupg 26 Mha in Asia, mainly in
the Indo-Gangetic Plains (IGP) and the Yangtse IRBasin of China (Fig. 1.2). Main
characteristic of these RW-systems is the alteynatf anaerobic (flooded) and
aerobic soil conditions under rice and wheat, reypaly (Timsina and Connor, 2001).
China’s rice area currently totals about 30 Mhawbich 90% is irrigated (Huanet
al., 2001), and 9-13 Mha is rotated with winter wheatording to different estimates
(Daweet al, 2004; Hukeet al, 1993; Ladhat al, 2003; Timsina and Connor, 2001).
The potential to expand the area for cereal praolugs limited because suitable land
is scarce (Tonegt al, 2003). The current agricultural area is evereeigd to decrease
in the future due to the increasing competitionléd by urbanization and industrial
development (Brockherhoff, 2000; Chen, 2007). Tlwees increased production per
unit of area needs to be the main strategy to meduore food for a growing
population.

Rice yields strongly vary over Asia, from less ti2alg ha' to more than 15 Mg
ha' (Horie et al, 1997; Romyeret al, 1998; Whitbreackt al, 2003; Yinget al,
1998a, b), depending on location and variety. Aameause of yield differences is the
variation in environmental conditionise. climate and soil (Horiet al, 1997; Yinget
al., 1998a). In general terms, yield is the resuthefinteraction of Genotype (cultivar
characteristics), Environment (climate and soil dibons) and Management
(irrigation and fertilizer regime). The relative portance of each of these factors on
yield in various environments is still poorly unsterod.
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Figure 1.1 Agroecological zonation of Asia. Domihagroecological zones:
1. warm semi-arid tropics; 2. warm sub-humid trapi8. warm humid tropics;
5. warm semi-arid sub-tropics with summer rainféll;,warm sub-humid
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rainfall; 8. cool sub-tropics with summer rainfa{Source: IRRI, 2002).
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1.2 Challengesin rice-based cropping systems

Especially the use of mineral fertilizers in Chifeas contributed to the
spectacular yield increase in RW systems betweenl860's and 1990's. Recent
studies show that yields of both crops stabilizé da not increase as rapidly as in the
past (Fig. 1.3). As a result, agronomic efficieray nitrogen,i.e. the incremental
increase Iin grain yield that results from N applaa deceased in rice from 160 kg
kgt in 1961 to 10 kg Kgin 1996, and in wheat from 44 to 6 kg'k{Tonget al,
2003). Among the provinces with intensive RW crogpsystems in China, average
fertilizer N input is highest in Jiangsu with ratesabout 500 kg N per ha per year
(Zhuet al, 2000). Associated fertilizer N recovery is 30%3, both crops (Let al,
2000; Penget al, 2002; Zhu and Chen, 2002). On the one handsskeeN fertilizer
rates have increased emissions of greenhouse gadgsollution of water resources
(Richter and Roelcke, 2000; Xing and Zhu, 2000;get al, 1996; Zhwet al, 2000;
Zhu et al, 2003; Zhu and Chen, 2002), while on the otherdhiacreased fertilizer
inputs have increased production costs resultindower net returns for farmers
(Wang et al, 2001). Future rice-based crop production shaitd at high yields
combined with high nitrogen use efficiency, thusre@asing farmers’ profitability and
limiting negative environmental externalities.

8000 500
—o— Rice yield
7000 "N aRe S
- 400 &
s 60004 A 2
e | T c
o P O
x o
& 5000- s - 300 &
~ =
> 4000+ &
L 200 £
3000
2000 . . . 100
1985 1990 1995 2000 2005

Year

Figure 1.3 Trends in N input and yields of rice amgeat in RW systems in China. Yields
and N inputs are the means of Jiangsu, Anhui, HabdiSichuan Provinces.
Bars are the deviations of N inputs among provir{&sirce: China Statistical
Yearbook, 2004).
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Irrigated rice-based cropping systems are amongridier water users in Asia
and account for around half of all diverted frestewan Asia. Rice is usually irrigated
with 2 to 3 times more water than other irrigatedleals (Tuonget al, 2005). The
increasing scarcity of water and competing claimswater by other sectors (CA,
2007; FAO, 2003) require that agriculture uses wedsources more efficiently than
in the past. Recent research has focused on watgrgstechnologies, especially in
rice cultivation. A range of new irrigation and wuhtion methods have been
developed, which basically consist of growing nceler more aerobic conditionss.
no continuous flooding during the growing seasowoidance of a continuous water
layer reduces water losses due to percolationnagai and evaporation (Boumanh
al., 2007). The alternation of aerobic and anaerd@ibld conditions in rice systems
affects the sustainability of rice production, eowmental impact, and N dynamics.

1.3  Simulation of rice-based cropping systems

Cropping systems consist of numerous complex atetaating biological processes,
which can be influenced by human management. (fiatton of these complex
processes helps to increase understanding of cowptly and facilitates the design of
new management strategies aimed at combining higldsyand high resource use
efficiencies. Modelling is an important tool to dgply describe the relationships
between the various components of complex systdmseget al, 2003; Keatinget
al., 2003; Van lIttersurat al, 2003). It increases insight into relevant preessallows
study of the effects of crop management, and eaptor of possible consequences of
management modifications. Once a model has beampeéerized and validated, it can
be used in support of analysis and interpretatidielnl experiments, for extrapolation
of experimental results over a wider range of managnt practices and weather
conditions, and to explore and derive, for exametficient N management strategies
(Boumanet al, 1996).

Since the 1980’s, many crop models have been deseél(Hoogenboomet al,
2004; Jonest al, 2003; Keatinget al, 2003; Van Ittersunet al, 2003). The crop
growth models CERES-Rice and CERES-Wheat (CERES8p Estimation through
Resource and Environment Synthesis) have beenedpijoli studying RW systems in
northern Bangladesh and northwest India (Sarkakamd2006; Timsinat al, 1998).
Existing models have problems simulating RW systerasvarious soil processes
perform quite differently under anaerobic and aeraonditions, a main feature of
these systems (Probert, 2002; Shébwal, 2006; Timsina and Connor, 2001; Timsina
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and Humphreys, 2006). A comprehensive modellingnéaork that is able to
simulate crop growth under both contrasting saildibons does not yet exist.

1.4  Objectives

This study aims at better understanding of cropwgroand nitrogen dynamics in
irrigated RW systems as a basis for improved N mament in these systems as a
component in the design of RW systems that combigé yields of the desired
quality with high N use efficiency. | combine exjpeental and modelling approaches
to improve insight in the underlying processes.

Specific objectives of my study comprise:

* Quantification of the contribution of genotype agmvironment to yield and grain
qguality, and identification of the relative impantee of environmental factors
affecting yield and N use efficiency of rice.

* Assessment of the relative effects of indigenous Sosupply and N-fertilizer
regimes on yield of irrigated rice, as a basis floe design of improved N
management strategies for high-yielding and N uBeient irrigated rice-wheat
systems in China.

 Analysis of the N response and N use efficiencyRW systems through a
dedicated field experiment.

* Development of a rice-wheat rotation model (RIWER) quantification of N
dynamics and exploration of management options @Giatehigh resources use
efficiency in RW systems.

1.5 Outlineof thethesis

The background and justification of this study described in this Chapter. Based on
results of a multi-location rice experiment acréssa, Chapter 2 quantifies the effects
of genotype, environment and their interactiongaain yield and quality. Data from
these experiments in combination with the rice ghomodel ORYZA2000 are used in
Chapter 3 to analyse the contribution of environtalefactors to yield and N use
efficiency. Chapter 4 examines N management siegdg increase N use efficiency
in rice using a modelling approach. Chapter 5 dlessrthe results of a two-year RW
experiment aimed at quantifying N response and &l afficiency in RW systems. A
RW-simulation modelling framework has been devethgmmsed on existing models
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and aiming at comprehensive analysis of RW systefhs. model RIWER (Rlce
WhEat Rotation) is described in Chapter 6. Finalgneral conclusions are presented
and prospects for model application in resource arsaysis and management are
discussed in Chapter 7.
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ADbstract

The consequence of the still rapidly growing popata of Asia is an increasing
demand for rice with well-defined grain quality cheteristics. Yield and quality of
rice depend on the interaction between genotyparatteristics and environmental
conditions. This study describes the results ofdfiexperiments in eight agro-
ecological zones of the tropics and subtropicssacAsia during 2001 and 2002. The
aim of the standardized experiments was to stuay ghrformance of five rice
genotypes in terms of yield, harvest index (HI) aqndhlity (protein and amylose
content) in different environmental conditions. Tgenotypes included Japonicax
indica crossbred Takanari, indica IR72, japonicgsphinbare and Takenari, and the
indicaxjavanica crossbred IR65564-44-2-2.

There were significant differences in grain yield|, protein content, and
amylose content among genotypes. Averaged ovetidnsaand years, yields and His
of Takanari were highest, while amylose conteniRd2 was highest. Environmental
differences explained 80% of the observed variatiograin yields, and 66% of the
variation in HIs. Low yields at tropical locatiomgere associated with low radiation
interception, resulting from fast phenological depeent during the vegetative
phase, and low HI resulting from poor grain formaatduring the reproductive phase.
The variation among genotypes in yield and HI cdogdwell described by second
order polynomial equations based on average termyperduring the ripening period
(ATR). Amylose content of rice grains differed argogenotypes, which explained
72% of the total variation, compared to 24% by smwnental conditions. Grain
amylose content was linearly and inversely coreeldb ATR. Protein content was not
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significantly different among locations mainly basa of the similar N management
across experiments.

Results may support selection of genotypes foretady yield and quality
characteristics under well-defined environmentaldsions, and provides information
for adapting crop managemeetd.sowing date).

In addition, the multi-location data set can bedus® improve dynamic rice
simulation models with respect to simulation of igraguality and better
characterization of different rice genotypes.

Key words: yield formation; harvest index; protemntent; amylose content.

2.1 Introduction

Asia's irrigated rice area of 73 Mha produces mivan 70% of the global rice
production (Maclearet al, 2002). About two-thirds of this area is locatedthe
tropics and the remainder in the subtropics (Hosaad Laborte, 1993). To cope with
the projected population growth and the associategtase in food demand, average
irrigated rice yields in Asia must increase witt¥6€rom 4.9 t hd to 8 t h&d in 2025
(IRRI, 1995). Yields in tropical areas are ofterlope5 t ha' (Dobermannet al,
2003a; Romyert al, 1998; Whitbreackt al, 2003), while those in subtropical areas
often exceed 6 t Ffa(Dobermanret al, 2003a; Horieet al, 2003; Jinget al, 2005).
Past research has compared the productivity ofimiseibtropical and tropical areas to
identify growth factors contributing to this difesice. For example, Yingt al
(1998a) found in two years that the same high-ngldienotypes yielded 33 and 62%
more under subtropical than under tropical condg&ioln these experiments, under
optimum management and ample supply of water arndents, temperature and
radiation were the main yield-determining factdraug Ittersum and Rabbinge, 1997).
However, effects of these climatic factors were fotther analyzed in these
experiments. Horieet al (1997) reported that irrigated rice yields weffeced by
genotypic characteristics, location and their im¢&ion (GxE). However, they did not
quantify the contribution of the individual factdsthe yield variance.

Remarkably, very few attempts have been made ttyan#he performance of
irrigated rice across subtropical and tropical srea Asia. Where available, such
reports are descriptive and do not explain yieftedences (Yinget al, 1998a). Sound
comparison among sites is only possible when exymsris are carried out and data
collected according to standard protocols. Thidifficult to realize, which may
explain the scarcity of systematically collected pgmal information on the
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interaction between rice genotypes and environmeatsoss Asia. Better
understanding of genotype-environment interactidasilitates design of new
genotypes, identification of test conditions, amh@type selection for specific well-
defined conditions (Jacksa al, 1996; Yan and Hunt, 1998).

Yield is a function of biomass production and theportion of that biomass
invested in the grains (harvest index, HI) (Cocld &foshida, 1972; Murata and
Matsushima, 1975). Future yield increase must tdsoin improvements in one or
both components (Farradt al, 1998). Intercepted photosynthetically activeiatdn
(IPAR) and crop-specific radiation-use efficien®UE, biomass produced per unit of
IPAR) determine biomass production. Assimilates @oain filling originate from
photosynthesis after flowering and from reservesest in culms and leaves during the
vegetative period. Longer crop growth durationsadiag to higher radiation
interception, result in higher yields if associateith favorable RUE and HI. High
temperatures during vegetative growth stages aedelerop development, shortening
crop growth duration, resulting in lower grain yiel The photothermal quotient (PTQ,
the ratio of average radiation intensity to aversgeperature during the grain filling
period) has been proposed as a single indicatoapture the combined effect of the
yield-determining factors radiation and temperaturgyields (Nix, 1976).

As basic food security in Asia improves, demandrioe with superior quality
properties increases. Grain quality will becomenewsore important in the future,
when the economic situation of the very poor—mahwioom depend on rice as their
staple food—improves and they demand higher quaitty (Juliano and Villareal,
1993). The nutritional value of rice is relatedit®protein content, while its amylose
content is an important indicator of cooking anaistomption quality (Juliano, 1985;
Lii et al, 1996). Low amylose content increases water alisor, volume expansion,
and stickiness of cooked rice (Delwicheal, 1996), while high amylose content is
associated with hard grains after cooking (Julid®®8). Preferences for soft and hard
rice grains vary widely across Asia. Quality ché&eastics of rice are formed during
grain filling, and are determined by environmerdad genotypic factors and their
interactions. However, these interactions are poamderstood, which hampers
breeding of rice varieties with targeted qualityaicdcteristics. Systematic data on
quality characteristics of different rice varietig®wn under tropical and sub-tropical
conditions are scarce.

The objective of this study is to compare and esalugrain yield and grain
quality (protein content and amylose content) amfwvg rice genotypes (G) in two
tropical and six subtropical environments (E) ingsand to examine their variation
on the basis of environment x genotype interact{@vsE). To realize this objective,
multi-location experiments with these genotypesehdeen carried out, using a
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standard protocol, which are described in the geatnaterials and methods. In the
results section, variations in grain yield and duaamong genotypes and locations
and their interactions are analyzed. To better tgtdied and explain the results, RUEs,
PTQs and the relationships between on the one hamthge temperature during
ripening (ATR) and on the other hand yield, HI agchin amylose content are
quantified. Finally, results are discussed withpees to their contribution to the rice
research agenda.

2.2 Materialsand methods
2.2.1 Experimental locations

The two-year multi-varietal field experiments wegeried out in South and East Asia
in the framework of the Asian Rice Network (ARICENE(Horie et al, 2003),
according to a standard protocol for experimentakigh, crop management,
observations, measurements and processing of tamletata. In 2001, there were
seven experimental sites of which five in subtrapiregions,i.e. lwate, Nagano,
Kyoto and Shimane in Japan, and Nanjing in Chinal, tavo in tropical regiong,e.
Chiangmai and Ubon in Thailand (Fig. 2.1). In 200, subtropical location Taoyuan
in China was added.

JAPAN
at
CHINA Hagann it
Shimane Kyato
Harjing _ & :
Site Latitude Agroecological zone
- Taoguan lwate 382"  Cool subtropics
Nagano 3%2'  Cool subtropics
Chiangha Kyoto 3803 Cool subtropics
Shimane 327 Cool subtropics
— Nanjing 320  Warm subhumid subtropics
THAILAND Taoyuan 2%9 Warm/cool humid subtropics

Chiangmai 138’ Warm subhumid tropics
Ubon 120’ Warm subhumid tropics

Figure 2.1 Location of the experimental sites ameldagroecological zonation based on
Maclean et al. (2002).



2 THE PERFORMANCE OF FIVE RICE GENOTYPES . 11

2.2.2 Experimental design and crop management

At each experimental site, five genotypes wereetksincluding indica, japonica,
indicaxjaponica, and indicaxjavanica types (Tabl&).2All experiments had a
randomized block design with 3 replicates and & gilte of 20 i At transplanting,

40 kg N h& was applied, and 20 kg N havas top-dressed every 20 days until 10
days after heading, so that N fertilizer supply Km ha' d*) varied from 0.94 at
Nagano and Shimane to 1.05 at Chiangmai. In adgifid0 kg ROs ha' and 120 kg
K,O ha'were applied as a basal dressing. Rice seedlirthsivid 5 leaves, depending
on genotype, were transplanted at 2 plants,hsihaced at 30 cm between the rows and
15 cm within. During the experiments, experimefitgltls were continuously flooded,
and weeds, pests and diseases were adequatelgliszhhy biocides.

Table 2.1 Genotypes, their acronyms, plant typkdraracteristics.

Genotype Acronym Plant type Characteristic
Takanari TA indicaxjaponica crossbred  High-yielding

IR72 IR indica IRRI standard
IR65564-44-2-2 NP indicaxjavanica crossbred  Newtdigpe of IRRI
Nipponbare NI japonica Japanese standard
Takenari TE japonica Japan old genotype

2.2.3 Observations and measurements

The vegetative period is defined in this studyia tfrom emergence to panicle
initiation, the reproductive period from paniclétiation to flowering, and the ripening
period from flowering to maturity. Panicle initiati was identified as the moment that
the panicle was visible as a white feathery cond.6f1.5 mm in the main culm,
flowering as the moment the stamen were visiblaleninaturity was recorded when
less than 10-15% of the grains was still greenfealoAt transplanting, 20 plants were
sampled for each genotype; at 20 days after transpg, panicle initiation, two weeks
before flowering, flowering, two weeks after flowsy, and at maturity, eight hills per
genotype were harvested for green leaf area measuatgand leaf area index (LAI)
was calculated. At maturity, plants were partitidreto leaves, stems combined with
sheathes, and panicles, and were dried till cohstaight in an oven at 80 °C. Spikelet
numbers per panicle were measured, the spikelglitjfewas determined from the
number of filled grains per panicle, filled gramsre selected in a NaCl solution with
a specific gravity of 1.03. Grain yield were mea@slion a plot of 2 iy yield was
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expressed at a moisture content of 14%. Harvesiiidl) was defined as grain yield
divided by total aboveground dry weight.

Protein and amylose contents of rice grains weterngened in Iwate, Kyoto and
Nanjing in 2001, and in Shimane, Nanjing, Taoyuaa @hiangmai in 2002.

Grain samples were threshed milled and ground @épamation for protein and
amylose analysis. N content was determined by nigetdahl digestion, distillation,
and titration, and converted to protein contentnyltiplication by 5.95 (Juliano and
Villareal, 1993). Amylose content was determinedoading to the modified assay
described by Julianet al (1981) and Juliano and Villareal (1993). Dailyatreer data
recorded at weather stations at each experimemtation, included radiation (RD)
and maximumTa) and minimum T,,i,) temperature.

2.2.4 Dataanalysis

GenStat for Windows, 8th Edition (http://www.vsrttioom/genstat/) was used in data
analysis,.e. establishing effects of genotype, location and,yaad their interactions
on yield, harvest index, protein content and ang/losntent. The method of residual
maximum likelihood (REML) was used, which providefficient estimates of
treatment effects in unbalanced designs and alkwedysis of incomplete data sets
(data of Taoyuan for 2001 were missing) (Welham &hdmpson, 1997). Statistical
differences were determined using Wald statistidgerage values of analyzed
variables for the two years are given when the yegenotype interaction was not
significant.

GenStat was also used to determine regressionsilyf average temperature
during ripening (ATR) on yield, HI, and amylose temt.

Intercepted photosynthetically active radiation A was calculated from
radiation:

IPAR= 05x RDx (1-e™") (egn 2.1)

wherek is the light extinction coefficient of rice, whigh set to 0.4-0.6 depending on
the crop development stage as used in the rice gropth model ORYZA2000
(Boumanet al, 2001);L is daily leaf area index of the canopy, calculawgdinear
interpolation from measured LAI at various growtages.

PTQ is defined by Nix (1976) as the ratio of mealydtotal incident solar
radiation for an interval to the mean temperaturaus) a base temperature. It is a
gross measure of light energy available for phattiesssis per unit of developmental
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unit, a high PTQ indicates that more biomass idpced per developmental unit.
Considering the differences in crop phenology & different locations, PTQ was
calculated over a period of 30 days prior to angh@slam and Morison, 1992), using
intercepted radiation (Fischer, 1985):

IRD
+T

max

PTQ (eqn 2.2)

 05x%(T, )-T,

in

wherelRD is intercepted radiation, calculated from measuaeliation using equation
(1), Tmin andTax are daily minimum and maximum temperature, respaygt while T,
is the base temperature, for rice set to 8 °C.

2.3 Results
2.3.1 Weather and growth duration

Daily average radiation and temperature duringttinee phenological stages at the
eight locations are shown in Table 2.2. The vamatin radiation among growth
periods was in general smaller in both tropicaatams than in the sub-tropical areas.
On average, radiation was higher in the subtropazaitions during the vegetative and
reproductive growth periods, but was highest imtiaipical locations, Chiangmai and
Ubon, during the ripening period.

Table 2.2  Daily average incoming radiation and age temperature during the
vegetative (V), reproductive (Re), and ripening @Rages of rice at eight
locations in Asia (average of 2001 and 2002).

Daily average radiation 2d(MJ m? d')  Daily average temperaturessl (°C)

sd Re sd Ri sd V sd Re sd Ri sd

Iwate 157 0.04 13.3 0.27 10.6 0.49 18.9 0.22 23.05 16.6 0.91

Nagano 19.1 0.18 20.2 0.89 139 0.50 20.2 0.242 26 22.1 0.69

Kyoto 155 0.13 151 0.24 125 0.24 229 0.26 21.05 25.0 0.57

Shimane 16.0 0.11 18.7 0.51 13.0 0.70 21.1 0.283 2¥.33 23.6 0.87

Nanjing 154 0.02 144 031 141 0.22 27.2 0.06.720.66 24.8 0.78

Taoyuan 186 0.11 16.8 149 153 1.62 25.2 0.116 2563 24.2 0.35

Chiangmail4.9 0.55 16.0 0.24 159 0.21 28.1 0.16 27.7 @82 1.11

Ubon 17.0 0.18 16.1 0.74 158 0.71 28.5 0.06 28.25 27.7 0.22

Vegetative is from emergence to panicle initiati@productive from panicle initiation to

flowering, ripening from flowering to maturity.

sdis standard deviation for the five genotypes.

Location
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Daily average temperature in subtropical locatiavas highest during the
reproductive growth period, while in tropical locats it was lower during the
ripening period than during the vegetative peridderage daily temperature during
ripening was lowest in Iwate (16°6), i.e. about ten degrees lower than in Chiangmai
and Ubon. The large standard deviation of daily perature during ripening at
Chiangmai is associated with large differencesrowgh duration of genotypes at this
location.

Average lengths of the phenological stages, vegetative, reproductive, and
ripening, at each location are shown in Fig. 2.2.ti#e subtropical locations, the
vegetative and ripening periods were longer, wihile reproductive periods were
shorter than at the tropical locations. At the smyfuital locations, the vegetative
periods were substantially longer than the reprbge@nd ripening periods, while in
both tropical locations, the vegetative periodsenauch shorter, at Ubon even shorter
than the reproductive period. Ripening periods atafgmai and Ubon were on
average shorter than those at the subtropical sites

Days
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i
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i

Iwate Shinshu Kyoto Shimane  Nanjing Taoyuan Chiangmai  Ubon

Sites
Vegetative [0 Reproductive Ripening

Figure 2.2 Average length of the three phenologstatjes of five rice genotypes at eight
experimental sites in Asia. Vegetative phase s femnergence to panicle
initiation, reproductive from panicle initiation tilowering, ripening from
flowering to maturity. Bars in each column represire standard deviation
among five genotypes.



2 THE PERFORMANCE OF FIVE RICE GENOTYPES . 15

232 Yidd

Yield variation across locations and genotypes

Average yields across experimental locations wegsifecantly different among the
five genotypes (Table 2.3). In general, yields e tndicaxjaponica crossbred (TA)
and the indica genotype (IR) were higher than tledgbe japonica genotypes (NI and
TE) and the indicaxjavanica crossbred (NP). TAi¢t the highest average yields
and the new genotype developed at IRRI (NP) thesbw

Table 2.3  Average grain yield, harvest index (lghptein content and amylose content of
five rice genotypes across different locationsant8 and East Asia in two years
(2001 and 2002).

Genotype Yield (kg H§ Harvest index(-Protein content (Y%Amylose content (%)
TA® 7613 4 048 A 8.0 a 85d

IR 6619 b 0.42 B 7.1 ab 19.9 a

NP 5430 c 03 C 70 b 10.3 bc

NI 5880 c 041 B 7.4 ab 9.7 ¢

TE 5932 c 039 Bc 75 ab 108 b

Source of variation and its contributfon

Location (L) 0.807 (**)  0.655 (**) (NS) 0.238 (¥*
Genotype (G)  0.092 (**)  0.215 (**) 0.266 (*) 0.77%)
LxG 0.101 (**) (NS) (NS) 0.041 (**)
Year *) (*) (*) **)

Year x G (NS) (NS) (NS) (NS)

#See Table 2.1 for explanation of acronyms.

®Within a column, values followed by different lega-d) are significantly different at the
0.05 probability level.

“Calculated as sum of square (SS) of environmendetivby total SS (SST).

* ** Significant at the 0.05 and 0.01 probabiligvels.

Grain yields were consistently low at Iwate, Chiayag and, especially, Ubon
(Table 2.4). Yields for all five genotypes wereliegt in Taoyuan, while Kyoto scored
second for TA, IR, NP, and TE in both years. Lamatexplained 80.7% of the yield
variation (sum of squares), genotype 9.2%, andrédmainder was due to their
interaction (Table 2.3).
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Table 2.4  Grain yields (kg H of five genotypes at different locations in Asigerage of
2001 and 2002).

. Genotype
Location 3
TA IR NP NI TE Average

Iwate 659%" 3902de 2957e 5360c 5308 c 4824
Nagano 909% 6164c 5850bcd 7679ab 7558 b 7269
Kyoto 10009ab 914% 715%9b 6769bc 6758 bc 7968
Shimane 9091 8580ab 6868c 7257b 7134 b 7787
Nanjing 852 6906bc 5310cd 6500bc 6878 bc 6824
Taoyuan 1092a 1061& 9301a 9749a 10432 a 9920
Chiangmai 4564 5456cd 5029d 1939d 1978 d 3793
Ubon 1646 2184 966f 1448d 1499 d 1505

#See Table 1 for explanation of acronyms;
PWithin a column, values followed by different lettga-f) are significantly different at the
0.05 probability level..

Response to temperature during ripening
The relationship between average daily temperaturgng the ripening phase (ATR)
and yield (Y) can be described by a polynomial (Ri@):

Y = Ymax + S(X - ATRnax)z (eqn 2'3)

where Ynax IS maximum yield under given crop managemeéiR,.x optimum ATR
for obtainingYy.x ands a shape parameter describing the steepness ciithes.

The parametes (Table 2.5) is constant for all genotypes (s =2-&Y, indicating
constant relative decline in yields per degree tmampre difference from optimum
ATR. ATR,a Of the indica and indica-japonica crossbred gemey TA and IR, is
significantly higher than that of the japonica ggmpes, indicating the better
adaptation of the latter to lower temperaturesrduripening. At optimum ATRYmax
of NP under the management applied, is lower thase of the other genotypes, that
do not show significant differences, in contrast ttee yields obtained in the
experiments (Table 2.4). This implies that for thgenotypes ATR was suboptimal in
the experiments.
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Figure 2.3 Relation between yield and average daifgperature during the ripening stage
for the different genotypes at different sites sieAduring 2001 and 2002. See
Table 2.1 for explanation of acronyms of genotypes.

Table 2.5  Parameters of fitted curves of secon@opolynomials for yield (¥a) and
harvest index (HI) on daily average temperatureiigithe ripening phase.

Genotype Yield HI

Ymax se ATRn.x S€e s se Hlhax se ATR.x S€ S se
TA? 9579 585 22.1 045-172.5187 0.56 0.03 22.3 0.53-0.006 0.0008
IR 8711 566 22.0 039 id. id. 050 0.02 22.2 0.46id. Id.
NP 7579 556 21.5 038 id. id. 0.43 0.02 21.7 0.45id. Id.
NI 9441 682 21.1 038 id. id. 0.53 0.03 21.8 0.45id. Id.
TE 9368 657 20.6 038 id. id. 0.50 0.03 21.3 0.44id. Id.

®See Table 2.1 for explanation of acronyms
bseis standard error.

PTQ analysis

Yield for all genotypes was positively and sigraintly correlated with the PTQ 30
days prior to anthesis (Fig. 2.4), although thatreh was different for the japonica
genotypes, TE and NI, on one hand and the indicandthe crossbreds TA and NP
on the other hand. In general, the japonica gemstyghow higher yields at lower
PTQs and lower yields at higher PTQs than the @died the crossbreds, suggesting
lower yield increase per unit of developmental timethe japonica genotypes.
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Yield (g m?)
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Figure 2.4 Relation between grain yield and photothal quotient 30 days prior to
anthesis in two years for different genotypes #iedint locations in Asia. Solid
line (Y1) is for indica IR and crossbreds TA and Né&tted line (Y2) is for
japonica cultivars. ** Correlation coefficients sigicant at 0.01 level. See
Table 2.1 for explanation of acronyms.

2.3.3 Radiation use efficiency (RUE)

Radiation use efficiency varied among genotypesvéen 1.87 and 2.11 g MJas
illustrated in Fig. 2.5 for specific locations. RWiso varied among locations for the
same genotype. Maximum RUE was around 2.8 § &tJaoyuan, followed by 2.3 g
MJ* at Chiangmai, while at Nagano, Kyoto, Shimane ldadjing RUESs ranged from
1.8 to 2.0 g M3. Average RUEs at Iwate and Ubon were 1.6 and 1M8Jg,
respectively.
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Figure 2.5 Relation between total aboveground bissn@ry matter) and total intercepted
photosynthetically active radiation (PAR). Numbeesir the symbols refer to
the locations: 1 Iwate; 2 Shinshu; 3 Kyoto; 4 Shmegb Nanjing; 6 Taoyuan; 7
Chiangmai; 8 Ubon. See Table 2.1 for explanatioaabnyms. gis the slope
of the solid line, gis the slope of the dotted line.

2.34 Harvest index (HI)

Variation across locations and genotypes

The high yield of TA was associated with a HI sfgrintly higher than those of the
other genotypes (Table 2.3), whereas NP had thedbil. Overall, high yields in the
experiments were associated with high Hls.

Average HI for a specific genotype varied signifitg among experimental
locations (Table 2.6), from the lowest in Ubon, Wwaate, Chiangmai, Taoyuan,
Shimane, Kyoto and Shinshu, to the highest in Manijillustrating the effect of
environmental conditions on HI. HI was thus lowfstthe most northern and most
southern locationi,e. lwate (39 N) and Ubon (1% N). Differences in environmental
conditions among the locations explain 65.5% ofwleation in HI, genotypes 21.5%
(Table 2.3).
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Table 2.6  Harvest index (HI) of five genotypesitieent locations in Asia (average of
2001 and 2002).

Location S Genotype
TA IR NP NI TE Average
Iwate 0.42b®  0.27b 0.20b 0.33%0 0.30b 0.31
Nagano 0.5%b 0.43 0.38a 0.4% 0.4% 0.47
Kyoto 0.56ab 0.5(G 0.46a 0.41ab 0.40ab 0.46
Shimane 0.52ab 0.4& 0.41a 0.42ab 0.41ab 0.45
Nanjing 0.60a 0.51a 0.42a 0.5& 0.45ab 0.50
Taoyuan 0.5@Gb 0.4& 0.42a 0.42ab 0.36ab 0.44
Chiangmai  0.4% 0.38b 0.35a 0.3%0 0.34b 0.37
Ubon 0.28c 0.28 0.15b 0.35ab 0.35b 0.28

®See Table 1 for explanation of acronyms
®Within a column, values followed by different let€a-e) are significantly different at 0.05
probability level.

Response to temperature

We used a similar polynomial equation as in Sec8dh2 to describe the relation
between HI and ATR (Table 2.5). Parameter s is teomsfor all genotypes (s
= -0.006), indicating constant relative declineHhper degree temperature difference
from optimum ATR. ATR. for the indica genotype IR and the indica-japonica
crossbred TA is higher than that for the japonieaalype TEj.e. maximum HI of the
japonica is attained at lower ATR. The model sutgédsat HI under optimum ATR
could have been about 0.1 higher than in the exjgaris (Table 2.3).

2.3.5 Protein content

Average protein content varied from 7.0 to 8.5%d(&€&.3), with the highest value for
the indica-japonica crossbred TA and the lowesttierindica-javanica crossbred NP.
Protein contents were not significantly differemhang locations, suggesting that
environmental factorg.g.temperature and radiation, hardly affected proteiment.

2.3.6 Amylose content
Average amylose content varied from 8.5 to 19.9% differed significantly among

genotypes (Table 2.3), with the highest value Brahd the lowest for TA. Amylose
content was similar in both years for all genotydmsg significantly different among
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locations,i.e. highest in lwate and lowest in Chiangmai (Tabl®,2ndicating effects
of environmental factors. Amylose content increabedarly and significantly with
decreasing ATR (Fig. 2.6) for both japonica genetyand both crossbreds, for IR the
the trend was similar but non-significant.

Table 2.7  Grain amylose content (%) of five genesygt different locations in Asia
(average of 2001 and 2002).

. Genotype
Location S

TA IR NP NI TE Average
Iwate 127 & 216 a 15.0 a 154 a 154 a 16.3
Kyoto 7.7 bc 178 c 9.3 bc 93 b 105 bc 11.1
Shimane 8.7 bc 20.8 ab 99 b 10.7 b 10.7 bc 121
Nanjing 75 c 20.7 ab 9.7 b 74 c 10.0 c 111
Taoyuan 9.7 b 196 bc 103 b 93 b 1b65 12.1
Chiangmai 46 d 19.0 c 79 c 52 d 6.6 d 8.7

#See Table 2.1 for explanation of acronyms.
PWithin a column, values followed by different ledga-d) are significantly different at the
0.05 probability level.

o - Amylose content (%) y = -0.2574x + 25.79
A R®=0.382
A
20 A A
A A A
a o
5] °TA
o NP
104 °N
X TE y=-07373x+26.965 o £
2_ %
| &R R® = 0.8559* .
O T T T 1
10 15 20 25 30

Daily average temperature during ripenif@)(

Figure 2.6 Relation between daily average tempeeatiuring the ripening phase and
amylose content for different genotypes at diffel@rations in Asia. See Table
2.1 for explanation of acronyms.
** Correlation coefficients significant at 0.01 lel
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24  Discussion
24.1 Grainyied

About 80% of the observed variation in yield is kxped by differences in
environmental factors (E), while genotype (G) amigriactions (GXE) each contribute
10%. These proportions could change for other coatluns of genotypes and
environments, but environmental factors contribotest to yield variation of rice
grown in tropical and subtropical areas (Dobermeainal, 2003a; Yinget al, 1998a).
Therefore, genotype selection for specific envirents is an effective strategy to
increase rice yields. For example, in lwate (lomperature), the japonicas NI and TE
outyielded the indica IR, while in tropical Chiangimand Ubon the situation was
reverse. Japonica genotypes are tolerant to relptlow temperatures, while indica
genotypes perform better under relatively high terafures. Indicaxjaponica
crossbreds may perform relatively well in both eowments, as shown by TA that
produced reasonably high yields at both Iwate amdrgmai (Table 2.4).

The curvilinear relationship between ATR and yigldicates that both low and
high temperatures during ripening reduce graindgi€Fig. 2.3). Optimum ATR for
realizing maximum yields under the specific managetnvaried among genotypes: it
was highest for the indica IR and the indicaxjapantrossbred TA, lowest for the
japonica genotypes NI and TE, and intermediateNiBr In contrast to the observed
yields, the predicted maximum yields did not difgeatly among genotypes, except
for NP with a predicted maximum yield about 1 Mgloaer than those of the others.

Average yields at the most northern location, Iwated in tropical Chiangmai
and Ubon were much lower than at the other (sul@adplocations. The very low
yield at Ubon is consistent with other reports (Wheadet al, 2003; Wonprasaidt
al., 1996). Total biomass production is one of thgomdeterminants of yield (Cock
and Yoshida, 1972; Murata and Matsushima, 1975¢rdepted PAR provides the
energy for the photosynthesis process and thugh®raccumulation of biomass.
Intercepted PAR at tropical Chiangmai and Ubon leas as a consequence of short
vegetative growth periods (Fig. 2.2), resultingpmor canopy development and low
LAl (Oldemanet al, 1987; Yinet al, 1997) and thus poor biomass production (Fig.
2.5). In addition to intercepted PAR, RUE determib@®mass production. RUE varied
among genotypes and locations. In Taoyuan, higR&Ht was observed, up to a
maximum of 2.8 g MJ as also reported by Sinclair (1998), while in levand Ubon
RUE was below 1.7 g M3

High temperatures during ripening resulted in low#rin our experiments,
because it reduced the ripening duration (Fig..2@)nsequently, total biomass
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accumulation decreased during ripening, leadingpwoyield. Additionally, high and
low temperature during ripening reduced spikeletility (Fig. 2.7), resulting in
limited sink size (Prasaet al, 2006).

Spikelet fertility (%)
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40 -
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10 15 20 25 30

Daily average temperature during ripenifg)(

Figure 2.7 Spikelet fertility versus daily averagenperature during ripening in rice.

PTQ, 30 days prior to anthesis was closely comdlawith yield. Japonica
genotypes produced less yield per unit developrtier@ than indica and crossbred
genotypes. The lower japonica yields are assochwatddlower spikelet numbers per
unit per developmental time than indica or crosshifeig. 2.8, Islam and Morison,
1992), suggesting limited sink size of japonica.

In addition to temperature and radiation, the ygddermining factors, yield
variation may be associated with differences imdylieniting factors, as determined by
soil characteristics (Van Ittersum and Rabbinge97)9 Especially indigenous soll
nitrogen supply strongly varies across Asian agmsgstems (Dobermanet al,
2003a). The effect of indigenous soil N supply aelds decreases with N fertilizer
application (Jinget al, 2007). In the experiments, N fertilizer supplgsrabout 1 kg N
ha' d*, restricting the effect of indigenous soil N suppin crop production. The
influence of different soil characteristics on yietould be further explored using
simulation models. Well-calibrated and validated dels synthesize current
knowledge on physiological and ecological crop glowrocesses, and can help to
improve our insight in relationships between indiges soil N supply and crop
performance.
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Figure 2.8 Spikelet number per panicle versus phetonal quotient in rice. See Table 2.1
for explanation of acronyms.

24.2 Grain quality

Protein content showed small but significant défezes among the genotypes, ranging
from 7 to 8%, which is within the range of 4 to 1486nd in a selection of Asian rice
genotypes (Juliano and Villareal, 1993). Proteintent of rice is mainly affected by N
management (Borrelet al, 1999; Perezt al, 1996), which explains the small
differences in this study, where N management a&#eer uniform.

In contrast, amylose content of rice grain sigaifity varied among the
genotypes in our study. Differences in genotypeoanted for more than 70% of the
total variability in observed amylose contents. éwling to the amylose classification
of rice genotypes (Juliano, 1979, 1985), IR belotshe low (12-20%) amylose
genotypes, the other genotypes belong to the \mwy(R-12%) amylose types. Our
results are in line with this classification, siné® had clearly the highest amylose
content (20%) while that of the other genotypesedabetween 8 and 11%. In addition
to genotypical differences, amylose content vasgphificantly across experimental
sites: At Iwate amylose contents were highest, eviiilChiangmai they were generally
lowest. This confirms the qualitative assessmendudiano (1998), suggesting lower
amylose contents at higher temperatures duringninge Umemotoet al (1995)
reported higher amylose contents with lower tentpeea during the ripening phase,
due to higher activity of the granule-bound stasghthase in the endosperm. In our
study, temperatures during ripening were lowedtnate and highest in Chiangmai,
suggesting that temperature is an important enmenal factor in amylose
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formation. Overall, amylose content of all genotypeas linearly and inversely
correlated to temperature during the ripening s{®&gg. 2.6). The close relationship
between amylose content and temperature duringingein addition to the genotypic
amylose traits, suggests that amylose contentefaan be predicted with reasonable
accuracy.

25 Conclusions

Differences in rice yields under given managemenst raainly the consequence of
differences in environmental conditions and mucss lef differences in genotypic
characteristics. Yields in tropical areas are gaherlower than in sub-tropical
regions, as a consequence of both, low biomassuptiod and low HI. In tropical
areas, characterized by high temperatures, cropgbbgical development during the
vegetative phase is fast, resulting in poor leahattevelopment, restricting radiation
interception and length of the ripening phase kahitteading to lower HI. For tropical
areas, genotypes are required that rapidly develtpeafy’ canopy in the vegetative
stage. Low temperatures, as in lwate, also mayicebiomass production due to low
RUE and low HI associated with spikelet sterilitg, sink limitation. The high RUE
at Taoyuan in combination with the high radiatiendls, resulted in very high grain
yields.

PTQ, 30 days prior to anthesis correlates well within yield, suggesting a a
major effect of pre-anthesis growing conditionsyaid formation.

In contrast to yield, genotypic characteristicstdbate most to the variation in
amylose content of rice grains. This indicates tiatotype selection is required in
targeting specific grain quality characteristics i &ddition, crop management,
especially with respect to sowing date, may be tadbpo realize a targeted grain
amylose content, as temperature is an importantrabng factor in amylose
formation.

Overall, these multi-location trials have yieldedsabstantial amount of new
information and data sets to calibrate, validatd snprove existing rice simulation
models. The experiments especially provide inforomabn quality relationships of
rice grain, that could be incorporated in simulatimodels. In addition, the study
contributes data sets for further analysis of ggmEnvironment-management
(GxExM) interactions, for example, with respechivogen management.
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Abstract

Rice yield is the result of the interaction betwegmmotype (cultivar characteristics),
environment (climate and soil conditions), and nggmaent. Few studies have
attempted to isolate the contribution of each @&sthfactors. In this study, the rice
growth model ORYZA2000 has been applied to analyme variation in yield, N
uptake, and internal N use efficiency (INUE, grgield per unit total crop N uptake)
of rice in different environments in Asia, and temtify the relative contribution of
indigenous soil N and external N supply and of weather factors temperature and
radiation to observed variation. The model washbcated and evaluated using a large
empirical data set that spanned three contrastamgties, eight locations, and three
years in Asia.

ORYZA2000 satisfactorily simulated crop biomas®lgj N uptake, and INUE,
that strongly varied among genotypes and locatigngsironmental factors contributed
differentially to yield, N uptake, and INUE, andethcontributions were modified by
N management. Indigenous soil N supply affecteddyand INUE stronger than
weather conditions at low fertilizer N rate, ansl éffect was less pronounced at high
fertilizer N rate. Under both low and high fertéizN rates, indigenous soil N supply
affected N uptake more strongly than weather cat Temperature contributed
more than radiation to the variation in yield, Nake, and INUE. Results suggest that
N fertilizer management should take into accoumtiganous soil N supply, while
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temperature is the primary factor for selectiorgehotypes and sowing dates in rice
production.

Key words: rice; indigenous soil N supply; temparat radiation; model; Asia.

3.1 Introduction

Irrigated rice fields in Asia contribute about 7®8qglobal rice production and provide
the staple food to nearly half the world’'s popuwatiBoumanet al, 2007). Yields
need to increase to meet the increasing demandc®rassociated with a growing
population (Khush, 2005). Rice yields vary strongbross Asia, from less than 2000
kg ha' to more than 15000 kg hgHorieet al, 1997; Romyewt al, 1998; Whitbread
et al, 2003; Yinget al, 1998a), depending on location and varidtgld is the result
of the interaction between genotype (cultivar cbastics), environment (climate
and soil conditions), and management (Co@pel, 1999; Horieet al, 1997; Wadet
al., 1999). Insight into the relative importance leéde factors is important to identify
improved crop management practices and/or desigrvaeeties to increase yield and
resource use efficiency, for instance for nitrog&). Dobermannet al (2003a)
reported yields from different locations in Asianging from 3600 to 5300 kg hdor
local varieties without external nutrient inputd)at were probably limited by
indigenous soil N supply (Cassma al, 1998). The effect of N fertilization is
variety-specific (Tanget al, 2007; Van Keulen, 1977) and depends on climatic
conditions. Horieet al (1997) and Yinget al (1998a) demonstrated that, with
sufficient N supply, yields were 40% higher in sobpical areas than in tropical areas.
The efficiency with which plants use N to producaigs, varies with environment and
variety (Van Keulen, 1977). Internal N use effiagr{INUE), defined as yield per unit
total N uptake (kg grain KgN), varied across Asia from 23 to 121 (Hossetiral,
2005; Pengpt al, 2006; Wittet al, 1999; Yinget al, 1998b).

Many studies have attributed the variation in yialld crop response to N
fertilizer in general terms to differences in véalecharacteristics and environmental
conditions, but few attempts have been made toewsyically disentangle the
contributions of each factor. It is difficult to slgn field experiments aiming at
isolating environmental factors, because they dtenobeyond the experimenter’s
control and because they interact during crop groMoreover, field experiments are
costly and labour-intensive, and multi-annual, moktation experiments would be
required. Simulation models, which are simplifiegpresentations of a complex
reality, are useful tools to explore and disentargffects of interacting factors on crop
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growth and development (Boumah al, 1996). Field experiments can be mimicked
by changing genetic, environmental, or managemeputi parameters that are
completely under the control of the model user. euisite for any model use,
however, is that the model is well calibrated anal@ated for the intended target area
and the intended purpose.

In this study, we use the rice growth model ORYZB2{Boumaret al, 2001)
to analyze the variation in yield, N uptake, andUEof rice in different environments
in Asia, and to identify the relative contribution indigenous soil N supply and the
weather factors temperature and radiation to trsemed variation. The model was
first calibrated and evaluated on the basis ofrgeleempirical data set, comprising
three varieties, eight locations, and three yearssia.

3.2 Materialsand methods
3.2.1 Methodological framework

We used data from field experiments at differetgssin Asia to calibrate and evaluate
the crop growth model ORYZA2000. Next, ORYZA2000sngsed to simulate yield,
N uptake, and INUE in scenarios with varying fezér N rates, indigenous soil N
supply rates, temperature and radiation regimesn&wm results were analyzed to
identify the contribution of each of the managemeamd environmental factors to the
variation in yield, N uptake, and INUE.

3.2.2 Fidd experiments

The experiments were carried out in 2001 and 2@d%ae (3921’ N, 14* 13 E),
Nagano (3551 N, 13810 E), Shimane (3530 N, 13236 E), and Kyoto (351" N,
13545 E) in Japan, at Nanjing (88 N, 118 45 E) in China, and at Chiangmai ¢18
47 N, 98 59 E) and Ubon Ratchathani €130 N, 104 52 E) in Thailand, and in
2002 and 2003 at Taoyuan {266 N, 10* 2' E) in Yunnan Province, China.

Three rice varieties, representing major genotypese grown at all sites: the
indica variety IR72, thejaponica variety Nipponbare, and thadicaxjaponica
crossbred Takanari (only IR72 was not grown at Taoyin 2003). All experiments
were laid out in a randomized block design witheplicates and a plot size of 2¢.m
At transplanting, 40 kg N Hawas applied while 20 kg N Hawvas top-dressed at 20-
day intervals, starting from 20 days after transpiey until 10 days after heading.
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Total N rates varied from 100 to 160 kg'haepending on actual growth duration of
the crops. In addition to N, 120 kg@®, and 120 kg KO ha' were applied as basal
dressing in all fields, including the control pl¢@&N). Rice seedlings with 4-5 leaves
were transplanted at 15 x 30 cm spacing, with @®sllgng per hill in 2001 and two
seedlings per hill in 2002 and 2003. All fields wecontinuously submerged
throughout the growing season. Weeds, pests, aedshs were adequately controlled
by biocides. At each site, IR72 was also grown amtml| plots, with the same
management, except for the omission of fertilizer N

Dates of sowing, emergence, transplanting, panml&tion, flowering, and
maturity were recorded. For each variety, 20 plamse harvested at transplanting,
and eight hills at 20 days after transplanting, iganinitiation, two weeks before
flowering, flowering, two weeks after flowering, dmaturity. Green leaf area was
measured and leaf area index (LAI) calculated. Wsi@f green leaves, dead/yellow
leaves, stems (including leaf sheaths), and panwbtre determined after oven drying
at 80°C till constant weight. N content of the crop comeots was determined by
near-infrared spectroscopic analysis (BRAN+LUEBBEfra-Alyzer500 equipped
with IDAS software) and calibrated by the valueanhé¢d by the Kjeldahl method (not
at Taoyuan in 2003). At maturity, grain yield wasasured from 2 frand expressed
at 14% moisture content. Due to experimental errgiedds were not available for
Nipponbare at Ubon and for IR72 in 2001 at Iwatej an 2002 at Nagano; final crop
biomass was not available for Nipponbare at UbahfanIR72 in 2001 at Iwate; total
N uptake was not available for any variety at Nagaior Nipponbare in 2001 at
Iwate, and for Takanari in 2002 at Ubon. Throughthé growing season, daily
maximum and minimum temperatures and solar radiatiere recorded at weather
stations installed at/near the sites.

N uptake by the crop and its components was cadkuliiom dry weight and N
contents. Internal N use efficiency was calculdigdlividing grain yield by total crop
N uptake (following Wittet al, 1999).

GenStat for Windows 8th Edition (http://www.vsntiobm/genstat/) was used in
the analysis of variance of yield, N uptake, andJENusing the method of residual
maximum likelihood (REML; Welham and Thompson, 197

3.23 The ORYZA2000 model

ORYZA2000 is a dynamic, ecophysiological crop mog@@bumanet al, 2001)
originating in the ‘School of De Wit' (Boumaat al, 1996; Van Ittersurnat al, 2003).
It simulates, with time steps of one day, growtd development of rice for potential,
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water-limited, and N-limited production situatiof\&an Ittersum and Rabbinge, 1997).
For all production situations, optimal control aéehses, pests, and weeds is assumed.

In ORYZA2000, under optimal crop management, lightl temperature are the
main factors determining crop growth. The lightfpeowithin the canopy is calculated
from total leaf area and its vertical distributi®hen the canopy is not yet closed, leaf
area development is calculated from mean daily &atpre, and after closure from
the increase in leaf weight, using a developmegestiependent specific leaf area. On
the basis of single leaf photosynthetic charadtesisdefined as a function of incident
radiation, air temperature, and leaf N concentmatianstantaneous canopy
photosynthesis rates are calculated for pre-defowdbinations of time-of-day and
depth-in-the-canopy. Integration over total leafaaand over the day yields daily total
assimilation rate. Daily dry matter accumulation dglculated by subtraction of
maintenance and growth respiration requirementse dhy matter increment is
partitioned among the various plant organs as etifum of phenological development
stage, which is tracked as a function of mean daryemperature. Spikelet density at
flowering is derived from total dry matter accuntida over the period from panicle
initiation to flowering.

Total daily demand for N is calculated from dry glas, growth rates and N
concentrations of the various plant organs. Théckessumption is that the crop aims
at maintaining ‘maximum’ N concentrations in itsge¢ative organs, defined as a
function of phenological development stage. PoséiNiconcentration in the panicle is
defined as a constant value, and N demand frompdhéles must be satisfied through
translocation from the vegetative organs. For I|savand stems, potentially
translocatable N is defined as the difference betwttal N in the organ and an
exogenously-defined residual level at maturity. Ramntribute a fixed fraction of the
combined N translocation from leaves and stemau@atrop N uptake is restricted by
a maximum physiological uptake rate of the plart anailable mineral N in the soil.
Available soil N is calculated through a simple kl®eping routine of both
indigenous soil N and fertilizer N, without simutay the dynamics of N
transformation processes in the soil. Indigenoyplsuis defined as a constant daily
rate. Available fertilizer N is calculated as apgption rate multiplied by a potential (or
maximum) recovery fraction, defined as a functidrcimp development stage, with
relatively low values at transplanting and highuesl at panicle initiation. Seasonal-
average fertilizer N recovery thus depends on tetd-day balance between supply
(timing of fertilizer application) and crop demardeaf N concentration affects leaf
photosynthesis rate and leaf expansion rate, whédetotal amount of N in the crop
affects the rate of leaf senescence after flowering
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ORYZA2000 was calibrated and evaluated under piaterand N-limited
conditions in the Philippines (Bouman and Van L&2&06) and in China (Jingt al,
2007), and under potential and water- and N-limgedditions in Indonesia (Bolingt
al., 2007) and China (Beldet al, 2007; Fenget al, 2007). Following Bouman and
Van Laar (2006), we parameterized ORYZA2000 for hea@riety, using the
experimental data from all sites in 2002 (calimatset). Phenological development
rates were calculated from daily air temperaturekthe recorded dates of emergence,
panicle initiation, flowering, and maturity. Specifleaf area was computed from
measured green leaf area and green leaf dry wddglhitmatter partitioning factors
were first estimated from measured biomass of leastems, and panicles, and further
fine-tuned by matching simulated and measured satid Al and biomass of crop
organs. All other crop parameters were set to #lees from ORYZA2000'’s standard
IR72 crop data file (Boumaet al, 2001). For each site, indigenous soil N suppdg w
first estimated from N uptake by the crop in thassion plots, and subsequently fine-
tuned by matching simulated and measured valuespfN uptake. Since N uptake in
omission plots was only measured at Shimane, Kydbon, Taoyuan, and Kyoto, we
used the estimated values at Kyoto also for Iwaie Magano, and the estimated
values at Ubon for Chiang Mai. Indigenous soil @y at Nanjing was derived from
a nearby experiment (Jireg al, 2007; Jinget al, 2005). A complete list of all model
input parameter values is available from the awsthor

The performance of ORYZA2000 was evaluated sepgrbitethe calibration set
of 2002 and for the separate validation data skt001 and 2003 (for Taoyuan).
Following procedures developed by Bouman and Vaar L(2006), we graphically
compared simulated and measured biomass and Neuptdke whole crop and of the
panicles, and grain yield. For the same variablescomputed the sloper), intercept
(B), and coefficient of determinatiofR{) of the linear regression between simulated
(Y) and measured (X) values. We also calculated Shedent’s t-test of means
assuming unequal variance (P (1)), and the abs@RMSE) and normalizedRMSE)
root mean square errors between simulated and meebgalues:

2 05

RMSE {Z(Y'%X')j (eqn 3.1)

100x RMSE

D> X In

RMSE, = (egn 3.2)

wheren is the number of observations.

A model reproduces experimental data best whénclose to 13 close to 0, R
close to 1, P (t) larger than 0.0®MSE similar to the standard error (SE) of measured
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values, andRMSE, similar to the CV of measured values. We calcdldbee SE and

CV of measured crop variables as averages oveexg@ériments at all sites (per
experiment, SE and CV are calculated from the thiegmicates) (Table 3.1). We
compared our evaluation results with those preséntéterature for ORYZA2000.

Table 3.1  Standard error (SE, the same unit asalde) and coefficient of variation (CV)
for measured crop variables in the field experirsent

Crop variable N SE CV (%)
During growing season
Aboveground biomass (kg fia 237 520 7
Biomass of panicle (kg Ha 125 335 9
N in crop (kg hd) 215 9 9
N in panicle (kg ha) 94 5 8
At harvest
Aboveground biomass (kg fg 46 883 6
Yield (kg ha®) 44 294 5
N in crop (kg hd) 42 12 7

N is number of data in experiments.

3.24 Scenario analysis

Ten scenarios were constructed, varying in feeiliN management and in the
environmental factors indigenous soil N sup@y ¢olar radiationr, and temperature
(t) (Table 3.2). In each scenario, ORYZA2000 was famall three varieties for the
experimental weather conditions from both yeargath site. In scenarios |-V, the
fertilizer N rate was 80 kg Haapplied in two equal splits. In scenarioF (), we
used the site-specific indigenous soil N suppliegl dhe site-specific weather
conditions (temperature and solar radiation). lanscio Il ), we used the site-
specific indigenous soil N supplies, but used tleatler conditions from Taoyuan in
2002 (where the highest rice yields were recorded;Results section) for all sites. In
Scenario Il E,,), we used an indigenous soil N supply of 0.7 kg tia for all sites,
combined with site-specific weather conditions. Naue of 0.7 kg Ha d' is an
estimated average for tropical and subtropicalsame#sia (Dobermangt al, 2003a,
b; Ten Bergeet al, 1997). In Scenario IVK), we again used an indigenous soil N
supply of 0.7 kg Ha d* for all sites, but replaced in the weather condii the site-
specific radiation data with those from Taoyuar2@®2. Scenario VF;) was similar
to scenario 1V, but using temperatures insteadadfation from Taoyuan in 2002.
Scenarios VI-X were similar to scenarios |-V, buthaa fertilizer N rate of 160 kg
ha'.
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Table 3.2  Scenario specifications for N fertilipatiand environmental factors.
Environmental N fertilization Indigenous

Scenario factor (kg ha) soil N supply  Radiation = Temperature
I Fsri 40, 40 SS SS SS
Il Fs 40, 40 SS U U
1l Fri 40, 40 U SS SS
v Ft 40, 40 U U SS
\Y Fr 40, 40 U SS U
Vi Fort 80, 80 SS SS SS
Vi Fs 80, 80 SS U U
VI Fri 80, 80 U SS SS
IX = 80, 80 U U SS
X Fr 80, 80 U SS U

Fsrtdefines the combination of environmental factaigh the subscripts referring to
indigenous soil N supply (s), radiation (r), anchperature (t). SS, Site-Specific; U, Uniform
among locationgd,e. radiation and temperature from Taoyuan, or a emni&oil indigenous N
supply of 0.7 kg had™.

We compared simulated yield, N uptake, and INUE ragnitne scenarios and N
rates. First, scenaridss andF,; were compared witlrs,; to examine the effect of
weather (both temperature and radiation) and imdigse soil N supply, respectively.
Next, we compared scenariés andF, with F,; separately to examine the effect of
temperature and radiation, respectively. We contptlie slope ), intercept (), and
coefficient of determinationR) of the linear regression, and the Student’s tt-0és
means and the absoluRNISE) and normalizedRMSE) root mean square errors for
the yield, N uptake, and INUE between the two sdesan each comparison.

3.3 Reaults
3.3.1 Field experiments

Temperatures during the rice growing periods atdifferent experimental sites (Fig.
3.1) were relatively low at the beginning and eridh® growing season at lwate,
Nagano, Kyoto, Shimane, and Nanjing, while they eveelatively constant at
Taoyuan, Chiangmai, and Ubon. Temperatures weredbwat Iwate, with minima
below 20 and maxima not exceeding ‘& At Chiangmai and Ubon, minimum and
maximum temperatures were over 20 and°GQ respectively. Radiation during the
rice growing periods varied among locations (Fid.) 3with the lowest average values
(14.03 MJ nf d!) at Iwate, and the highest values at Nagano (1M92ri? d*) and
Taoyuan (17.20 MJ ihdY).
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Figure 3.1 Average solar radation (R) and temperat{I) of two years during rice growth
at eight locations in Asia. Solid lines are maximtm@mand minimum T, dotted
lines are solar radiation.

Indigenous soil N supply was 0.29 kg'hd* at Ubon, 0.79 at Shimane, 0.90 at
Nanjing, 0.92 at Kyoto, and 1.46 at Taoyuan.

Average yields were lowest for Nipponbare and heglier Takanari (Table 3.3).
Average yields of the three varieties ranged fr@83Lkg h& at Ubon to 10224 at
Taoyuan, illustrating the strong effect of enviremtal conditions on yield. The effect
of year and the interaction of year by variety wast significant, whereas the
interaction of site by variety was significant. Tthéerences in yield among the three
varieties were reflected in the differences in Nakp and INUE: highest values for
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Takanari and lowest for Nipponbare (though nodéferences among varieties were
significant). The differences in N uptake and INBiaong the sites again illustrate the
significant effect of environmental conditions. Témurces of variations for N uptake
and INUE were the same as for yield.

Table 3.3 The means of yield, total N uptake,iatetnal N use efficiency (INUE) of
three cultivars and the source of variation at eilgitations in Asia in two

years.
Treatment Yield (kghd N uptake (kghd)  INUE
Variety (V) IR72 6663 151 44
Nipponbare 6074 140 43
Takanari 7672 156 48
LSDy 05 333.4 8.9 3.3
Location (L) Iwate 5503 153 36
Nagano 7831 160 49
Kyoto 8887 166 54
Shimane 8554 151 57
Nanjing 7476 141 53
Taoyuan 10224 248 41
Chiangmai 4114 107 37
Ubon 1883 71 28
LSDy.05 544.5 7.3 9.4
Source of variation
Year (Y) NS NS NS
YxV NS NS NS
LXV *%* *%k **

** significant at 0.01 probability level. NS, neignificant.

3.3.2 Modd evaluation

Simulated biomass of the panicles and of the wiod agreed quite well with the
measured values, in both the calibration and thelateon set (Fig. 3.2). Simulated
values were also similar to measured values a®%€ confidence level by Student’s
t-test (Table 3.4). The slope was usually close to 1 and the interc@psmall
compared to the mean values. RM3#as 16% in the calibration set and slightly
higher at 20-24% in the validation set. However, $Hylfor simulated crop biomass
was 2.3 and 2.9 times the CV of the measurementhdncalibration set and the
validation set, respectively (compare Table 3.1 panicle biomass, these values
were 1.8 and 2.6, respectively.
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Figure 3.2  Simulated versus measured values af badmass (a), panicle biomass (b),
total N uptake (c), and panicle N uptake (d), fotibthe calibration and
validation set. Solid lines are the 1:1 relationshilotted lines are plus and
minus mean standard deviation of measured valuesnal the 1:1 line.

As for biomass, the data of simulated and meashragdtake by the crop and by
the panicles were aligned relatively well along thk line, in both the calibration and
the validation sets (Fig. 3.2). The Student tesinad significant correlations between
simulated and measured values, and the sloméghe linear relations were close to 1
with low B values and high coefficients of correlation (TaBlé). RMSE was of the
same order of magnitude as for the biomass sinoulstiRMSE for simulated crop N
uptake was 2 and 2.7 times the CV in the calibnaset and the validation set,
respectively. For panicle N uptake, these valueg & and 3.2, respectively.



Table 3.4  Evaluation parameters of ORYZA2000 sitiwuia for dynamic crop growth variables and endse&son variables for the
calibration and validation set.

Crop variable N Xobs(SD) Xsim(SD) P(t) a B R RMSE RMSE (%)

Calibration set
During growing season

Total biomass (kg hd) 132 8098 (5705) 7617 (5940) 0.25*  1.020 -641 0.961292 16
Biomass of panicles (kg Ha 65 4534 (2955) 4313 (2948) 0.34* 0.971 -87 095 197 16
Crop N uptake (kg h9 125 102 (61) 94 (58) 0.15*  0.909 1.50.93 18 18
N uptake of panicles (kg 53 62 (33) 61 (40) 0.46* 1.136 -9.30.91 13 20
At harvest

Final biomass (kg hd) 24 14815 (4184) 15472 (4142) 0.31* 0962 1222 40.9 1317 9
Yield (kg ha') 23 7441 (2510) 7679 (2113) 0.37* 0.800 1724 0.90 839 11
Final N uptake (kg h§ 23 155 (51) 159 (51) 0.39* 0.978 7.80.98 9 6

Validation set
During growing season

Total biomass (kg hd) 105 8419 (5771) 7823 (5599) 0.22*  0.932 -20 0.921712 20
Biomass of panicles (kg fa 60 4494 (3063) 4191 (2960) 0.29* 0.911 98 0.89 6010 24
Total N uptake (kg h§ 90 92 (59) 83 (56) 0.16*  0.888 1.6 0.88 22 24
N uptake of panicles (kg Hr 41 65 (35) 59 (39) 0.26* 1.029 -7.2 0.83 17 26
At harvest

Final biomass (kg ha) 22 14645 (4009) 15099 (3217) 0.35* 0.732 4380 30.8 1628 11
Yield (kg ha') 21 7313 (2505) 7801 (2023) 0.26*  0.727 2482 0.811188 16
Final N uptake (kg ha) 19 133 (43) 142 (48) 0.28*  1.062 1.2 0.93 18 13

N, number of measured/simulated data paiss mean of measured values in whole populafiQR, mean of simulated values in whole
population; SD, standard deviation of populationslope of linear relation between simulated andsueed values, intercept of linear
relation between simulated and measured valuesidjusted linear correlation coefficient betwegnuated and measured valu&VSE,
absolute root mean square erRNISE (%), normalized root mean square error.
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Figure 3.3 Simulated versus measured final totafhiass (a), yield (b), and N uptake (c).
Open symbols refer to the calibration set, closgdi®ols to the validation set.
Solid lines are the 1:1 relationships; dotted lirsge plus and minus mean
standard deviation of the measured values. Pomtdlipse are from Ubon.

In the comparison of simulated and measured firgg biomass, yield, and crop
N uptake, most data points are well aligned aratedL:1 line, in both the calibration
and validation sets (Fig. 3.3). In Ubon, both fioedp biomass and yield for all three
varieties were consistently overestimated in thaukations. The goodness-of-fit
parameters confirm the satisfactory performancehef model for all three end-of-
season variables (Table 3.4). RMSkas only 6-11% in the calibration set and 11-
16% in the validation set. Despite these low vallRdSE, for simulated final crop
biomass, yield, and crop N uptake was still 1.8 @nd 0.9 times the CV in the
calibration set, respectively, and 1.9, 3.2, af®dtiines the CV in the validation set.

3.3.3 Scenario analyses

Simulated yield, crop N uptake, and INUE in thersoeosF; (with site-specific soil N
supply and identical weather conditions) &p¢(with identical soil N supply and site-
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specific weather conditions) are plotted againstdimulated values in scenaftg,
(with both, site-specific soil N supply and weatkenditions) in Figs 3.4a,c,e with 80
kg fertilizer N h&, and in Figs 3.5a,c,e with 160 kg fertilizer N'h@he same three
variables in the scenari®s (with only site-specific radiation and all otheynglitions
identical) and~, (with only site-specific temperature) are plotggghinst the simulated
values in scenarid-;; (with both site-specific radiation and temperafume Figs
3.4b,d,f with 80 kg fertilizer N 1§ and in Figs 3.5b,d,f with 160 kg fertilizer N"ha
Table 3.5 presents the results of the statisticalyais for all scenario pairs.

Yield. At 80 kg N ha (Fig. 3.4a), the yield data of bofy andF,; are distributed
quite well around the 1:1 line, with comparable ves for the goodness-of-fit
parameters. At 160 kg N HidFig. 3.5a), the yield data 6% are closer to the 1:1 line
(with better values of the goodness-of-fit paramgtthan those df,. Hence, the level
of N fertilizer affected the relative contributioof indigenous soil N supply and
weather conditions to the variation in yield: atlpha’ their effects were of similar
magnitude, whereas at 160 kg'hthe effect of weather conditions was strongen tha
that of soil N supply. At both fertilizer leveldd relationF, - F; (Figs 3.4b and 3.5b)
had much loweRMSES and higher coefficients of correlation than thlatronF,; - F,
indicating that temperature had a stronger and monsistent effect on yield than
radiation.

N uptake At both fertilizer N rates, the variation in Ntage inF,; was much
smaller than irFs (Figs 3.4c and 3.5c). The relatiég- F; had a higher correlation
coefficient, a slope closer to 1, a smaller intptcand lowerRMSEvalues than the
relationF; - Fs, indicating that indigenous soil N supply conttéx more to the
variation in N uptake than weather conditions. Athbfertilizer N levels, the relation
Fi - Ft (Figs 3.4d, 3.5d) had a slope closer to 1, a smalitercept, a higher
correlation coefficient, and lowdRMSEvalues than the relatioR, - F;, indicating
that temperature had a stronger and more consefexst on N uptake than radiation.

INUE. There was considerable scatter in INUE with neddy low coefficients of
correlation and slopes deviating considerably fiom the relation$s - F,; andF;; -
Fs. at both fertilizer N rates (Figs 3.4e and 3.5&)88 kg N h&, indigenous soil N
supply and weather conditions had similar effectsre variation in INUE, while at
160 kg N hd, weather conditions affected INUE more than soisipply. At both
fertilizer N levels, the relatiorr; - F; (Figs 3.4f, 3.5f) had a slope closer to 1, a
smaller intercept, a higher correlation coefficjehd lowerRMSEvalues than the
relationF, - F, indicating that temperature had a stronger anceroonsistent effect
on INUE than radiation.
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Figure 3.4 Pair-wise comparison of yield (a, b)uptake (c, d), and internal N use
efficiency (IE) (e, f) of scenarios at N rates 6fi@ ha'. Scenarios are defined

in Table 3.2.
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Table 3.5  Statistical parameters of pair-wise congmn of scenarios.
N rates Variable Scenarios N P(t) a B R? RMSE RMSE, (%)
80 kg hd Yield Fri-Fs 45 0.396*1.06 -285 0.80 860 12
Fsri- Fry 45 0.146*1.13 -483 0.87 813 12
Fri- Fr 45 0.214* 0.97 -47 048 1141 17

Fri- F 45 0.313*0.97 40 0.92 472 7
N uptake FE,.-Fs 45 0.302*0.95 10 0.93 9 7
Fsrt-Ft 45 0.075* 1.50 -54  0.40 27 22
Fri- Fr 45 0.179*1.23 -26 041 11 9
Fri-F 45 0.255* 1.04 -7 0.94 4 3
INUE Fsrti-Fs 45 0.160* 0.75 13 0.28 7 12
Fsrt-Ft 45 0.481*0.62 21 0.67 6 11
Fri- Fr 45 0.049 0.88 3 0.49 8 14
Fri-F 45 0.398* 0.98 0 091 3 6

160 kg h&  Yield Fr-Fs 45 0.440%1.04 -361 0.63 1366 17
Feri- Fre 45 0.340%1.10 -602 0.95 579 7
F-F 45 0.206*0.85 930 042 1548 19
F.-F 45 0.342*0.91 583 092 653 8

N uptake FE-Fs 45 0.410*0.94 12 0.90 13
Fs’r’t = Fr’t 45 0040 127 '33 051 30 18
Fri- Fr 45 0.491*1.31 -50 0.46 16 10

Fri- R 45 0.240* 1.26 -45  0.92 8 5
INUE Fsri-Fs 45 0.100* 0.14 39 0.01 9 19
Fsrt-Ft 45 0.120*0.74 11 0.77 5 10
Fri- B 45 0.100* 0.67 14 0.36 8 16

Fri- R 45 0.450* 0.83 8 0.90 3 7
N, number of data pairs; P(t), significance of gdit testp, slope of linear relation between
scenario resultg}, intercept of linear relation between scenarialtss?, adjusted linear
correlation coefficient between scenario resiRiglSE, absolute root mean square error;
RMSE (%), normalized root mean square error.
* means scenario results are the same at 95% enaidevel.
See Table 3.2 for definition of scenarios.

3.4 Discussion

Both varietal characteristics and environmentalditions significantly affected crop
performance in our experiments, whereas the infleest inter-seasonal variation in
local weather conditions (as expressed in the fadgtar’) was not significant. The
difference in performance among varieties supptres notion of “environmental
adaptation” ofindica and japonicarice (Morishima and Oka, 1981), which implies
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that the expression of gene characteristics isemited by environment(al conditions).
Averaged over sites and years, yield, crop N uptake INUE were highest for the
crossbred Takanari, intermediate for thelica IR72, and lowest for thgaponica
Nipponbare.

Averaged over all three varieties and all yearghést yields were obtained at
the sub-tropical sites Taoyuan and Kyoto (10224 88877 kg ha, respectively), and
lowest at the tropical sites Ubon and ChiangmaB8l8nd 4114 kg fa respectively).
Our environments showed large differences in inpeerature and solar radiation and
in indigenous soil N supply that ranged from 0.29ha" d* at Ubon to 1.46 kg Ha
d* at Taoyuan. The high yields at Taoyuan and Kyoéwenthe combined result of
relatively high levels of solar radiation and loentperatures. The high levels of
radiation led to high levels of photosynthesis, ielas the low temperatures led to long
crop growth durations, both contributing to largentass accumulation. At Iwate,
temperatures were so low that they limited phygjimal functioning of rice, resulting
in poor and slow vegetative growth, spikelet stgridelayed heading, and poor grain
filling (Lee, 2001). In contrast, the low yields@dbon and Chiangmai were related to
consistently high temperatures that led to rel&tigbort growth durations.

Soils at Taoyuan and Kyoto had the highest levEisdigenous soil N supply,
which, in addition to the application of fertilizél, contributed to high yields (Yingt
al., 1998a; 1998b). Soil N supply at Ubon was excegatily low, which may have
limited yields. Moreover, the soil at the experinasite at Ubon has been reported to
be acidic with soil pH of 4 (Wadeet al, 1999), which may lead to
aluminum/manganese toxicity for rice (Foy, 1984).

ORYZA2000 simulated crop growth variables in ougldi experiments with
comparable accuracies as reported by Bouman andL¥an (2006), Beldeet al
(2007), Bolinget al (2007), Fengpt al (2007), and Jingt al (2007) for lowland rice
in Asia (Table 3.6). In our calibration set, RMSRElues of simulated biomass, N
uptake, and yield were close to or lower than ayer@ported values, whereas in the
validation set they were somewhat higher, but &Wer than reported maximum
values. Despite the large variation in environmeams varieties, our yields were
simulated especially accurately with a RMSE of 861®nly at Ubon, ORYZA2000
substantially and consistently overestimated yieldall three varieties (Fig. 3.3).
Possible vyield-reducing effects of the low soil @hd the associated risk for
aluminum/manganese toxicity are not taken into astan ORYZA2000. Whereas in
literature, reported RMSE values are generally rrdolL5-2 times higher than the CV
of the measurements, in our experiments they we3e3@ times higher (with an
average of 2.3 over all variables and data setsg @f the reasons is that the CV
values in our experiments were relatively low (canga with values in literature),



3 ANALYSIS OF ENVIRONMENTAL FACTORS. .. 45

because of the large number of data pairs (N) fatinexperiments combined. From
our evaluation, we conclude that in the validatiata set, ORYZA2000 satisfactorily
reproduced the measured crop variables relevamiuiopurpose.

Table 3.6  Absolute (RM@Eand normalized (RMSJEroot mean square errors of
prediction of crop variables for lowland rice by @RA2000, as reported in

literature.
. RMSE RMSE, (%)
Crop variable Mean Min Max Mean Min Max
Total crop biomass (kg Ha® 1148 590 1410 20 13 27
Biomass of panicles (kg Hp® 710 382 1002 22 14 36
N uptake in crop (kg h§ ° 25 16 30 28 27 28
N uptake in panicles (kg Ha" 16 12 20 30 30 30
Crop biomass at harvest (kgha 1434 850 2201 11 7 21
Yield at harvest (kg h§? 785 1 1193 13 11 16

®Fenget al (2007); Jinget al (2007); Beldeet al (2007); Bolinget al. (2007); Bouman and
Van Laar (2006).
®Fenget al (2007); Jinget al (2007).

Results of the scenario studies showed that afetttiéizer rate of 80 kg N Ha
effects of indigenous soil N supply and weatherdtiions (radiation and temperature)
on yield were of similar magnitude. At the high exxial N rate of 160 kg Hathe
effect of indigenous soil N supply declined, asifNHation on yield was reduced
(Horie et al, 1997; Jinget al, 2007; Ohnishiet al, 1999; Penget al, 2006). In
contrast to yield, N uptake increased linearly witmates exceeding 200 kg héling
et al, 2007; Ohnishet al, 1999; Pengt al, 2006; Peng and Cassman, 1998). In other
words, crop N uptake at a fertilizer rate of 160 Mgha' was still limited by the
availability of N. Indigenous soil N supply is ecaél in N uptake when external N
supply is (relatively) low, as in this study und®th N rates of 80 and 160 kgha
The relative effects of indigenous soil N supplydaneather on INUE were also
affected by N management. At low fertilizer N ragffects of weather conditions and
indigenous N supply on INUE were of similar magd&u while at high fertilizer N
rate the effect of weather conditions on the vemmain INUE was relatively stronger.
Temperature contributed more to the variation ieldji N uptake, and INUE than
radiation. This supports the observation by Yetgal (1998a), that the effect of
temperature on growth processes and growth durasidarger than the effect of
radiation on photosynthesis.



46 IMPROVING RESOURCE EFFICIENCY IN RIGBBASED CROPPING SYSTEMS

3.5 Conclusions

The rice simulation model ORYZA2000 performed gat®rily in simulating yield,
N uptake, and INUE of three contrasting varietiesliferent locations across Asia.
The model enabled analysis of the effects of irligl factors such as indigenous and
external N supply, radiation, and temperature oe yiield, N uptake, and INUE. N
supply, radiation and temperature contributed hffiéally to the variation in
simulated yield, N uptake, and INUE. Indigenoud 8bsupply had a stronger effect
on yield and INUE than weather conditions at lowviilieer N rate, while its effect was
less pronounced at high fertilizer N rate. Weatt@nditions and indigenous soil N
supply contributed similarly to the variation in uptake under both low and high N
rates. The effect of temperature on yield, N uptakel INUE was larger than that of
radiation. Results of this study indicate that Milieger management should take into
account indigenous soil N supply, while temperaiarthe most important factor for
genotype selection and for selection of sowingsifde specific sites.
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ADbstract

In Jiangsu province, Southeast China, high irrigatee yields (6-8,000 kg Ha are
supported by high nitrogen (N) fertilizer inputs(2300 kg N ha) and low fertilizer

N use efficiencies (recoveries of 30-35%). Improeetof fertilizer N use efficiency
can increase farmers’ profitability and reduce tiggaenvironmental externalities.
This paper combines field experimentation with datian modelling to explore N
fertilizer management strategies to realize higkldg, while increasing N use
efficiency. The rice growth model ORYZA2000 was graeterized and evaluated
using data from field experiments carried out innjNgy, China. ORYZA2000
satisfactorily simulated yield, crop biomass anopcN dynamics, and the model was
applied to explore options for different N-fertéizmanagement regimes, at low and
high levels of indigenous soil N supply, using 4&ss of historical weather data.

On average, yields of around 10-11,000 kg tere realized (simulated and in
field experiments) with fertilizer N rates of aralB00 kg h&. Higher fertilizer doses
did not result in substantially higher yields, exceinder very favourable weather
conditions when yields exceeding 13,000 kg ere calculated. At fertilizer rates of
150-200 kg hd, and at the tested indigenous soil N supplies®009 kg ha d*, high
fertilizer N recovery (53-56%), partial N produdtjv(50-70 kg kg") and agronomic
N use efficiency (20-30 kg K§ were obtained with application in three equaitsgit
transplanting, panicle initiation and booting. ke&sing the number of splits to six did
not further increase yield or improve any of thed¢ efficiency parameters.

Key words: rice; nitrogen use efficiency; simulatimodelling; China.
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4.1 Introduction

Rice is one of the most important food crops inn@hiaccounting for about 28% of
the total grain-sown area, 43% of total grain paiaun, and 40% of total caloric
intake in the country (Huangt al, 2001). China’s rice area currently occupies some
30 million hectares, of which 90% is irrigated. fdgen (N) is the most important
nutrient in irrigated rice production (Cassmetnal, 1998) and current high yields of
irrigated rice are associated with large applicegiof fertilizer N (Barker and Dawe,
2001; Pingalet al, 1997). Although N supply drives productivitywldertilizer N use
efficiency is a major characteristic of irrigatecersystems (Cassmanal, 1998). For
example, in farmers’ fields in Jiangsu, Southedsh&, only 30-35% of the fertilizer
N is recovered in the rice crop with 260 ~ 300 kg applied by farmers (Cuit al,
2000; Pencet al, 2002). Given the low fertilizer N use efficienaye total use of
fertilizer N has to increase substantially in texthdecades to increase rice production
to meet the food demands of a rapidly growing patoh (Cassman and Harwood,
1995). Such an increase in fertilizer N use caemally lead to increased emissions
of greenhouse gases.q, nitrous oxide) and pollution of water resourdesproving
fertilizer N use efficiency of rice will not onlyeduce these negative externalities, but
will also increase the profitability of rice farngr{Wanget al, 2001).

Improving fertilizer N use efficiency in many sitians also leads to improved
utilization of indigenous N resources (Van Keul@882). Indigenous soil N supply
originates from mineralization of organic nitrogehiological N fixation and
atmospheric deposition, and is estimated as theklntup by a crop grown in soil
without any N fertilizer (Dobermanat al, 2003a, b). For irrigated rice systems in
Southeast China, Dobermaahal (2003a) and Wangt al (2001) reported seasonal
values of indigenous soil N supply of 50-116 kg'h@o improve fertilizer N use
efficiency in rice fields, fertilizer N applicatiorates should be adjusted to indigenous
soil N supply. Crop growth simulation models in donation with field experiments
are powerful tools to explore such management pgti8imulation models synthesize
current insights in physiological and ecologicaligrowth processes, and can help in
increasing insight in relationships between ind@ensoil N supply, fertilizer N rates,
and crop performance. Once a model has been paareet and validated, it can be
used in support of analysis and interpretationedfifexperiments, for extrapolation of
experimental results over a wider range of managéenpeactices and weather
conditions, and to derive efficient N managemeratsgies (Boumaat al, 1996).

Since the mid-nineties, the International Rice Rede Institute (IRRI) and
Wageningen University and Research Centre (WUR)ehbgen developing the
ORYZA model series to simulate the dynamics of gcewth and development for
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potential production (Kropfét al, 1994a), N-limited (Drentét al, 1994), and water-
limited (Wopereiset al, 1996) conditions. These models were recentsgated and
updated in the model ORYZA2000 (Boumeainal, 2001). In this paper, we combine
the use of field experiments and ORYZA2000 to as¢les effects of indigenous soil
N supply and of rates and number of splits of lieegr N on yield, and to explore
options to combine high yields with high N use@éncies in irrigated rice systems in
Southeast China.

4.2 Material and methods
4.2.1 Methodological framework

First, ORYZA2000 was parameterized and evaluatethgusdata from field
experiments at Nanjing, Jiangsu province, South&zisna. These experiments
included N rates varying from 0 to 405 kg N'Ha different splits. The performance
of ORYZA2000 was appraised by combining variousdy@ss-of-fit parameters and
graphical data analysis. Next, ORYZA2000 was useekplore the effects of rate and
timing of fertilizer N application, under both loand high indigenous soil N supply,
using 43 years of historical weather data. We aalythe temporal stability of grain
yield, and quantified the effects of fertilizer Bigimes on yield and N uptake. Various
parameters to express the efficiency of N use weientified and used to identify
options to improve N management in rice production.

4.2.2 Experiments

Two field experiments with summer ricee( long-duration varieties grown from late
spring to early autumn) were carried out in 20002t Jiangpu experimental station
of Nanjing Agricultural University (118.7&, 32.04 N).

In experiment |, cultivar Wuxiangjing9 was usedjaponica variety widely
grown by farmers in Southeast China. In 2001, th@eement was a random plot
design, with three replicates and plot sizes ofl#0Four N rates (Table 4.1) were
applied as urea, in splits of 55% at transplantii¥fy at tillering, 20% at panicle
initiation, and 20% at booting. We applied 60 kgriel 174 kg K ha at transplanting.
Rice was sown in seedbeds on May 11, and trangglant June 12 at the rate of two
seedlings per hill, spaced 13 cm within the rowd 86 cm between the rows. All
treatments were harvested on October 21. Datesmefrgence, panicle initiation,
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booting, heading, and maturity were recorded. Elghé were harvested from each
plot every seven days before the onset of stemgatmn and every three days
afterwards. The roots were removed and the samn®es partitioned in green leaves,
yellow/dead leaves, stems, and panicles (afteringadThe area of the fresh green
leaves was measured using a Cl-203 Portable Lasar Meter until two weeks before
maturity and leaf area index (Whitbreatlal, 2003) was calculated. Samples were
oven-dried, first for one hour at 108 and subsequently at 8C for two days to
determine dry weights of the plant organs. At migtutwo 1 nf areas in each plot
were harvested to determine yield. In 2002, theegrgent was again a random plot
design, with three replicates and plot size of 30 Rive N rates (Table 4.1) were
applied as urea in splits of 60% at transplant®®§o at 15 days after the onset of stem
elongation, and 20% 25 days later. We applied 60Pkgnd 174 kg K ha at
transplanting. Rice was sown on May 11, and tramptl on June 15 at the same
density and spacing as in 2001. The 0 kg N plats were harvested on October 5, the
75 kg N h& plots on October 15 and the remaining plots orofat 21. Phenological
development was recorded at tillering, onset ahsédongation, panicle initialization,
booting, full heading, 15 days after full headirh days after full heading, and
maturity. At these stages, eight hills were hamegd$tom each plot to determine green
leaf area and biomass of plant organs, similarh2@01, but at 25 days after full
heading only leaf area was measured. After meagting dry weights, samples were
grounded, and N concentrations determined using rthero-Kjeldahl method,
following digestion in a BE5O,~H,0, solution. As in 2001, two 1 frareas in each plot
were harvested at maturity to determine yield.

Table 4.1 Details of N rates and splits for thédfiexperiments at Nanjing, 2001-2002.
Experiment set Year Total fertilizer N rate (kg'ha Fertilizer N splits (kg hd)

Experiment | 2001 0 0
135 74,7, 27, 27
270 148, 14, 54, 54
405 222,21,81,81
2002 0 0
75 45, 15, 15
150 90, 30, 30
225 135, 45, 45
300 180, 60, 60
Experiment I 2001 100 40, 20, 20, 20

2002 120 40, 20, 20, 20, 20
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In experiment I, Wuxiangjing9 was tested in a amdplot design with three
replicates and plot size of 20°nin 2001, 100 kg urea-N Hawas applied, 40% at
transplanting and the remainder in splits in 20—uhdgrvals following transplanting.
All plots received 52 kg P and 100 kg K'hat transplanting. Rice was sown on May
12, transplanted on June 13, and harvested on @ciod he experiment was repeated
in 2002, with 120 kg urea-N Ha40% at transplanting and the remainder top-deesse
in four splits in 20-day intervals. Rice was sownMay 11, transplanted on June 15
and harvested on October 6. Eight hills were haedefrom each plot to determine
green leaf area, biomass of plant organs, and Nerdration, at transplanting, 20 days
after transplanting, panicle initiation, two weddefore heading, heading, two weeks
after heading, and maturity. At maturity, yield wdstermined from sample areas,
similarly to experiment 1.

In both experiments, fields were submerged durlrey éntire growing season.
The plots were hydrologically separated by plaBhin installed to 30 cm below the
soil surface to restrict water and N flows betweaeacent plots. All plots were kept
free of weeds and received optimal control agapesits and diseases. During the
experiments, weather data were collected from atheeastation 2 km from the
experimental site. Historical weather data for #wea were obtained from the
Meteorological Center of China.

For each measured variable, we calculated meandasid error (SE) and
coefficient of variation (CV). All yields were exggsed at 14% moisture content.

423 TheORYZA2000 mode

ORYZA2000 is an ecophysiological crop model (Boursaial, 2001) of the ‘School
of De Wit (Boumanet al, 1996; Van Ittersunet al, 2003; Van Ittersum and
Rabbinge, 1997; Van Ittersum and Rabbinge, 199&imulates, with time steps of
one day, growth and development of rice for po&ntvater-limited and nitrogen-
limited production situations. For all productiatuations, optimal control of diseases,
pests, and weeds is assumed. ORYZA2000 was evdluatder potential and
nitrogen-limited conditions in the Philippines (Boan and Van Laar, 2006) and
under water-limited conditions in Indonesia (Boligigal, 2007) and China (Beldet
al., 2007). A summary description of ORYZA2000 isegivhere.

Under optimal crop management, light and tempegaare the main factors
determining crop growth. The light profile withihe canopy is calculated from total
leaf area and its vertical distribution. When tlaapy is not yet closed, leaf area
development is calculated from mean daily tempeeatand after closure from the
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increase in leaf weight, using a development-degpensbecific leaf area. On the basis
of single leaf photosynthetic characteristics, medi as function of incident radiation,
air temperature and leaf N concentration, instaedas photosynthesis rates are
calculated for pre-defined combinations of timedaf¢f and depth-in-the-canopy.
Integration over total leaf area and over the digjdg daily assimilation rate. Daily
dry matter accumulation is calculated by subtractad maintenance and growth
respiration requirements. The dry matter incremergartitioned among the various
plant organs as a function of phenological develeminwhich is tracked as a function
of mean daily air temperature. Spikelet densitflawering is derived from total dry
matter accumulation over the period from panicigaton to flowering.

Daily demand for N is calculated from dry weightgowth rates and N
concentrations of the plant organs. The basic assomis that the crop strives to
maintain ‘maximum’ N concentrations in its vegetatiorgans (Van Keulen and
Seligman, 1987), defined as a function of phenclalgievelopment stage. Potential N
concentration in the panicle is defined as a comstalue, and N demand from the
panicles must be satisfied through translocatiomfthe vegetative organs. For leaves
and stems, potentially translocatable N is defiagdhe difference between total N in
the organ and an exogenously-defined residual lavehaturity. Roots contribute a
fixed fraction of the combined N translocation fré@aves and stems. Actual crop N
uptake is limited by a maximum physiological uptaiae of the plant and by the
maximum available amount of N in the soil. Availaldoil N is calculated through a
simple bookkeeping routine of both indigenous d¢iland fertilizer N, without
simulating the dynamics of N transformation proesss the soil. Indigenous supply
is defined as a constant daily supply rate. Avéalalertilizer N is calculated as
application rate multiplied by a potential (or nraxim) recovery fraction, defined as a
function of crop development stage, with relatividy values at transplanting and
high values at panicle initiation. Seasonal-averagilizer N recovery thus depends
on the day-to-day balance between supply (timindedflizer application) and crop
demand.

Leaf N concentration affects the leaf photosyntheate and the leaf expansion
rate, while the total amount of N in the crop affeite leaf loss rate after flowering.

4.2.4 Model parameterization
We parameterized ORYZA2000 for variety Wuxiangjinfflowing the procedure

described by Bouman and Van Laar (2006), using dag from experiment |
(calibration set). Development rates were calcdlatsing the recorded dates of
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emergence, panicle initiation, flowering, and miayuand air temperatures. Specific
leaf area was computed from measured values ohdeaé surface area and green leaf
dry weight. Dry matter partitioning factors wereasti estimated from measured
biomass of leaves, stems and panicles, and fufithetuned by matching simulated
and measured values of LAl and of biomass of crgus. All other crop parameters
were set to the values from ORYZA2000’s standap adata file for the tropical
high-yielding variety IR72 (Boumagt al, 2001). A complete list of the Wuxiangjing9
parameters is available from the authors.

Indigenous soil N supply was first estimated fromapcN uptake in the O kg N
ha'-treatment divided by crop growth duration, andHer fine-tuned by matching
simulated and measured values of crop N uptake.

425 Moded evaluation

The performance of ORYZA2000 was evaluated for tadibration data set
(experiment I) and for the independent validatiatadset of experiment Il. Following
Bouman and Van Laar (2006), we applied a combinatibgraphical presentations
and statistical measures based on the work andnreeadations of Catoet al
(1999), Gauctet al (2003), Kobayashi and Salam (2000), and Mitc(iEN97). We
graphically compared simulated and measured abouadrbiomass, grain yield, total
crop-N, and leaf N concentration. For the sameabdes, we computed the slopg, (
intercept B), and coefficient of determinatioiRy) of the linear regression between
simulated (Y) and measured (X) values. We alsoutaiied the Student’s t-test of
means assuming unequal variance (P (1)), and thelldb RMSE) and normalized
(RMSE) root mean square errors between simulated andurezhvalues:

RMSE = (1/n XY, - X))°%° (eqn 4.1)

RMSE = 100X 1/n X(Y; - X))*¥2X/n (eqn 4.2)
wheren is the number of observations. The variable X mean value of measured
yield calculated from the replicates of the fiekperiment and has a standard error
(SE) associated with it. Mostly in model evaluatiany difference between simulated
and measured mean values is attributed to modetserwhereas the error in the
measured value is not taken into accoeng,(Kobayashi and Salam, 2000; Gawth
al., 2003). However, a model prediction of a certamniable value can not be more
accurate than the measurement error of that variabl

A model reproduces experimental data best whénclose to 1f close to OR?
close to 1, P (t) larger than 0.0BMSE similar to the SE of measured values, and
RMSE, similar to the CV of measured values.
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426 Scenarioanalysis

Two simulation sets were executed to explore optimn combining high yields with
high N use efficiencies. In simulation set I, 1itifeer N rates (0, 60, 90, 120, 150,
180, 210, 240, 270, 300, 330 kg'havere used. At each rate, 50% was applied at
transplanting, 25% at panicle initiation, and 25%t jpefore booting. In simulation set
1, 150 and 210 kg fertilizer N Hawere applied either as a single dose at transptant
three equal splits at transplanting, panicle itdiaand booting, or six equal splits in
20-day intervals starting at transplanting. In begts, variants were included with an
indigenous soil N supply of 0.6 and 0.9 kg'td', based on parameterization of our
field experiments. Both sets were run for 43 ygag61-2003) of weather data from
Nanjing, with emergence on May 11 and transplarmimgune 15.

Model outputs were used to calculate a number okél efficiency parameters:
partial factor productivity (PFP), physiologicakiefency (PE), agronomic efficiency,
and fertilizer N recovery (RE):

PFP = (Yo/Nr) + (AY/ANpP) x (ANp/Nr) (eqn 4.3)
PE =AY/ANp (eqn 4.4)
AE =AY/Nr (egn 4.5)
RE =ANp/Nr (egn 4.6)

in which Y is grain yield (kg ha) without N inputs, Nr applied N rate (kg'ha
AY incremental increase in grain yield (kg'hahat results from N application, and
ANp the increase in crop N accumulation (kg)hehat results from N application.

4.3 Reaults
4.3.1 Mode evaluation
SE and CV values of measured crop variables aengivTable 4.2.

Biomass and leaf area indexamples of graphical comparison of simulated and
measured crop biomass and LAI are given in Fig. fdrlthe calibration and the
validation sets. In general, there was satisfactgreement between measured and
simulated LAI and dry weight of crop organs andha whole crop. In the calibration
set, simulated LAI was slightly overestimated betwe80 and 120 days after
emergence at 0 and 150 kg N'héFigs. 4.1a, b). In the validation set, LAl was
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slightly overestimated between 80 and 120 days afteergence at 100 kg N habut
overestimated with 1-2 units from 80 days after yece onwards at 120 kg Nha
(Figs. 4.1d, e). Despite these overestimationsAdf the biomass of crop organs was
simulated quite accurately. Goodness-of-fit paransefior the dynamic crop variables
are given in Table 4.3. The Student’s test indgdteat all simulated values were
similar to measured values with 95% confidenceadthldlata sets. Slopes)(of the
biomass variables are close to 1 and the interf@ptalues small, indicating a close
fit between simulated and measured d&&SEaand RMSEnvalues are 2-3 times
higher than the SE and CV values, respectively ugition results are less accurate for
LAI, with RMSEaand RMSEnvalues 3 times higher than the SE and CV of the
measured values, respectively.

Table 4.2  Standard error (SE, the same unit asadde) and coefficient of variation (CV,
%) for measured crop variables in the field expemts at Nanjing, 2001-2002.

Crop variable N SE Ccv
Total biomass (kg hY 129 510 7
Biomass of panicle (kg 50 434 11
Leaf area index (-) 109 0.34 11
Amount of N in crop (kg H3) 47 14 15
Amount of N in panicle (kg h§ 21 8 14
Leaf N concentration (g9 47 0.21 8
Yield (kg ha') 11 947 10

"N is total number of data in experiments | and II.

Crop N-uptake and leaf N concentratidixamples of graphical comparison between
simulated and measured crop N uptake and leaf Mertration are given in Fig. 4.2.
The error in measured values of crop N variabletaiger than those in the crop
biomass variables and LAI (Table 4.2). Similarlye tdiscrepancy between simulated
and measured crop N variables is larger than fombss and LAI, as reflected in
higher values foRMSE, and in values foo andf that deviate more from their ideal
values (Table 4.4). Nevertheless, for total croppthke and panicle N uptakeMSEa
andRMSE are only 1.5-2.5 times higher than the SE and €Cih® measured values,
respectively, in both the calibration and validatidata sets. However, for leaf N
concentrationRMSE andRMSE, are about 4 times higher than the measured SE and
CV values, respectively. In Fig. 4.2, especiallye tbverestimation of leaf N
concentration in the first 70 days after emergaaariking. In 2001 of the validation
data set, total crop N uptake was overestimatethggrain filling, but N uptake in
leaves and panicles was simulated accurately.
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Figure 4.1 Simulated (lines) and measured totahagoound dry mattersf, leaves (%),
panicles ¢), and LAI @), for experiment | (calibration set) in 2002 (a,d) and
experiment Il (validation set) in 2001 (d) and 2q@2 (a) 0 kg N h&; (b) 150
kg N ha' with three splits; (c) 300 kg N Han three splits; (d) 100 kg N Han
four splits; (e) 120 kg N Rain five splits.



Table 4.3 Evaluation results of ORYZA2000 simaihetiof crop growth variables over the entire grogveeason, for the calibration and
validation data sets.

Crop variable N Ximea SD) X%im(SD) Rt) a B R RMSE, RMSE, (%)
Calibration set

Total biomass (kg h 115 7944 (5664) 7211 (5625) 0.16* 0.971 -500 0.961404 18
Biomass of panicles (kg Hp 44 4233 (3160) 3845 (3333) 0.29* 1.012 -441 0.921002 24

Leaf area index (-) 95 4.55 (3.06) 4.51 (2.62) 0.47* 0.807 0.84 0.89 1.26 28
Validation set

Total biomass (kg h 14 8143 (5194) 8007 (6054) 0.48* 1.139 -1271 0.961410 17
Biomass of panicles (kg Ha 6 4288 (3137) 4437 (3424) 0.47* 1.049 -62 092 788 21

Leaf area index (-) 14 3.51(1.44) 4.34(1.89) 0.13* 1.210 0.10 0.85 1.12 32

N, number of measured/simulated data padsg; mean of measured values in whole populat@n; mean of simulated values in whole
population; SD, standard deviation of whole popatgtP(t), significance of pairetdtest;a, slope of linear relation between simulated and
measured valueg, intercept of linear relation between simulated arehsured value&?, adjusted linear correlation coefficient between
simulated and measured values; RM$&), normalized root mean square error betweenlated and measured values (%); RMS3tbsolute
root mean square error between simulated and nezhsatues.

In a column;* means simulated and measured values are the s&bB&atonfidence level.
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Figure 4.2 Simulated (lines) and measured totah ldrop @), leaves (%), and panicle®),
and N concentration in leavea ], for experiment | (calibration set) in 2002 (a,
b, c), and experiment Il (validation set) in 20@) &nd 2002 (e): (&) 0 kg N
ha'; (b) 150 kg N hain three splits; (c) 300 kg N Han three splits, (d) 100 kg
N ha' in four splits; (€) 120 kg N Hain five splits.



Table 4.4  Evaluation results of ORYZA2000 simutetiof N dynamics in the crop over the entire grgwsaason, for the calibration and
validation data sets.

Crop variable N Xmea SD) X%im(SD) Rt) a B R RMSE, RMSE, (%)
Calibration set

Amount of N in crop (kg hd) 35 107 (76) 97 (66) 0.27* 0.819 9 0.87 30 28
Amount of N in panicles (kg3 15 65 (38) 53 (54) 0.25* 1.410 -38 0.96 20 30

N concentration in leaves (' 35 0.028 (0.007) 0.029 (0.014) 0.23* 1.552 -0.013 0.67 0.009 33
Validation set

Amount of N in crop (kg hd) 12 104 (66) 89 (56) 0.26* 0.794 6 0.85 29 28
Amount of N in panicles (kg fa 6 57 (40) 52 (47) 0.41* 1.141 -14 0.96 12 20

N concentration in leaves (g'y 12 0.030(0.011) 0.028 (0.011) 0.30* 0.761 0.005 0.54 0.008 27

N, number of measured/simulated data padsg; mean of measured values in whole populat@n; mean of simulated values in whole
population; SD, standard deviation of whole popatgtP(t), significance of pairetdest;a, slope of linear relation between simulated and
measured valueg, intercept of linear relation between simulated arehsured value&?, adjusted linear correlation coefficient between
simulated and measured values; RM$&), normalized root mean square error betweenlated and measured values (%); RMS3tbsolute
root mean square error between simulated and nezhsatues.

In a column;* means simulated and measured values are the s&b5&atonfidence level.
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Another way to compare simulated and measured bro@riables is the so-
called “three-quadrant diagram” (De Wit, 1953; M&aulen, 1982; Fig. 4.3). Three-
quadrant diagrams show the relationships betweeapplication rate and yield
(quadrant I), total N uptake and yield (quadraptdhd N application rate and total N
uptake (quadrant Ill). In all quadrants, simulatedd measured values of yield and
crop N uptake fall on the same curve. In quadrardrop N uptake is underestimated
in the low uptake range in the 0-N plots, whilesioverestimated in the high uptake
range. Seasonal-average fertilizer N recovery utatied from the slope of the curve in
qguadrant Ill, is 40%.

Yield (kg ha')

120007
4 m]
A
o OAA T A
6000
L] I
N rates (kg ") T N uptake (kg ')
420 210 0/ 0 210 420
210 +
T o
42C —

N rates (kg I"l)

Figure 4.3 Three-quadrant diagram of measured §&rsee Table 4.2) and simulated yield,
N uptake, and applied fertilizer N. Simulated &nd measuredo( values for
experiment | with 0, 135, 270, 405 kg N'tim 2001; simulateds) and
measuredd) values for experiment | with 0, 75, 150, 225, R§N ha&' in
2002; simulated &) and measured\( values for experiment Il in both 2001
and 2002.

Final biomass and yieldSimulated and measured values of total crop bésnzand
grain yield at harvest are given in Fig. 4.4 fothbthe calibration and the validation
data sets. Because of the low number of data, tloelrgess-of-fit parameters were
calculated for both data sets combined (Table 4h5)eneral, simulated and measured
values match quite well. In Fig. 4.4, most datanfgoare near the 1:1 line and within
the +/-SE lines of measured values. For yi®)SE and RMSE are of the same
order of magnitude as the SE and CV values, respéct
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Figure 4.4 Simulated versus measured end-of setasallbiomass and yield. Data for experimen¢)l &nd experiment 1KX).
Solid lines are the 1:1 relationships; dotted lirsge plus and minus mean standard error of measuadaes around the 1:1 line.

Table 4.5  Evaluation results of ORYZA2000 simutetiof final biomass and grain yield, for the conaloircalibration and validation data

sets.
Crop variable N  XmeaSD) Xim (SD) Rt) a )i R RMSE, RMSE, (%)
Final biomass (kg h§ 11 16723 (2144) 17472 (2514) 0.23*  0.987 958 0.71 1417 8
Yield (kg ha®) 11 9263 (1189) 9478 (1897) 0.38*  1.237 -1983  0.60 1193 13

N, number of measured/simulated data paisga mean of measured values in whole populatiQp, mean of simulated values in whole
population; SD, standard deviation of whole popatgtP(t), significance of pairetdtest;a, slope of linear relation between simulated and
measured values, intercept of linear relation between simulated arehsured value&?, adjusted linear correlation coefficient between
simulated and measured values; RM$&), normalized root mean square error betweenlated and measured values (%); RMStbsolute
root mean square error between simulated and neshsalues.

In a column;* means simulated and measured values are the s@&b%atonfidence level.
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4.3.2 Scenario analysis

Simulation set.IFig. 4.5 gives the simulated yields for the 4argeof simulation at
four combinations of low (0 N) and high (300 kg M fertilizer N rate and low (0.6
kg ha' d%) and high (0.9 kg Kad?) indigenous soil N supply. The differences in
simulated yields among the years are a consequaEndéferences in solar radiation
and temperature only. At high rates of N appligatihe differences among the years
are relatively large: at 300 kg N hayield fluctuates between about 9,000 and 13,000
kg ha', with four years exceeding 14,000 kg'hat lower N application rates, yields
are lower and yield differences among the yeardlemat 0 kg fertilizer N hd and

an indigenous soil N supply of 0.6 kg hd®, yield fluctuates between about 5,000
and 6,000 kg Ha At low fertilizer levels, the effect of indigensisoil N supply is
relatively large whereas at high fertilizer N levet is negligible. Overall, a high
availability of N is required to realize the clin@atield potential under favourable
weather conditions.
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Figure 4.5 Simulated yields between 1961 and 2@@8,indigenous soil N supply of 0.6 kg
ha' d* and fertilizer N rates of ®§ and 300 kg h& (A), and with indigenous
soil N supply of 0.9 kg Had™ and fertilizer N rates of O and 300 kg h&
(A). The bars indicate the normalized root mean squaror of simulated
versus measured yield.
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Fig. 4.6 presents the results of the simulationshan three-quadrant diagram,
using values averaged over the 43 years of sironlabDifferences in indigenous soil
N supply result in different fertilizer N responserves (quadrant ), starting at
different yields with O fertilizer N (at low indig®@us soil N supply, yield is 65% of
that at high indigenous soil N supply), but conuaggat a yield level of about 10-
11,000 kg hd at around 200 kg fertilizer N HaAt low indigenous soil N supply,
some 60 kg fertilizer N hhais needed to realize the 0-N yield (close to 6,R9M0a")
at high indigenous soil N supply. Agronomic effiooy, the slope of the curve
between yield and N application rate in quadrant Ihighest at zero fertilizer N
application and decreases to 0 at application rategeding about 300 kg ha
Moreover, agronomic efficiency decreases with iasmeg indigenous soil N supply,
from 35 kg kg' at 0 kg fertilizer N ha and low indigenous soil N supply to 30 kg'kg
with high indigenous soil N supply.
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Figure 4.6 Three-quadrant diagram of simulateddjéN uptake, and applied fertilizer N,
with indigenous soil N supply of 0.6 kg*ha’ (0) and 0.9 kg ha d™ (#). Each
simulation is the average of 43 years between E®@12003.
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The relation between grain yield and N uptake (gaatdll) is identical for low
and high indigenous soil N supply. At low fertilizeates, yield increases linearly with
N uptake at a physiological efficiency (the slodetlee curve between yield and N
uptake) of 54 kg K@ At fertilizer rates exceeding 150 kg Nhahe curve levels off
and reaches a plateau at about 225 kg fertilizeel\ where radiation or temperature
limit yield. Over the range of fertilizer N ratesidied in this scenario, N uptake by the
crop increases linearly with fertilizer N rates dguant Ill), at both low and high
indigenous soil N supply. Seasonal-average fegtilid recovery is 54% at low and
51% at high indigenous soil N supply.

Simulation set lIThe timing and number of splits in fertilizer lg@ication has small
effects on yield, that are significant only at lawdigenous soil N supply (Table 4.6).
Lowest yields were associated with either 100% Ibdsassing at transplanting, or
with complete omission of fertilizer N at transpgiag. The treatments with 100%
basal application combine the highest physiologietiiciencies with the lowest
agronomic efficiencies and fertilizer recoveriesmi@ng fertilizer application at
transplanting, and applying it in two equal spatspanicle initiation and at booting,
results in the highest crop N uptake and fertiligovery, but in low agronomic and
physiological efficiencies. At 210 kg fertilizer Na*, this treatment has the lowest
yields of all splits. At both fertilizer levels amadigenous soil N supplies, the highest
yield, partial factor productivity and agronomidieiency are realized with splitting
the amount of fertilizer N equally at transplantin@anicle initiation and booting.
However, this treatment has intermediate leveleilizer N recovery. Increasing the
number of splits to six does not further increamddyor any of the N use efficiency
parameters.



Table 4.6  Means of simulated grain yield, N uptakd N use efficiency parameters at different Ngasplits and indigenous soil N supply
rates, using 43 years historical weather data fro#61 to 2003.

Indigenous soil Fertilizer

N supply rate N rate Fertili_zlerNspIits Grain_;l/ield Total!\lluptake PFP B YO/Nr_1 PE B RE AE B
(qhady  (gha)  Kohd) (kgha') (kg ha) (kgkg") (kgkg) (kgkgh) (%) (kgkg?)
0.6 150 150 9092 146 61 36 58 42 24

0, 75,75 9476 178 63 36 43 63 27
50, 20, 20, 20, 20, 20 9622 163 64 36 52 5328
50, 50, 50 9753 167 65 36 51 56 29
LSD 166 2
210 210 10266 172 49 26 54 42 23
0, 105, 105 9803 212 47 26 34 62 21
70, 28, 28, 28, 28, 28 10598 195 50 26 46 5325
70, 70, 70 10769 199 51 26 46 55 28
LSD 221 3
0.9 150 150 10339 182 69 49 49 40 20
0, 75,75 10411 213 69 49 33 61 20
50, 20, 20, 20, 20, 20 10531 198 70 49 41 5121
50, 50, 50 10681 201 71 49 42 53 22
LSD 218 2
210 210 10984 207 52 35 42 41 17
0, 105, 105 10631 245 51 35 26 59 16
70, 28, 28, 28, 28, 28 11077 228 53 35 35 5118
70, 70, 70 11115 232 53 35 34 53 20
LSD 259 3

The fertilizer splits are applied at transplantiagone split, at transplanting, panicle initiatiand booting for three splits, transplanting and at
intervals of 20 days after transplanting for sikitspLSD is least significant difference betweentifizer N treatments. PFP is partial factor
productivity for applied N; ¥is grain yield at 0 kg N g Nr is the amount of applied fertilizer N; PE isysiological N efficiency; RE is
fertilizer N recovery; AE is agronomic N efficiency
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4.4 Discussion and conclusions

There are no absolute criteria to classify a madéigood” or “bad”. Strictly speaking,
models can not be validated; only invalidation asfble on the basis of empirical
evidence. However, repeated and well-documentedpadsons between model
simulations and experimental measurements incrd@seonfidence in the suitability
of a model for a specific purpose (Bouman and Vaar[.2006). For our purpose, and
from our evaluation, we conclude that ORYZA2000 isfacttorily reproduced
measured crop variables in both the calibration #wedvalidation experimental data
set. For yield, LAl and crop biomass, the goodradss- parameters (slope, intercept,
and coefficient of determination of the linear eggion between simulated and
measured values, and the root mean square errtwedre simulated and measured
values) and the graphical analyses of the resilthe simulation for the japonica
variety Wuxiangjing9, used in our experiments, weamparable to those for the
tropical high-yielding variety IR72 in the Philippgs (Bouman and Van Laar, 2006).
For yield, the root mean square error between sitedland measured values was of
the same order of magnitude as the coefficientgaghtion of measured values. The
simulated crop N variables, such as leaf N conaéotr and crop N uptake were
slightly less accurate than those of crop biomia&sand yield. Simulation accuracies
might be increased by improving the simulation ofl SN dynamics, which in
ORYZA2000 is relatively simple. Total N availabylits determined by a constant
indigenous soil N supply rate and a maximum recpeérapplied fertilizer N, defined
as a function of crop development stage (Boustaal, 2001). In reality, indigenous
soil N supply rate can vary substantially in theurse of the growing season
(Dobermanret al, 2003a, b; Thiyagarajaet al, 1997). The recovery of fertilizer N
depends not only on crop development, but also @amagementeg.g, depth of
placement, fertilizer type) and environmental ctinds that affect volatilization and
leaching losses. More detailed modelling of soitrBhsformations and losses may
increase the accuracy of simulating soil N dynanaied crop N uptake, but requires
detailed soil information (Godwin and Jones, 19@bdwin and Singh, 1998; Van
Keulen, 2001).

The simulated high yields of 9-13,000 kg'hat high fertilizer N rates are
supported by the high yields in our field experitseup to 11,500 kg Haat 225 kg N
ha', Fig. 4.2). These high yields are associated thithlong crop duration of about
five months. The very high simulated yields of aD0 kg ha require confirmation
through well-designed field experiments under cbowé of potential production and
favourable weather conditions. Supporting evidefacethe feasibility of such high
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yields has been reported for Yunnan, China, andth®ast Australia, where crop
growth durations are about five to six months aadiation levels relatively high
(Horie, 2001; Horiest al, 2004).

The indigenous soil N supply rates of 0.6 and 0g9hia" d* found in our
experiments compare well with values of 0.5-0.9dqgorted for tropical rice soils by
Ten Bergeet al (1997), and with values up to 1 kg'ha* reported by Dobermaret
al. (2003a, b) for Southeast China. Both, the fiekppegiments and the model
explorations show that the marginal yield increaséertilizer N rates above 200 kg
ha' is very low (Figs. 4.3 and 4.6). Current fertilizBl rates in irrigated rice
production in Southeast China are 260-300 Kg, léth yields of summer rice of 6-
8,000 kg h# (Cuiet al, 2000; Pengt al, 2002; Wanget al, 2001; Wittet al, 1999).
Our simulation results suggest that there stifdepe for some 2-3,000 kg hgield
increase, while using less fertilizer N of arour@DXg h& at 0.6-0.9 kg Ha d*
indigenous soil N supply rates (Fig. 4.6, quadtant

Fertilizer N use efficiency can generally be insezh by matching N-supply as
close as possible with crop demand. Common praictiGhina is to apply all fertilizer
N in one or two splits within the first 10 dayseafttransplanting, and it has been
suggested that fertilizer N use efficiency couldimngproved by increasing the number
of splits and by later applications (Cabangginal, 2004; Wanget al, 2001). Ten
Bergeet al (1997) recommended frequent, small doses ofligention the basis of
optimization. However, with increasing urbanizatamd the movement of labour out
of agriculture, farm operations need to be minimiz& labour-efficient strategy is to
apply fertilizers in a limited number of applicat®at the time when the crop needs it
most. In our experiments and simulations, crop kbkg generally peaked between
maximum tillering and panicle initiation (Fig. 4.Z2)he contribution of N acquired at
this stage to grain yield formation is relativedyde (Cassmaet al, 1996; Pengt al,
1996). Thiyagarajaret al (1997) suggested that part of the basal fertilixein
irrigated rice could be delayed to this growth stag increase N use efficiency. In
field experiments with summer rice in Tuanlin, Hulpgovince, and in Jinhua,
Zhejiang province, Beldeet al (2005) and Cabangoat al (2004) found that
increasing the number of splits from two (50% oag defore transplanting and 50%
10 days after transplanting) to four, resulted ighbr fertilizer N recovery, total N
uptake and agronomic N use efficiency, but hardfigcted grain yield. In two out of
three years, the fertilizer N recovery (41-72%)ysblogical N use efficiency (45-68
kg kg') and agronomic N use efficiency (15-24 kg'kgn their well-watered
treatments are in the same range as found in onulaiion study (Table 4.6),
confirming the feasibility of high N use efficiees in irrigated rice. Our simulation
results also show that manipulating the numberedilizer N splits had only small
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effects on grain yield. Within the narrow variationyield (10% around the mean),
concentrating fertilizer N at transplanting resdlta lower yields, lower fertilizer N

recoveries and lower agronomic N use efficienci®s. the other hand, omitting N
application at transplanting completely, and apmyN in two splits in the period of
high demand, introduces a risk of lower yields twath other splits. Highest yield,
partial N productivity and agronomic N use effia@gnand second-highest fertilizer N
recovery, were obtained with three equal dosesatsplanting, panicle initiation and
booting. Increasing the number of splits to six haceffects.

Other approaches to improve N use efficiency ageude of organic forms of N,
controlled-release N fertilizer (Shoji and Kannd94), or incorporation of the
fertilizer into the soil (Schnieet al, 1990). These practices, however, entail higher
costs or labour requirements than split applicabbeonventional fertilizers (Buresh
and Baanante, 1993).
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Abstract

About 10% of the food supply in China is producadRice-Wheat (RW) cropping
systems. Over the last decades, nitrogen (N) iapsbciated with intensification has
increased much stronger than N output in theses\sstThe resulting nitrogen surplus
increases the risk of environmental pollution ahd €conomic costs of production.
We studied the effects of N and water managementiedds of rice and wheat, and
nitrogen use efficiencies in RW systems. A RW-fiekperiment with nitrogen rates
from 0 to 300 kg N ha with continuously flooded and intermittently iraied rice
crops was carried out at Jiangpu experimental ostabf Nanjing Agricultural
University of China (324’ N, 118 48 E) from 2002 to 2004 to identify improved
nitrogen management practices in terms of prodiigtand nitrogen use efficiency.
Results show that nitrogen uptake by both rice ahdat increased with higher
N rates, while agronomic nitrogen use efficiencyg ¢rain per kg N applied) declined
at rates exceeding 150 N kg haHighest combined grain yields of rice and wheat
were obtained at about 150 and 300 kg N seasoti in rice and wheat, respectively.
Carry-over of residual N from rice to the subsedquesneat crop was limited,
consistent with low soil nitrate contents afteerltarvest. Total soil N content hardly
changed during the experiment, while soil nitratatents were much lower after
wheat than after rice harvest. There were no saamt effects of water management
on yield and N uptake by rice, but apparent N recpwas higher under intermittent
irrigation. In one season, intermittent irrigatioranagement in rice resulted in higher
N uptake in the subsequent wheat season, but ndiigher yield. Uptake of
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indigenous soil N was much higher in rice than imeat, while in rice it was much
higher than values reported in literature, whichyrhnave consequences for nitrogen
recommendations based on indigenous N supply.

Keywords: apparent N recovery, N balance, soil ieatts, system analysis.

5.1 Introduction

In China, as in many other parts of Asia, rice aviteat are frequently grown in
rotation. Rice-wheat (RW) systems occupy 10% ofdhable area in China, mainly
along the Yangtze River (Huke and Huke, 1992). €hegstems are of major
importance for achieving China's food security. pbeulation of China is expected to
increase with nearly half a billion people by 20G0A0, 2003), requiring large
quantities of rice and wheat. Since suitable agjtical land is scarce in China, RW
systems are very intensively managesl,with high inputs to maximize yields per unit
of land. Particularly in Southern Jiangsu Provinegtremely high annual doses of
500-650 kg N h& are common in RW systems (ZkBtial, 2000), with low nitrogen
use efficiency (Cuet al, 2000; Penget al, 2002; Xu and Wu, 1999). Increasing N
inputs beyond crop needs results in undesired emsso the environment, such as
gaseous and leaching losses and runoff to surfater&nd in unnecessary production
costs for farmers (Li and Zhang, 1999; Xing and ,Z2Q00).

Commonly, the rice crop in RW systems is grown bgng a permanent layer
of water on the field, resulting in higher seepane percolation losses than in the
wheat crop. Competing claims for fresh water sourcal for more efficient use of
irrigation water in rice production (Bouman and figp2001). To reduce water use in
irrigated rice production, water-saving techniquase being developed. Such
techniques include the introduction of periods wsthturated but non-flooded soil
conditions during part of the growing period alseown as intermittent irrigation
(Mao, 1993), direct seeding of rice under non-fledaonditions (Xieet al, 1995),
and the introduction of ground cover, reducing e@vapon losses (Liret al, 2002).
Intermittent irrigation has been shown to leaddduced water input in rice systems
without affecting yields (Beldeet al, 2004, 2005). Water-saving techniques in rice
may improve soil physical and biological propertiesthe associated wheat (Timsina
and Connor, 2001), resulting in increased N useieficies in the wheat crop (Zheng,
2000).

There has been much research on N dynamics irandewvheat separately, but
only few studies have reported on N dynamics in Btems (Timsinat al, 2001).
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Especially information on N dynamics in RW-systemsrelation to intermittent
irrigation is scarce, which hampers developmentRo¥-systems aiming at more
efficient use of water and nitrogen. This studysaahanalysing N response and N use
efficiency in a rice-wheat system on the basis @ year field experiment with two
seasons of rice and wheat, different nitrogen regimrand different water management
in the rice crop, including conventional floodingdaintermittent irrigation. Grain
yield and N uptake of crops under different treattaewere compared, and soill
nutrients were monitored, including total N contand nitrate content. Apparent N
recovery, agronomic and physiological N use efficie of single crops are analysed,
using the three-quadrant method (De Wit, 1953; \aulen, 1982) to explore
opportunities for improvements in N use efficieme\RW cropping systems.

5.2 Material and methods
521 Experimental design

The experiments were carried out at Jiangpu exgetah station of Nanjing
Agricultural University at Nanjing (32°4, 118°48 E) from 2002 to 2004, covering
two sequences of rice and wheat crops. The samhigslto the Anthrosols with pH 7.1,
available phosphorus 23.9 mgkand available potassium 95.7 mg'kdaponica rice
cultivar Wuxiangjing9 and wheat cultivar Yangmaid6re used.

5.2.2 Management and treatmentsin therice season

The experiment was a two-factor split plot desigihe main-factor, water
management consisted of two treatmernts, conventional irrigation (Cl) and
intermittent irrigation (lI). The sub-factor nitreg management consisted of five
application ratesi.e. 0, 75, 150, 225 and 300 kg haPlot size was 10 x 3 fwith
three replications for each treatment. Plots wegasated by plastic film to 30 cm
below soil surface to reduce water and nitrogewslbetween adjacent plots. In 2002,
rice was sown on May 11 and transplanted as sikskeadlings on June 15 at one
seedling per hill, spaced at 25 and 15 cm betwe®hia the rows, respectively.
Because of differences in maturity, the 0 kg N p#ots were harvested on October 5,
the remaining ll-plots on October 15 and the remgirCl-plots on October 21. After
transplanting, the CI treatment was flooded witivater layer of 2 to 5 cm, except
during mid-season drainage for two days, startimguy 31 and for five days starting
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on August 25 in 2002. Soil water content in |l wasintained throughout the growth
period between about 85% relative water contenefwthe soil started to form cracks)
and saturation, through drainage or irrigation.ddeftransplanting, 60% of the total
nitrogen was applied as basal fertilizer, anotl@b At 15 days after jointing, and the
remaining 20% at 25 days after jointing (5 to 19sbefore heading). In addition to
nitrogen, 135 kg s and 210 kg KO ha' was applied as basal fertilizer.
In 2003, rice was sown on May 15 and transplantete J15 in a 30x15 cm

pattern. On October 23, all plots were harvestedp@nanagement was identical to
that in 2002.

5.2.3 Management and treatmentsin the wheat season

In 2002, after the rice harvest, the land was phedgand seed was drilled on
November 9 at 180 grains pef.nEach rice plot was sub-divided into three to gppl
three N rates to whedte. 0, 150 and 300 kg HaBefore sowing, 60% of the N was
applied and the remainder was top-dressed at theéng stage. In addition, 135 kg
P,Os and 210 kg KO ha' was applied as basal fertilizer. Wheat was haggesh June
3.

In 2003, an alternative lay-out was selected, basethe results of the previous
year: the rice plots were split in two, with hadfceiving the same N-doses as in the
rice season, while the other half did not receing B. Before sowing of the wheat
crop, the soil was prepared with a rotating plougid 60% of the fertilizer was
applied, the remainder being applied in equal splttjointing and booting. All plots
received 135 kg s and 210 kg KO ha' as basal fertilizer. Wheat was sown on
November 6 at a density of 150 grains péramd was harvested on May 26.

5.3 Measurements
5.3.1 Dry weight and nitrogen content

During the entire experiment, dates of key groviélyss of crops were recorded. Both,
rice and wheat plants of 1°fnomeach plot were harvested to determine panicle/spike
number, grain number per panicle/spike and 100rgneeight. The filled grain
percentage was determined from the number of fijexdns per panicle, filled grains
were selected in a NaCl solution with a specifiaviy of 1.03. Plant samples,
separated in grain and straw were oven-dried at@B@or 2 days. The yields are
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measured from the samples and showed on the basisisture content of 14% for
both wheat and rice. Concentrations of N in graml gtraw were determined by
micro-Kjeldahl (AOAC, 1984), following digestion & H,SO,—H,O, solution.

5.3.2 Sail nitrogen

Total and nitrate nitrogen content in the 0-40 @80 cm soil layers were
periodically monitored, both before and after cgypwth in the plots of 0, 150 and
300 kg N h# under both water management treatments. Nitrat®;{¥) was
extracted from fresh soil samples using an equulibrextraction with 2.0 N KCI
solution and analysed using a flow analyzer. TetdlN content was determined after
air-drying of soil samples, using micro-Kjeldahd]lbwing digestion in a k550,—H,0,
solution.

5.3.3 Nitrogen use efficiency indicators and analysis

Apparent nitrogen recovery (ANR, %) is the ratio tbe difference in N uptake
between the treated and the zero-fertilizer plah®application rate. Physiological N
use efficiency (NUE, in kg grain dry matter per Ky is defined as grain production
per unit N uptake by the crop, while agronomicaiincy (AE, in kg grain dry matter
per kg N) is defined as grain production per uniapplied. These characteristics are
presented in three-quadrant graphs (De Wit, 19%81 Keulen, 1982): One quadrant
presents grain yield against N application (fex@ili response curve, AE), the second,
yield against N uptake (yield-uptake curve, NUH)d @he third relates N application
to N uptake (application-uptake curve, ANR). Onptout of these three relations are
mutually independent: the third relation alwayddats from the two others.

534 \Weather data

Daily weather datd,e. radiation, precipitation, maximum and minimum tergiures
were collected from a nearby meteorological station
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54 Results
541 Weather

Average daily solar radiation during the first rigeowing season was 14.94 MJ¥m
compared to 13.15 MJ frduring the second season (Fig. 5.1). Rainfalhizgecond
rice season was more frequent and much higherithtre first rice season (1054
421 mm). Average temperature was 2%5C7in the firstvs 25.1°C in the second
season. Frequency of rainfall in the first wheass® was higher than in the second,
although total rainfall was more or less similat{%s 435 mm). However, the higher
rainfall frequency and associated cloudiness reduih an average daily solar
radiation during the first wheat season of 12.95 i) compared to 14.35 MJ n
during the second season. Consistent with the higithation, average temperature
during the second wheat season was 4@ ¥k 10.1°C in the first season.
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Figure 5.1 Daily mean temperature, radiation ane@gipitation at Nanjing in two seasons
of rice-wheat rotations. Solid lines are radiatiaigtted lines are temperature,
and columns are precipitation.
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542 Rice

Grain yield

In both seasons, effects of nitrogen rates on yi@ldre statistically significant, but
water management treatments were not differentléT@ld). There was no interaction
effect of water and nitrogen on yield, hence Nilieer response for the two irrigation
methods was similar. Grain yield first increasethvimcreasing N rates, and started to
decrease at N rates of 225 kg'hdhe lower yields at the highest N rates were
generally associated with lower percentages d@diljrains. At low N rates, spikelet
numbers per unit area were lowest. Spikelet numbenf was significantly higher in
the first year (42,800) than in the second yeajO@32), as was grain yielde. 9.6 Mg
ha'in the firstvs 8.0 in the second year. There was no interacifect between
years and treatments, indicating consistent yietgponses with respect to N and water
management in both years.

Table 5.1  Average (two seasons, 2002 and 2003) geghponents, grain yield and N
uptake in aboveground material at maturity of ratedifferent N rates and for
two irrigation methods, and their variation source.

Spikelet n0.1000-grain Filled grains Grain yield N uptake

Treatment (10°m™®)  weight (g) (%) (kg ha’) (kg ha’)
Irrigation (1)

Cl 39.7 24.3 68 8956 171
[l 37.1 24.4 69 8713 173
LSDy.05 6.8 0.29 7 606 16
N rate (kg ha)

0 27.0 24.4 74 6925 111
75 33.9 24.3 75 8468 150
150 39.6 25.0 70 9730 176
225 46.5 24.1 63 9880 207
300 45.0 24.0 61 9169 214
LSDy0s5 8.3 0.45 11.5 959 26
Year

2002 42.8 24.4 63 9597 194
2003 34.0 24.3 75 8072 149
LSDy.05 4.5 0.30 4 405 22
Variation source

Y x| NS NS NS NS NS
Y xN *x NS *x NS NS
IXN NS * NS NS NS

* ** significant at 0.05 and 0.01 probability leweINS not significant.
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Aboveground N uptake

N uptake in the aboveground parts of rice was mgiificantly different between both
water management treatments (Table 5.1), but iseckaignificantly with increasing
N rates. Below 150 kg N Hatotal N removed in the crop exceeded N fertilimgut,
while at the higher rates it was reversed. Thers m@ interaction effect between N
and water management on N uptake. Consistent hatlyield difference between both
years, crop N uptake in 2002 was clearly highen tina2003 (194vs. 149 kg h&),
associated with N uptake in the control (0 kg N)halots,i.e. 130 kg h& in 2002 and
91 in 2003. Interaction effect between year ancttnents was not significant,
indicating that the variation in N uptake was cetesit under different N and water
management in both years.

N use efficiency

Data on rice yields and N uptake for the two y&eese pooled, as trends were similar.
The fertilizer response (AE) curve in quadrantdB}ig. 5.2 shows maximum yields
at N doses of 150 kg HaUnder Cl, AE varied between 18.8 and 4.3 kg &gd under

Il between 10.4 and 3.5.

NUE is the slope of the linear part of the curvatieg grain yield and N uptake
(Fig. 5.2, quadrant (b)). In this experiment, te&tion between yield and N uptake
started to deviate from the linear at uptake vakweding 145 (Cl) and 169 (Il) kg
ha', indicating that at higher N-availability, otherogth factors became limiting
(Van Keulen, 1982). Comparison of the Cl and IMagrshows that in two of the three
cases, NUE of Il is lower than that of Cl, whichuttbhint at some water stress during
at least part of the gowing season.

Indigenous soil N supply was about 110 kg'had not significantly different
between Il and Cl (Fig. 5.2, quadrant (c)). At Kesabelow 225 kg ha average ANR
was lower under Cl (43%) than under Il (49%). A03@® N ha, ANR dropped to 32
and 39% for Cl and Il, respectively.

When comparing both rice seasons, NUEs were mughehiin 2002 than in
2003 (not shown)i.e. the crop produced more grain yield per unit N ketan 2002,
suggesting that factors other than N affected yied& in 2003, such as unfavorable
weather conditions.
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Yield (kg/ha)
10000

N rate (kg/ha)

300

300 L
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Figure 5.2 Relationship between N application amddy(quadrant a), N uptake and yield
(quadrant b) and N application and N uptake (quadre) for the rice seasons
in 2002 and 2003 (pooled data from two seasong.ntimbers in quadrant ¢
represent mean Apparent Nitrogen Recoveries (ABRtext for details) of

different water management practices, Il = intetenit irrigation, Cl =
conventional flood irrigation (see text for detajlbelow and above 150 kg
N ha™.

543 Wheat

Grain yield

Grain yields ranged from 1370 to 3712 kg'tan average for the control (0/0 kg N
ha') and the 300/300 kg N Hareatment, respectively. Although wheat yieldhe II
plots were almost 10% higher than in the CI pldis, difference was not significant.
Hence, water management did not (statisticallyhifantly affect grain yields and
yield components in the first wheat season (Takig. 3n the second season, yields
ranged from 1416 to 5721 kg hagrain yield increased almost linearly with insies

N rates, and was closely related to grain numbeupé area (R= 0.9618, n = 15),
that ranged from 4000 to 15800 pef,muggesting a strong N limitation to grain
formation in the 0/0 plots. In both seasons, tlspoase of grain number to N rate was
significant, though effects were more pronouncetha second season. On average,
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yields at the fertilizer rates of 150 and 300 kg eere lower in the first season,

associated with lower grain numbers per unit airedoth seasons, effects of N rates
on the preceding rice crop on wheat yield and yeglchponents were not significant,

suggesting no carry-over of residual N betweena@easr his even holds for the wheat
control plots in the second year, following higlrapblications in rice.

Table 5.2  The performances of yield componentkl sied N uptake of above ground at
maturity of wheat under different treatments in 2@003 season, and their
variation source.

Grain no. 1000-kernal- Grainyield N uptake

Treatment (pernf) weight(g) (kg ha) (kg ha')

N rates (kg ha)

0 3639 36.4 1328 31

150 7987 35.3 2792 78

300 9084 39.7 3596 109

LSDy0s5 582 1.6 181 7

Irrigation in rice season

Cl 6633 37.1 2462 68

Il 7201 37.2 2683 77
892 1.3 423 5.9

Variation source

N rates in rice season NS NS NS NS

N rates in wheat season *x o *x *x

N rates (kg hd)

0 4094 35 1416 30

75 6363 40 2547 57

150 11019 41 4478 111

225 11507 37 4242 122

300 15779 36 5721 184

LSDy s 3342 4 1416 38

Variation source

N rates in rice season NS NS NS NS

N rates in wheat season *x * *x *x

* ** significant at 0.05 and 0.01 probability lewINS not significant.

Aboveground N uptake

Average N-uptake in wheat following Il was 9 kg’haEigher than following Cl in the
first season (Table 5.2). Particularly wheat in twntrol plots absorbed more N
following rice under II. Nitrogen uptake rangedrfr@1 to 109 kg N Hain the first
season, and from 30 to 184 kg in the second andsigagicantly affected by N rates,
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but not by the N rates on the preceding rice cimugicating no carry-over of residual
N in either year.

N use efficiency

Grain yields increased with N rates in both whestssns (Fig. 5.3, quadrant (a)). In
the first season, agronomic N use efficiency (AE)ttee 150 and 300 kg N Ha
treatments was 9 kg grain per kg N applied andiveasiffected by water management
in the preceding rice season. AE was on averagagylgiain per kg N applied in the
second season. ANRs in the first season were @éritllowing Cl and Il in rice: 34
and 27% below and above 150 kg N*heespectively (Fig. 5.3, quadrant (c)), average
ANR was 45% in the second season. Grain yield as=eé with N uptake (Fig. 5.3,
guadrant (b)), and NUE was not different for thdexvananagement treatments in the
rice season, with an average value of 42 K§ikghe first season.

Yield (kg/ha)
6000 T

A
X

b

N uptake (kg/ha)

o 02-03 wheat
under Cl in rice

02-03 wheat
under llin rice

A 2003-2004 whet

300 -
N rate (kg/ha)

Figure 5.3 Relationship between N application armaddy(quadrant a), N uptake and yield
(quadrant b) and N application and N uptake (quadre) for the wheat
seasons. Numbers in quadrant ¢ represent Apparigrttgeén Recoveries (ANR,
see text for details).
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54.4 Soail nitrogen content

Total soil N

Total N in the 0-40 cm soil layer was variable e tcourse of the experiment (Table
5.3), but the effects of water and nitrogen managgmwere not significant, while the
distribution over the 0-20 and 20-40 cm soil layleasdly changed. In all treatments,
soil N content decreased with depth (data not shown

Table 5.3  Total nitrogen content (%) in the 0-40swil depth in the course of the

experiment.
Treatment After first  Before first After first  After seconc After second
rice season wheat wheat rice season wheat season
season season
Irrigation  CI 0.180 0.175 0.156 0.166 -
Il 0.188 0.175 0.181 0.157 -
LSDy 05 0.025 0.055 0.026 0.044
N rates 0 0.160 0.164 0.156 0.195 0.163
(kg N ha') 150 0.203 0.214 0.170 0.155 0.190
300 0.188 0.167 0.178 0.190 0.178
LSDy.05 0.045 0.067 0.033 0.070 0.072

'-' data not available.

Soil nitrate

Soil nitrate content varied significantly in theucse of the experiment (Fig. 5.4).
Directly following harvest of the first rice cropjtrate content in the surface 40 cm
layer was not different between CI and Il, whileeaf fallow period of 17 days, it was
higher under Il than under CI. Nitrate content \eag and not different among N rates
after rice harvest, confirming that carry-over ofnaral N was limited. Nitrate
contents following wheat harvest were much lowanthafter the first rice season, but
not different among the N treatments.
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Figure 5.4 Effects of different water managemehtfa nitrogen application rates (b) on
nitrate content in the 0-40 cm soil depth in tharse of the experiment.

55 Discussion and conclusions

Intermittent irrigation of rice did not result inigsificantly lower yields than
continuous flooding in the two experimental seasongafirming previous experiences
(Belderet al, 2004; 2005; Caet al, 2002). However, the slightly reduced yield over
the entire range of N rates under Il (Fig. 5.2a)ldondicate some drought stress. In
addition, the lower NUE under Il suggests unidégdifcrop growth limitations at high
N rates (Fig. 5.2b). Nitrogen had significant eféfemn grain yield and yield
components of both rice and wheat. In rice, yiedponded no further at N rates
exceeding 150 kg Hain contrast to wheat, that responded up to rat&00 kg hd,
especially in the first season. In general, whesatdg were much lower than those of
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rice at the same N fertilizer rates. The periodnveen panicle/spike initiation and
maturity for both rice and wheat lasted 65 daysweler, leaf area duration (the
integral of green leaf area over time) in wheat srasller than in rice, as wheat leaves
died well before maturity in contrast to thoseioér which resulted in smaller average
crop biomass (5 t Hars. 14.6 t hd).

The lower yields of rice in the second season arensequence of high rainfall
and associated low solar radiation, resulting meo spikelet densities. Two weeks
after rice transplanting, in the tillering phasethmee-week heavy rainfall period
started. On July 4 and 5, rainfall totalled 200 r{fiig. 5.1), resulting in complete
submergence of the crop for 2 days which might haselted in lower number of
tillers and panicles. Radiation before anthesis leager in 2003 than 2002 (Table
5.4), resulting in lower growth rates and thus lowpikelet densities (Kropfét al,
1994b). The difference in yield between the tworgea&as also consistent with the
difference in photothermal quotient (PTQ), defirgdNix (1976) as the ratio of mean
daily radiation for an interval to mean temperatarmus a base temperature. PTQ
prior to anthesis showed a positive linear relatiop to grain yield (Nix, 1976; Islam
and Morison, 1992, Ortiz-Monasterb al, 1994).

Table 5.4  The photothermal quotient (PTQ) and radra(R) during 20 days prior to
panicle initiation (P1-20) to Pl and PI to anthegi&) in rice and 20 days prior
to anthesis (A-20) to A in wheat in two seasons.

Rice wheat
PTQ R Q R
Season
(MJ m?d*°ch) (MJ m? d? (MIm?dt°ct) (MIm?d?h
PI-20to PIPIto A PI-20to PIPIto A A-20to A A-20to A
15t season 0.89 0.74 195 14.6 1.27 13.8
2"season  0.58 0.53 11.6 12.4 1.42 16.9

Photothermal quotient is defined as the ratio efrtiean daily total incident solar radiation
for an interval to the mean temperature less tise bemperature (Nix, 1976). The base
temperature for japonica rice is® and for wheat 4.%C.

In the subsequent wheat season, yields on ricéot$ pended to be higher, but
effects were not significant. In contrast, nitroggrtake of wheat in the first season
was higher in these rice Il plots, associated Wwigher soil nitrate contents before the
wheat season (Fig. 5.4). N rates in rice did n&cafwheat yields, suggesting that
there was little N carry-over from the precedingerseason to the wheat season, which
is supported by soil total nitrogen and nitrate teats after rice harvest. This is
consistent with results from Ladled al (2000a), showing no residual effect on rice
grain yield and N uptake after eight years of uxdeapplication. Faret al (2005) did
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neither observe differences in soil mineral N aftee harvest following different N
rates in rice. In contrast to our results, theyeobsd differences in residual mineral N
following differential N rates on wheat. These diyent results may be due to
differences in experimental conditions (soil andhalke).

In the 2002-2003 season, wheat yields were verydompared to 2003-2004
and to the yields (4500-6000 kg hacommonly realized at application rates of 135-
315 kg N h& after rice in South Jiangsu (Waagal, 2003a; Xu and Wu, 1999). The
lower radiation and PTQ during the 20 days prioamthesis in the first wheat season
(Table 5.4) resulted in much lower grain numbergx,(NL976; Fischer, 1985;
Bindrabaret al, 1998), which may have created sink limitationsry grain filling.

The pooled rice data showed higher ANRs underdhtbnder ClI, in line with
other reports (Beldeet al, 2005). Low ANRs may have been caused by higher N
losses under Cl due to de-nitrification and ammaoskatilization (Caiet al, 1986;
Zhu et al, 1989). Water management treatments in the pusviwe season had no
effect on ANR of wheat, but N uptake of wheat fallog Il was higher than that
following ClI, because of differences in indigendusupply (Table 5.2).

Dobermanret al (2003a) reported strong variations in indigensois N supply
in different areas of Asia, with a maximum value88f kg h& in irrigated rice in
Jinhua, Zhejiang Province in Southeast China. Inexperiment, indigenous soil N
supply was 130 kg Hhain the first season and 91 kgtia the second, which was fully
reflected in differences in rice yield of the cattplots between the two yeaiss.
7193 kg hd in 2002 and 6658 kg Han 2003. Potential indigenous N supply in rice in
Southeast China may thus be substantially higleer the widely accepted level of 80
kg N ha', which should have consequences for nitrogen rewamdations in rice
(Witt and Dobermann, 2004). Indigenous N supply wasch lower in the wheat
seasonj.e. about 30 kg Ha (Table 5.2). This difference in indigenous soisNpply
should be accounted for in nutrient managemenigfdgstems.
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Abstract

Rice - wheat (RW) is a major cropping system inm@hioccupying 9-13 Mha. A main
feature of RW rotations is the alternation of agr@md anaerobic soil conditions. This
alternation of flooded and non-flooded soil coradi8 is conducive to N emissions,
especially with the current high N rates in RW epst. To design alternative
management systems, better understanding of theegses underlying emissions is
required. For that purpose, a RW simulation mo&8WER) was developed, on the
basis of existing crop, water and soil organic srathodels, describing the relevant
soil processes under both anaerobic and aerobditemrs. RIWER is evaluated using
two years of data from a rice wheat rotation experit in Nanjing, China. Assessment
of model performance, on the basis of graphical gamson and goodness-of-fit
parameters, showed that RIWER performs well in &atmg total aboveground
biomass, N uptake and soil inorganic N content. RM&/ER modelling framework
needs further testing, but offers a promising oj@nal tool for designing sustainable
RW systems, combining environmentally-friendly pwotion methods and high
yields.

Keywords: soil; cropping systems; organic mattegcdmposition; denitrification.

6.1 Introduction

Rice-wheat systems in China, occupying between 848 (Daweet al, 2004; Huke
et al, 1993; Ladheet al, 2003; Timsina and Connor, 2001), are locatedniypan
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Jiangsu, Anhui, Sichuan and Hubei provinces albegvtangtse River and provide the
bulk of the cereals required for feeding its popata To safeguard food security for
the population that increases annually with 15 iamll more cereals need to be
produced. In the last decades, yield increases lmeen mainly the result of
introduction of improved varieties, combined withcieasing agrochemical inputs
(Hafner, 2003; Richter and Roelcke, 2000; Temna@l, 2003). Recent studies suggest
that yield increases in both wheat and rice dechwigle their production has been
associated with environmental problems such asesosion and pollution of surface
water with nutrients and biocides (Cassnearal, 1995; Liet al, 2000; Tonget al,
2003; Zhanget al, 1996; Zhuet al, 2000). Crop management in rice-wheat (RW)
systems therefore should be modified towards mostgagable systems that combine
environmental-friendly production methods and hygHds.

A main characteristic of RW rotations is the alsgron of aerobic and anaerobic
soil conditions (Timsina and Connor, 2001), whittoisgly affects microbial C and N
dynamics (Fierer and Schimel, 2002), and result®r@mothers in a temporary
increase in inorganic soil nitrogen during rewejtifAppel, 1998; Lundquiset al,
1999; Qiu and McComb, 1996). Excess soil minerah&t cannot be taken up by the
crop may be lost through denitrification (Qiu and@bmb, 1996; Reddst al, 1989).
These complex processes need to be better undeératmbquantified, as a basis for
improvements in crop management in RW systemsld#aak to high yields and high
nitrogen and water use efficiencies. Modelling isuseful and effective tool for
explicitly describing the relationships among th&rious components of complex
systems. Modelling contributes to increased insigtd relevant processes and their
interactions, and can be applied to study effettsrap management, and to explore
possible consequences of management modificatidvfa (Keulen, 2001). The
challenges for application of existing models tmgiate RW systems are the regular
alternation between anaerobic and aerobic conditiand its consequences for
decomposition of soil organic matter, nitrificatiand denitrification (Probert, 2002).
The crop growth models CERES-Rice and CERES-WHEBRES: Crop Estimation
through Resource and Environment Synthesis) haea lb@plied for studying RW
systems in northern Bangladesh and northwest ([S#ekar and Kar, 2006; Timsired
al., 1998). Both, the rice and the wheat model paréa satisfactorily under both
water and N non-limiting conditions. However, aable evidence suggests that both
crop models do not perform well in resource-limigtiations, while the soil organic
model did not perform well under anaerobic condgigTimsina and Humphreys,
2006). Especially, understanding of soil organi¢teradecomposition under anaerobic
conditions is limited, since most of the existiral ®rganic matter models have been
developed for aerobic conditions (Shikt al, 2006). Simulation of RW rotations
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requires models that describe the dynamics of,artdnes, extreme changes in soil
hydrological conditions associated with growing toamously flooded rice in sequence
with wheat grown in non-saturated soil, and theiofgund impact on nutrient
dynamics, especially N (Timsina and Humphreys, 2006

In this study, a modelling framework for rice-wheatations (RIWER) is
developed, taking into account the specific charastics of water and nitrogen
dynamics in these systems. Our framework is basedhe Wageningen models
(Boumanet al, 1996; Van Ittersunet al, 2003), namely two crop growth models
ORYZA2000 (Boumaret al, 2001) and SWHEAT (Van Keulen and Seligman, 1987)
and a soil model that combines the modules PADDY BRSAHE with the soil
organic matter model SOM (Jongschaap, 1996), adapte both aerobic and
anaerobic conditions. The rice model ORYZA2000 #mel wheat model SWHEAT
have been evaluated for potential and water/nitrdgeited conditions in different
environments (Beldeet al, 2007; Bolinget al, 2007; Bouman and Van Laar, 2006;
Jinget al, 2007; Van Keulen and Seligman, 1987). RIWERval@ated in this study
using experimental field data of RW rotations inr@h

6.2 Model description
6.2.1 Structure

RIWER operates within the simulation shell FSE3PORTRAN Simulation
Environment; Fig. 6.1), developed by Van Kraalind@895). The FSE-driver (outer
circle) checks the model components and contingesugion, with a daily time step,
until a user-defined end time is reached. If midtipuns are defined, the FSE-driver
restarts execution of all modules with new valusvariables or parameters, specified
in the rerun file.

RIWER consists of a management module (MAN), twapcrmodules
ORYZA2000 and SWHEAT, a soil module including thater module PADAHE and
the soil organic matter module (SOM). The lattero tim combination, simulate
inorganic soil nitrogen processes (Fig. 6.2). Bacldule has its own data file.

During execution, the various modules in RIWER radividually, and they
mutually interact by exchanging daily values ofiahles, such as mineralized N, soil
water content, daily crop N uptake, transpiratiett, Crop growth modules for both
rice and wheat are initialized annually, and discwe execution at harvest time. In
contrast, the soil module continues execution dutive fallow period, until the user-
defined end time.



88 IMPROVING RESOURCE EFFICIENCY IN RIGBBASED CROPPING SYSTEMS
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Figure 6.1

Structure of the FSE3.0 (Fortran Sintigla Environment) shell to drive
modules.

WEATHER.DAT —> | WEATHER
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| SOM i
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CROP.DAT —_— >
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Figure 6.2  Structure of the rice wheat rotationdab(see text for explanation). Arrows

indicate flows of information.
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6.2.2 Crop modules

ORYZA2000s an ecophysiological crop model, described itailby Boumanet al
(2001). Here, only a brief description is provid@RYZA2000 simulates growth and
development of rice for potential, water-limited damitrogen-limited production
situations. It has been evaluated under nitroged/oa water-limited conditions in the
Philippines (Bouman and Van Laar, 2006), IndonéBiling et al, 2007) and China
(Belderet al, 2007; Fenget al, 2007; Jinget al, 2007). In this study, a soil organic
matter module (SOM, see following section) is lidke ORYZA2000 to replace the
original N module. Actual crop N uptake is the mim of available soil nitrogen and
crop demand. It is assumed that all mineral nitnofyetrate and ammonia) in the wet
part of the rooted zone is available to the wetiteal rice crop within a relatively short
time, either through mass flow or diffusion (Selmmet al, 1975). Uptake by mass
flow is driven by transpiration:

Nmass: iwmass X NCi

where, Whassi IS mass flow of water to the roots ikth soil compartmentlN; is the
concentration of mineral N inth soil compartment.

When total uptake by mass flow does not meet tigahand for nitrogen of the
rice crop, the remaining demand can be met by sldfu when mineral nitrogen is
available. Diffusion stops when translocation ofbcdnydrates to the root system
ceases, because available energy then limits aafa&ke of nitrogen. The overall
equation for uptake by diffusion is:

N, = {maX(O, Ny =Niasd /T DVS<10

0 otherwise
where, Ny is total crop N-demands is time constant for diffusion of soil mineral
nitrogen to the rootfHVSis development stage of rice.

SWHEATis a similar ecophysiological crop model, devetbpar aerobically grown
wheat crops and simulating dry matter accumulatipinenological development,
assimilate distribution, and organ formation (Vasuken and Seligman, 1987). It takes
into account the effects of moisture and nitrogesfictency on growth, organ
formation and yield. The model uses an integratime step of one day.

Dry matter accumulation starts from calculatinggmbial gross C@assimilation
as a function of daily radiation and total greeanplarea, based on an exogenously
defined photosynthesis-light response curve ofviddial leaves, characterized by its
initial light use efficiency and the diffusion liteid maximum assimilation rate at high
light intensities (Goudriaan and Van Laar, 1978)e Effect of temperature on gross



90 IMPROVING RESOURCE EFFICIENCY IN RIGBBASED CROPPING SYSTEMS

assimilation is taken into account through a reduactin the light-saturated
assimilation rate when daytime air temperaturesbatew 10°C. Leaf nitrogen status
also affects light-saturated assimilation ratel Bwiisture availability is accounted for
by assuming a proportional relation between theceidn in transpiration and in gross
CO, assimilation. Respiration is subdivided into twomponents: maintenance
respiration is calculated as a fraction of plaptweight, taking into account the effect
of temperature and nitrogen content; growth refipmas expressed as the conversion
efficiency from assimilates into structural plantaterial, taking into account the
composition of the material formed. Phenologicaledepment, from germination to
final maturity and senescence, is described aseitn of accumulated temperature.
The life cycle of the plant is divided into two raajdevelopment phases, before and
after anthesis. Germination is treated simply d&snation of time and soil moisture
conditions. Assimilate allocation is defined asuadtion of development stage and is
affected by moisture stress (transpiration deficitthe present model) and by the
nitrogen status of the plant, expressed by leabg@n content. The number of grains
depends on the number of antecedent organs, fla@tslets, spikes and tillers. The
rate of organ initiation at any stage depends enr#ite of carbohydrate flow to the
meristematic sites and the minimum carbohydratelirempent to produce a viable
organ. Temperature influences the number of orf@mnsed indirectly by determining
the duration of the phenological phase and dirdaylyts influence on the formation
rate. Nitrogen availability and moisture stres®ei organ number indirectly by their
effects on development rate and on gross assionlati

6.2.3 Water module

The water module PADAHE combines two water balamoelules,.e. PADDY and
DRSAHE. PADDY simulates water dynamics during tiee rseason and DRSAHE
during the wheat season and fallow period. At thget of flooding and at rice harvest
the model switches the water modules, while excimgnthe relevant state variable
values.

PADDY is a one-dimensional soil-water balance maddat can be used for both
puddled and non-puddled rice soils (Bounearal, 2001; Wopereigt al, 1996), and
has been evaluated for both, rainfed (Boketgl, 2007) and irrigated rice (Beldet
al., 2007). Extraction of water from the top soil dayis by transpiration and
evaporation, while water is supplied to the firsydr via rainfall and/or irrigation.
When a standing water layer is present, verticaémidow through the profile is set to
a user-defined percolation rate, either fixed, efirsbd as a function of groundwater
table depth. In the presence of a puddled topgeicolation rates are calculated
dynamically from hydraulic conductivity charactéigs of the plow sole (the bottom
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layer of the puddled topsoil) and the non-puddladssil. The conductivity
characteristics are expressed by either ‘Van Gdruatparameters (Van Genuchten,
1980) or by parameters of a power function. Withestanding water layer, incoming
water (rainfall and/or irrigation) is redistributéy calculating for all layers gain and
loss terms, starting with the top layer. All waierexcess of field capacity is drained
from the layer, however, restricted to a maximute egual to the saturated hydraulic
conductivity of the layer; if the soil profile hase or more soil layers restricting water
flow, e.g.a hardpan as a result of puddling, then the flixesand out of the layer are
compared: if downward flow out of the layer is ‘tdow’, the excess water is
redistributed upward. Groundwater is assumed t@venall water draining out of the
profile and can either be below the soil profiledd drainage) or within the profile
itself. Capillary rise of water from the groundwatable is calculated on the basis of
soil moisture tension in each soil layer, using med procedures from WOFOST
(Supit and Van der Goot, 2003).

DRSAHE is a so-called ‘tipping bucket’ water balanmodel, developed for
free-draining ‘upland’ soils with a deep groundwat@ble (Penning de Vriest al,
1989; Stroosnijder, 1982; Van Keulen, 1975; VanrlLataal, 1997). DRSAHE has
been evaluated for wheat (Jongschaap, 1996; VateKend Seligman, 1987). The
water balance processes considered in DRSAHE afifiraition, percolation,
evaporation, transpiration and downward distributidpward water flow (capillary
rise from a groundwater table) is disregardedsdateral in- or outflow of water. The
soil profile is divided into a number of homogendagers, of which thickness and
physical characteristics are model inputs. A maxmaof 10 layers may be defined
without restrictions to their thickness, as longtlas sum of the thicknesses of all
layers slightly exceeds maximum rooting depth. Mattinflow and outflow of water
in each layer are simulated by assuming that thersaare filled up to field capacity
from the top one downwards, the excess draining the next layer or out of the
profile. Inflow into the first layer is from rainflaand/or irrigation. Water is extracted
from the layers by evaporation and transpiration.

6.24 Soil organic matter module

SOM simulates soil organic matter dynamics under aerobnditions, governed by
soil temperature and moisture content (Jongschd®96). Organic matter is
partitioned into a labile and a stable fractiorg(Fd.3). Dead plant material and added
crop residuesi.e. roots and other plant organs, are partitioned ghaectomposable
(DPM), structural (SPM) and resistant (RPM) po#artitioning factors depend on the
C/N-ratio of the added organic material. Thesetfrasiterials decay according to first-
order dynamics to labile organic matter (Table .6At)harvest, living roots are treated
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like dead plant material in the layer in which tleeecur. Crop residues, left in the field
after harvest, are ploughed in at a specified depth

SPM| | RPM| | DPM

[> Rspwm Z’:~—/

=le=1 |

\/ V% Voo :
LOM =1 SM

N2 S

s |

« [<---

Figure 6.3 Relational diagram of the soil organiodule SOM. LOM-labile organic
matter, SM-stable organic matter, DPM-decomposaldat material, SPM-
structural plant material, RPM-resistant plant miaé Dashed arrows indicate
immobilization processes.

Table 6.1  First-order rate constants for the decosifion of organic matter under
aerobic and anaerobic conditions.

Material Substrates AerobicAnaerobic Unit Reference

Rice Labile 0.0054 0.0024 'd Reddyet al, 1980
Stable 0.0013  0.0003 d

Alfalfa Labile 0.123 0.118 ‘4 Gale and Gilmour, 1988
Stable 0.059  0.024 ™

Plant Average 0.015 0.005 1d Martin and Reddy, 1997

Cattail and Litter 0.0028 0.0009 ‘  DeBusk and Reddy, 1998

sawgrass Peat 0.0008 0.0003 ' d

Soil native  Average 0.0004 0.00006 *d Bridghamet al, 1998

Rice Average 0.001-0.04 *d Chowdaryet al, 2004
Average 0.012-0.019 "d Watanabe, 1984

'Adapted from the reported values.
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The stable and labile organic matter pools reptedifierent fractions of organic
matter. Turnover of soil carbon and nitrogen betwiadbile and stable organic matter
pools is described by first-order equations. Thie @af decomposition of organic
matter is highest at a moisture content of 60%, dewteases at both, lower or higher
moisture contents (De Neve and Hofman, 2002; PdlBanadbent, 1975; Thomsen
al., 1999; Wanget al, 2003b). In submerged soils, oxygen is almosgiabdue to the
much slower oxygen diffusion in water (Bruatal, 2000), and anaerobic microbes,
using nitrate as electron acceptor take over deosiipn, changing the relative
importance of various decomposition processes (Sleib al, 2006). Therefore,
decomposition of organic substrates under anaenditions is slower than under
aerobic conditions (Birét al, 2003; Dobermann and Witt, 2000; Jamu and Pié@rah
2002; Sahrawat, 2004). In RIWER, SOM is adaptedaf@erobic conditions through
the effect of soil moisture content on decompositiate, which is reduced by a factor
of 0.35 at soil moisture contents above field capd€ig. 6.4).

During decomposition of fresh material and soilamg matter, mineral N is
released and concurrently part of the inorganis hnimobilized in microbial biomass,
depending on the availability of inorganic nitrogerthe soil.

1.0
0.8
0.6
0.4

Correction

0.2

00 1 T T 1
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Figure 6.4 Multiplication factor for relative ratef decomposition of organic matter as a
function of relative soil moisture contefitis actual soil water content arélj is
soil water content at field capacity, both in tlzare units.

6.2.5 Dynamicsof inorganic N

Inorganic soil N comprises two poolse. NH," and NQ  (Fig. 6.5), ignoring the
intermediate states, as they are unstable,(NfD gaseous (NO, JO and N). Both,
NH," and NQ' can be taken up by crops. NHbriginates mainly from mineralization
and fertilization and is converted to R@hrough nitrification. In turn, N© may be
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denitrified, depending on the availability of oxygen the soil. As oxygen

concentration in the soil is related to water cohtgchurgerset al, 2006), in the

model the transformations of ammonia and nitrafgedd on water content. Rainfall is
an additional inorganic nitrogen source, added &g Nn this model. Nitrogen in

drainage water is assumed to consist ofsN@hich allows calculation of nitrogen
leaching.

Crop root 5| Organic N
N\
Mineralization | ] Soil water content
Uptakel | |
N fertilizer o
Rainfall : :
Hydrolysis <___E E
Y P
A
Nitrification e i
< \4
Denitrification
Uptake2
Vv
NOS-

Leaching

\%
Figure 6.5 Relational diagram of mineral N flowsRHWER.

Urea hydrolysis

When urea (CO(NL),) is applied, it hydrolyzes to NfAand HCQ ions in about one
week (Katyal and Gadalla, 1990), following firstder kinetics (Chowdaret al,
2004):

RUrea=K,x{Ureq ] (egn 6.1)
where K, is the relative rate of urea hydrolysis.
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Nitrification

Ammonium is transformed into nitrate when oxygenpresent in the soil. Under
aerobic conditions, most of the mineral nitrogeprssent in the form of nitrate, while
under anaerobic conditions the dominant form is amom. The rate of nitrification,

RNH,", is affected by soil water content.

RNH,” =K, x[NH, [xF, (egn 6.2)

where K, is the relative rate of nitrification, ark, is a correction factor for soil water
content.

Denitrification

In anaerobic soil layers, NOis the oxygen donor during organic matter
decompositionj.e. NOs is reduced to gaseous NO, N20, and N2 (Revskéd,
1999). One third of the applied N fertilizer may Ibst in gaseous form (Redey al,
1989). Under anaerobic conditions, NOnay become limiting for denitrifying
bacteria due to competition of rice roots (Reddy dpatrick, 1986). In SOM,
denitrification is described following Heinen (2Q06e. as a function of soil nitrate
content, soil temperature and soil water content:

RNO, = Kdx[NOs]xfrxfy (egn 6.3)
fr=Qf ™" (eqn 6.4)
0 S<S
S_ w
fei(g k) S<S<§
1 S“<S (egn 6.5)

whereKy is the relative rate of denitrificatiofi; andf,, are dimensionless reduction
factors, describing the effect of soil temperatanel water content, respectively.is

soil temperatureT, is a reference temperature whérel. Qo expresses the increase
in f at an increase in T of 1, with the value of 2.2Sis a dimensionless factor,
expressing the relative water-filled pore spakgs Sabove whicH,, = 1, set to 1Sis

set to field capacity. The parameters a measure for the steepness of the curvey set t
1.5.
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6.3 Model evaluation

Model evaluation is based on results of experimecasried out at Jiangpu
experimental station of Nanjing Agricultural Unigéy at Nanjing, P.R. China (32
04' N, 118 48 E) from 2002 to 2004, on an Anthrosol (FAO, 20@idh pH 7.1,
Olsen phosphorus 23.9 mg k¢Sims, 2000) and available potassium 95.7 mg kg
(Coxet al, 1999). Japonica rice cultivar Wuxiangjing9 anukeat cultivar YangmailO
were used in both experimental years. N rates &tdditions are shown in Table 6.2.
See for a detailed description of the experimesgtilip (Jinget al, 2005).

Table 6.2 N rates and splttim the rice and wheat seasons.

N rates (kg ha) Distributions
Rice Wheat
0 0 0
150 90, 30, 30 90, 60
300 180, 60, 60 180, 120

!Splits at transplanting, 15 days after the onseterh elongation and 25 days later in the rice
season; at sowing and stem elongation in the wdesegon.

RIWER is evaluated with respect to total abovegdodry matter production and
total N uptake, using data of the first rice-whsaguence for calibration, those of the
second for validation. Due to the limited availdpilof measured belowground data,
performance of RIWER could only be evaluated fafl smrganic N content in the
calibration set. The model is evaluated by companbserved and simulated data,
using a combination of graphical presentations statistical measures, following the
methods described by Bouman and Van Laar (2006).

The model, including crop and soil parameters usgdavailable from the
corresponding author or at http://www.pps.wur.nl/Di§sertations/.

6.3.1 Modd performance

Simulated and measured total aboveground crop lasmad N uptake are graphically
presented in Fig. 6.6 for the calibration set amdrFig. 6.7 for the validation set.
Generally, the model satisfactorily reproduces mess total aboveground biomass
and N uptake at different N fertilizer levels, ahdnce the effects of sub-optimal
nitrogen supply in both rice and wheat, in thelraliion as well as the validation set.
Goodness-of-fit parameters for the crop variableggaven in Table 6.3. The Student’s
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test values indicate that all simulated valuessarelar to measured values with 95%
confidence, in both the calibration and validatsat. The slopeo for total biomass is
close to 1, and the coefficients jRare all significant. For wheat, the means of
measured values are similar to the mean simula#daes, as well as the standard
deviations. For rice, RMSEnd RMSE are 2-3 times higher than S.E. and CV values,
and for wheat, they are similar and smaller, retspely.
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Figure 6.6 Simulated (lines) and measured (symldota) aboveground dry biomass and N
uptake for the calibration set (2002-2003 seas())0 kg N h# in rice season
and 0 kg N ha in wheat season; (b) 150 kg Nhim rice season and 150 kg N
ha' in wheat season; (c) 300 kg Nhim rice season and 300 kg N*hia wheat

season.
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Figure 6.7 Simulated (lines) and measured (symliota) aboveground dry biomass and N
uptake for the validation data set (2003-2004 sejs@) 0 kg N hd in rice
season and 0 kg N Han wheat season; (b) 150 kg N'hi rice season and
150 kg N h# in wheat season; (c) 300 kg Nhim rice season and 300 kg N
ha' in wheat season.



Table 6.3  Evaluation results of model simulatiohsrop variables over entire seasons for the calilun and validation data sets.
RMSE RMSE (%)

Crop variable N %ea(S.D.)  Xim(S.D.)  P(t) a B R absolute normalized S.Ecv (%)

Calibration set

Rice Total biomass (kgha 21 7518 (5994)6927 (6038) 0.38* 0.98 -4210.94 1550 21 458 7
Total N uptake (kg hd) 20 103 (75) 92 (70) 0.31* 0.88 0.90 26 25 14 16

Wheat Total biomass (kghd 18 3746 (2425)3595 (2389) 0.43* 0.97 -440.97 424 11 52418
Total N uptake (kg hd) 10 47 (37) 53 (34) 0.35* 0.90 10.92 11 24 10 26

Validation set

Rice Total biomass (kgha 12 7518 (3784)7067 (3730) 0.39* 0.88 418.80 1693 23 93611
Total N uptake (kg ha) 11 74 (48) 74 (35) 0.49* 0.68 240.86 19 26 10 14

Wheat Total biomass (kg hd 22 3324 (2770)3605 (2820) 0.38* 0.97 370.91 874 26 664 15
Total N uptake (kghd) 14 49 (38) 62 (36) 0.19* 0.90 1D.94 6 12 17 27

N, number of measured/simulated data padsg; mean of measured values in whole populat@n; mean of simulated values in whole
population; SD, standard deviation of whole population; P(t), significance of pa@®itla, slope of linear relation between simulated and
measured valueg, intercept of linear relation between simulated and measured vBfuestjusted linear correlation coefficient between
simulated and measured values; RM8&rmalized root mean square error between simulated and measured valliRd $&);absolute root
mean square error between simulated and measured values; S.E. standalet esaangtunit as variable); CV, coefficient of variation (%) for
measured crop variables.

In a column;* means simulated and measured values are the same at 95% confidence level.



100 IMPROVING RESOURCE EFFICIENCY IN RIGBBASED CROPPING SYSTEMS
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Figure 6.8 Simulated (lines) and measured (symlsag)norganic N amount in top 10 mm
soil layer in the rice-wheat sequence at diffefdnates in 2002-2003. On day
180, measured values were from the samples cdlléefore N application.
Triangles on the horizontal axis indicate N fer#r applications. (N-doses
given in Table 6.2).

Soil inorganic N content varied considerably in ttwurse of the crop growth
seasons and among N rates, with peaks followinglizer application (Fig. 6.8).
Simulated values follow the pattern of the measer@s) with similar absolute values,
indicating that the model satisfactorily reproduttesdynamics of soil inorganic N.

Net mineralization is defined as -calculated totaineralization minus
immobilization. Simulated values of net N mineratisn were more or less stable in
the course of the rice growing season, decreadiving wheat sowing and during
the winter period and then again increased dutiegspring and summer periods (Fig.
6.9(a)), reflecting the annual variation in temper@ and soil water content. Under the
rice crop, net N mineralization increased followiiegtilizer application, while under
the wheat crop, there was no indication of feglimduced enhanced mineralization
following the first N dose, and a minor effect tmling the second N dose, suggesting
different responses of net N mineralization to Mtiliger between anaerobic and
aerobic conditions. Soil water content was at sditom during the flooded rice season
(Fig. 6.9(b)), and subsequently decreased tilllfedpacity in the wheat season during
which it varied with rainfall. There are minor vaions in soil water content among N
rates at the last growth stages of both crops.
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Figure 6.9 Simulated dynamics of net N mineral@ain top 10 mm soil layer (a) and soll
water content in the rice-wheat sequence at diffekerates (b) in 2002-2003.
Triangles on the horizontal axis indicate N fertr applications. (For N-doses,
see Table 6.2).

6.4 Discussion and conclusions

RIWER allows continuous simulation of soil condits following initialization at the
start of a simulation session, including (a nundf@¢rice-wheat crop sequences, user-
specified in terms of crop management, such asngpamd transplanting dates, crop
density, and N managemenie. dates, rates, types and application methods. For
anaerobic soil conditions during the submerged season, we adapted the water
module PADDY, and for aerobic soil conditions, wiapted and linked DRSAHE to
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the inter-crop (fallow) period and wheat seasone BOM module was adapted by
including nitrification and denitrification, to suate N mineralization under both
aerobic and anaerobic conditions.

Within RIWER, the adapted SOM is linked to the riceadel ORYZA2000,
replacing the original simple description of cro#éable N,i.e. set to the sum of a
constant daily indigenous soil N supply rate andhaimum recovery of applied
fertilizer N, defined as a function of crop devetmgnt stage at application (Boumain
al., 2001). In reality, indigenous soil N supply ozary substantially in the course of
the growing season (Dobermaseh al, 2003a, b; Thiyagarajaat al, 1997). The
recovery of fertilizer N depends not only on thedi of application, but also on
management (method of application) and environnhentaditions that affect
volatilization and leaching losses. The incorpata8&OM module led to improved
results for simulated crop N-dynamics, compared atoprevious study using
ORYZA2000 (Jinget al, 2007).

For proper evaluation of RIWER, (a) detailed expemtal data set(s) are
required, including information on aboveground drallowground processes. In our
experiment, detailed information was available ofdy aboveground characteristics
(crop biomass production and crop N uptake). RIWERforms well in simulating
total aboveground biomass and N uptake, as assdssedjh graphical comparison
and goodness-of-fit parameters of the (independaiigation set. In our experiment,
only limited information was available on the dynesnof soil inorganic N, which
RIWER satisfactorily reproduced. The large variatio net N mineralization during
the wheat season was due to variations in temperahd soil water content which are
major factors affecting N mineralization (Waegj al, 2003b), as illustrated by the
reduction in net N mineralization following sowingf wheat, associated with
decreases in temperature.

The differential responses of net mineralizatiorNtdertilizer between the rice
and wheat seasons are the result of differencssilnnorganic N content in the non-
fertilized situation. In rice, soil inorganic N demt is low without fertilizer
application, due to the low mineralization underofled conditions (Fig. 6.8), while
during the fallow period, soil inorganic N contantreases to a relative high level
before the first N application to wheat, which trdeclines until N fertilizer is applied
for the second time, resulting in a slight positigsponse of net N mineralization.

N fertilizer significantly stimulated leaf develogmt in both rice (Jinget al,
2007) and wheat (Lawlesg al, 2005), leading to differences in evapotransiairat
among N rates, and thus to differences in soil mé&gaamics (Fig. 6.9 (b)).

RIWER has considerable potential for evaluatiorcimip and soil management
practices in rice-wheat cropping systems, as ithistl by assessment of its
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performance in terms of simulated aboveground bgsndN uptake and net N
mineralization. Hence, RIWER provides a promisimgl aperational framework to
support the development of more sustainable RW esyst combining
environmentally-friendly production methods andhigelds. However, to increase
confidence in model results, more extensive tes8ngeeded, especially with respect
to soil processes. This will require dedicateddfiekperiments in which the proper
processes are monitored and measured.






7. General discussion

Global food production needs to increase dramdgitalfeed a growing population in
the next decades (Cassman, 1999; FAO, 2003; KIa@Yg). Especially in Asia the
food demand will be high because it is home to bélthe global population, while
increasing living standards cause a shift fromttaditional cereal-based diets towards
more affluent animal-based diets (Pingali, 2007ilS2004a). This has given rise to a
discussion about the real increase in demand feate(Smil, 2004b), but it is evident
that cereal producers must increase yields withdditional or even with less arable
land and less water, due to the competition foseh@sources from urbanization and
other sectors (Brockherhoff, 2000; Chen, 2007gtal, 2007a).

Intensive cropping systems, such as double- oletripe and rice-wheat (RW)
rotations are common throughout Asia, including MahiBoth rice and wheat are
grown throughout China and RW rotations occupy kii%is arable land (Huke and
Huke, 1992). High nutrient inputs have contributedncreased cereal yields in the
last fifty years (Goudriaaet al, 2001), but increases in yields have leveledo#ven
ceased in recent years despite high(er) fertilimputs (Ladhaet al, 2003). These
(very) high nutrient inputs are associated with iemmmental problems such as
pollution of surface- and groundwater and emissfigreenhouse gases (Kumazawa,
2002; Liet al, 2000; Liuet al, 2003; Tonget al, 2003; Zhanget al, 1996; Zhuet al,
2000).

Food security and safety remain important objestiire the coming decades
(Roetter and Van Keulen, 2007), but the need forremgustainable and
environmentally friendly production methods has rbesdded to the policy and
research agenda. Agricultural production systenmnlening high resource use
efficiencies and high yields will be increasingigportant to meet the challenges that
the future provides.

In this study, both experimental and modelling apghes were used to increase
understanding of crop growth and nitrogen dynanmadgigated RW systems with the
aim to contribute to the improvement of N managenmethese systems as a basis for
the design of high-yielding RW systems, characteriby high N use efficiencies
(NUE).
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7.1  Optionstoincreaseyield and quality
711 Yidd

Yield is determined by the interaction of genoty(@&) and environmental (E) factors
which can be modified by management (ELg.choice of genotype, and soil and crop
management. The relative importance of each oktfestors in specific situations is
as yet difficult to predict. In the multi-locatioexperiments described in Chapter 2,
10% of the observed variation in rice yields cooddexplained by genetic differences,
while 80% of the yield variation was caused by emwnental differences among
locations. Therefore, the performance of genotypbeuld be evaluated in the
environmental context in which they are expecteduttction. For examplelndica
genotypes usually produce higher yields in theithanJaponicagenotypes, while
under cool sub-tropical conditionfaponica performs better due to morphological
adaptation (Glaszmann, 1987; Morishima and Okal)138ey characteristics of high-
yielding genotypes are a high biomass productiatheuthe prevailing environmental
conditions, combined with a favorable harvest inférg et al, 1998a; Chapter 2).

Multiple environmental factors affect crop yieldsjch as soil propertie.¢.
soil organic matter content and water holding cdappand climatic characteristics
(radiation and temperature). In Chapter 3, we wsedodelling approach to separate
and compare the contribution of three environmefdaators (soil N, radiation and
temperature) to yield variation. In high-yielding\Rsystems, the effect of indigenous
soil N supply on yield variation can be modified lymanagement,e. the effect of
indigenous soil N supply declines with increasingféitilizer rate. Temperature
substantially contributes to the observed yieldatem in rice due to its effect on
phenological development rate and thus growth curafyin et al, 1997), and on
spikelet sterility (Lee, 2001; Prasad al, 2006). Mean temperature during ripening
had a significant effect on yield according to aimum-type responseeg. yields are
lower when temperatures deviate from a genotypeHspeptimum. Adaptation of
sowing/transplanting dates so that temperaturemglgrain filling would be more
favorable, could increase rice yields with 10% e tcurrent RW areas of China
(Huanget al, 1998). However, such a modification in croppaadendar is not always
feasible in RW systems, because of the short trangperiod between both crops.

In the RW experiment (Chapter 5), total systemdyswhs comparable to those
obtained by farmers and in other experiments ingia,i.e. about 12-13,500 kg Ha
(Table 7.1), with an average rice yield of 9,000h&d and a wheat yield of 3,000 kg
ha'. Simulated yield potentials of rice are 10-11,8@0ha" (Chapter 4), while wheat
yields of 7,000 kg hahave been recorded in Jiangsu (Table 7.2). Thasesliggest
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that the yield potentials of RW systems may be radoli7,000 kg H4 which could be
realized through improvements in current management

Table 7.1  Mean yield of rice and wheat in RW systendiangsu Province, China.
Yield (kg ha')

Sources

Rice Wheat Total
Provincial mean (China statistical year book, 2004) 8301 4165 12466
Short term experiment (Wargg al., 2003a) 7925 5567 13492
Long term experiment (Zhuareg al, 1999) 7301 4933 12234

Table7. 2 Wheat yields in experiments at diffesgtiets in Jiangsu, China.

Genotype Yield (kg H N Fertilizer (kg hd)  Site Source
YangmailO 7043 240 Yangzhou Get al, 2005
Jinanl7 7628 290 Yandou W al, 2002
Jinanl7 7809 320 Rugao @eal, 2003
Ningmai9 7229 240 Kunshan lat al, 2007b
Ningmai9 7351 260 Baoying Zhaat al, 2005
Huaimail8 6960 225 Xuzhou Shenal, 2004
7.1.2 Quality

Quiality of rice grains is not easily defined, asl@pends on consumer preferences
(Unnevehr, 1986) and the intended end use of thie.gfhere are many indicators of
rice grain quality, including physical and chemigatlicators (cf. Fitzgerald and
Reinke, 2006), and many factors affect grain quakuch as growing conditions,
harvesting stage, the nature of the milling pro@ss storage conditions. In general,
the contents of the main components of rice graiasprotein and starch, and their
ratios are related to the quality of rice. Prot@ntent is a nutritional indicator, and the
content of amylose, the soluble component of stasclkespecially important for the
cooking characteristics and thus directly relatedthe preference of consumers
(Juliano, 1985; Liiet al, 1996). GenerallyJaponicarice with a relatively low
amylose content is preferred in Taiwan, rice witHow to intermediate amylose
content in Korea, while consumers in the Philippingrefer soft rice with an
intermediate amylose content (Loevegral, 2003). In our multi-location experiment,
about 70% of the variation in amylose content ae icould be explained by genotypic
differences (Chapter 2). Hence, any productioricaf with a targeted amylose content
needs to take these genetic differences into atcolemperature is the major
environmental factor affecting amylose contemt, low temperatures during ripening
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lead to higher amylose contents (Chapter 2). Indhletropics, where temperature
varies more than in the tropics, sowing date cdaddadapted to influence amylose
content. However, as indicated in the previousisectthe fallow period in RW
systems may be too short to allow flexibility inweng and harvesting dates. N
fertilizer management significantly affects proteontent of rice grains (Borredt al,
1999; Pereet al, 1996), but hardly their amylose content (Yangl, 2007).

In contrast to rice quality, wheat quality is clgadefined according to its end
use,i.e. the processing into different food products (Bek&esl, 2004; Wrigley and
Bekes, 2004). Protein content is the most imporitadiicator for wheat grain quality
(Barneix, 2007). Generally, wheat for producingchits requires low protein contents,
while bread wheat requires a relative high proteamtent. In addition to low N
fertilizer inputs, other factors such as low tengpare during grain filling and limited
water supply may lead to lower protein contenta/lmeat (Duponet al, 2006; Oweis
et al, 1999). Recently, zones in China have been ffiedtior the production of wheat
with well-defined quality characteristics (H# al, 2002). Most RW areas are in the
production zone that is suitable for producing whe#h low to median protein
contents. Limiting N fertilizer input in wheat magduce its protein content, but this
may go at the expense of yield. In addition to zlb@ation for well-defined wheat
guality, alternative management regimes for RW esyst should be developed to
obtain wheat with low protein content without largeld losses.

7.2  Optionsto increase resour ce use efficiency

Resources refer to the production factors thatop arses in realising growth and
production, such as land, nutrients, water andatamti. Resource use efficiencies are
important indicators to assess the performancegotwtural systems (Gilleet al,
2006). In this study, | mainly focused on nitrogese efficiency (NUE) in relation to
the availability of other resources. Generallyethindicators are used to evaluate
NUE (Table 7.3),).e. Internal N Use Efficiency (INUE, kg grain per kguytake),
Agronomic Efficiency (AE, kg grain per kg fertiliceN) and fertilizer N Recovery
(RE, kg N-uptake per kg fertilizer N).
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Table7.3 Indicators of nitrogen use efficiency émeir definitions.

Indicator Definition

INUE (Internal N Use Efficiency, kg k) Grain yield obtained from a unit of N absorbed
in plant

AE (Agronomic Efficiency, kg kd) The incremental increase in grain yield that
results from a unit of applied N

RE (Fertilizer N Recovery, %) The increment of cropd¢umulation that

results from N application divided by total
applied fertilizer N

Based on the experiments carried out in this stuglwironmental factors
contributed more to the variation in N uptake tldifierences in genotype. Among
environmental factors, indigenous soil N suppleeféd N uptake more than weather
(Chapter 3). Therefore, in formulating fertilizeeccommendations for RW systems
should take into account the amount of N that gad from natural sources, such as
soil organic matter. Until recently, this N supplpas often not explicitly taken into
account in N recommendations and N managementdatipe. The Mega projects
‘Reversing Trends of Declining Productivity’ (RTDBR) ‘Reaching Toward Optimal
Productivity’ (RTOP) of IRRI’s Irrigated Rice Reseh Consortium have resulted in
development of the so-called 'Site-Specific Nutriglanagement (SSNM)' technology
for irrigated rice, in which NPK fertilizer applitans are based on explicit estimation
of indigenous soil nutrient supply, yield targetslastimated crop nutrient demands
(Bureshet al, 2005; Dobermanat al, 2004). The principles of SSNM are based on
matching N supply to crop N demand, which is simtla the concepts used in the
models for simulating crop N uptake in this stu@hépter 6). In SSNM, indigenous
soil N supply is estimated from crop N uptake iroidission plots. Indigenous soil N
supply strongly varies across Asia associated diifierences in weather and in soil
conditions, partly as a result of past croppinddms(Dobermanret al, 2003a, b). A
geographic database with up-to-date soil infornmat{goil type, organic matter
content,etc) and estimated indigenous soil N supply coulddbeeloped to support
local authorities in charge of soil resources managnt. On the basis of such
information location-specific N fertilizer recomnaations could be formulated, better
matching the pattern of N supply to crop demandekMimdigenous soil N supply can
not meet crop demand, an appropriate amount oftNiZer needs to be applied at the
appropriate moment. However, this is not easy atize in practice without a visual or
other simple operational indicator for farmers. WMfitthe framework of SSNM, crop
N demand is derived from leaf N status, which canmwonitored with a low-cost leaf
colour chart (LCC) or a more costly chlorophyll ee{SPAD) (Balasubramaniaat
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al., 1999; Wittet al, 2005). Using such tools, critical leaf N leveta be determined
below which N fertilizer should be applied. SSNMoaprs an appropriate technology
to reduce fertilizer use and save on costs in piogluction, but it needs continuous
crop monitoring and associated new skills of fagr(®/anget al, 2007). Models may
contribute to further finetune SSNM by estimatingilyl crop N demand, daily
indigenous soil N supply, and N fertilizer requirems to realize a target yield from
location-specific soil and climate conditions. Maver, the model can be applied to
formulate fertilizer management scenarios, compgiglifferent application rates and
times of application to identify the most favoueégime, provided N dynamics in
both crops and soil can be simulated accuratelyyedsas the response in terms of
crop growth and production. When the model perfosatssfactorily, it could be used
in conjuction with the actual fertilizer regime, wh could make crop monitoring as
part of SSNM obsolete. The promising performanceSBNM in many rice-based
systems (Dobermanet al, 2004) suggests that similar strategies could @aigrk in
wheat.

Crop performance of rice is strongly influenced Ny uptake in the crop
(Cassmaret al, 1998). INUE varies among genotypes (Sieglal, 1998), which is
confirmed in this study (Chapter 3). Rice genotypgéh higher harvest indices and
larger sink size show higher values of INUE (Chepand 3; Maet al, 2006; Van
Keulen, 1982), which results in efficient transhea of dry matter and nutrients to
the grains during grain filling. Using SSNM in rid®UE improved from the current
30-35 kg grain kg N in farmers’ practice to around 50 kg grain’ky, while AE
increased from 4 kg Kgto more than 10 kg kj(Penget al, 2006). My study shows
that on the basis of model simulations and takimg iaccount indigenous soil N
supply INUE could be further increased to arounk@@rain kg' N (Chapter 4). This
is similar to the maximum INUE (68 kg grain kd\) estimated in the Quantitative
Evaluation of the Fertility of Tropical Soils (QUEB) model (Janssegt al, 1990)
with a balanced supply of N, P and K (Wéttal, 1999).

Excessive N applications are the major cause afsSds in current irrigated rice-
based cropping systems in China. Especially atb#ginning of both the rice and
wheat season farmers apply large quantities ofrtizer (usually more than 60% of
the total applied N), when only a small part of thecan be absorbed by the crop
(Glass, 2003). Major N loss processes include wiakion, denitrification, surface
runoff and leaching (Raun and Johnson, 1999; ReddyPatrick, 1986), all of which
are associated with soil water dynamics that dimsasport and transformations of N
in the soil. Facing the anticipated increase inewatarcity (CA, 2007; FAO, 2003),
water saving technologies are being developed cesdfyefor irrigated rice, because of
the high water input in these systems. For exampleernating Drying-Wetting
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irrigation (AWD) which reduces irrigation water g by 15-20% compared to
traditional flooded rice, without affecting yield¢lder et al, 2004). The alternate
drying-wetting of the soil as part of AWD, on theeohand stimulates organic matter
decomposition, leading to a temporary increasenamganic soil nitrogen, increasing
denitrification and hence N losses (Qiu and McCoff96; Reddyet al, 1989). On
the other hand, AWD irrigation may lead to increh$¢ uptake by the subsequent
wheat crop (Chapter 5). One of the possible reasotiee higher root biomass of rice
under AWD irrigation (Yanget al, 2004), resulting in higher N mineralization from
residues. Further research is required to investidis hypothesis.

The interactions between water regime, crop N wgptakd N losses in irrigated
RW systems are complex, and models are useful toolgjuantification of such
interactions to increase insight in these compl@cgsses. Crop growth models have
been applied in exploring options to increase resouse efficiencies in single rice or
wheat crops (Jonest al, 2003; Keatinget al, 2003; Van Ittersunet al, 2003).
However, during the fallow period between the aocel wheat seasons in RW systems,
N losses may increase due to the alternation afb@éeand anaerobic soil conditions.
N dynamics during fallow periods in RW systems ndedbe more accurately
guantified (Ladhaet al, 2000b; Zhengt al, 2000) as a basis for modification of their
management towards more environmentally-friendlydpction practices. Only
models that continuously simulate N dynamics uritg#h aerobic and anaerobic soil
conditions are able to contribute to this questv Beil organic matter models exist
that are able to simulate anaerobic soil conditiasgn irrigated rice (Shibet al,
2006), which hampers quantification of N dynamiasing the alternating dry-wet soll
conditions in RW systems. In this study, the RIWERdel (Chapter 6) aims at
capturing those processes that are relevant dthisglternation of aerobic conditions
in the wheat season and anaerobic conditions irritleeseason. RIWER offers an
operational and promising tool for designing susthle RW systems, that combine
environmentally-friendly production methods andhygelds.

7.3  Approaches of modelling and experimentation

Crop models mimic the growth and development opsr@rop models are based on
existing insights in the underlying chemistry, plkgs physiology and ecology of
crops. Information on weather, soil, and crop managnt is combined and processed
to predict crop performance and resource use effcyi. Often, two methods are used
to evaluate model resulise. through graphical comparison of simulated and ese
values, and through statistical testing, such #&deat and RMSE,also used in this
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study to estimate the quantitative accuracy of rhoesults. There are no absolute
criteria to classify a model as “good” or “bad”ri8ly speaking, models cannot be
validated; only invalidation is possible on the ibasf empirical evidence. However,
repeated and well-documented comparisons betwesdliceed and observed values
increase the confidence in the suitability of a elddr a specific purpose (Bouman
and Van Laar, 2006). Alternatively, models are ubtfols to identify and gain insight
in complex processes, and to facilitate the desfgnanagement regimes for realizing
specific production objectives. This study sucadfsf identified the relative
importance of environmental factors, such as intge soil N supply, temperature
and radiation for rice yield and N uptake (Cha@erAdditionally, various scenarios
were analyzed to examine the scope for improvemients fertilizer management
aiming at high yields combined with high N use @éncy, taking into account
indigenous soil N supply (Chapter 4).

Model-based approaches could further support threstgior new water-saving
and N management technologies, by evaluating alie®e management packages
before they are tested or disseminated in pracéige.advantage of using model
approaches is that alternative N management pesctian be designed and evaluated,
that match new water management regimes. RIWER,coambination with
appropriately designed experiments could be usedevaluate such alternative
technologies.

To create confidence in models as effective toekssting models have to be
calibrated and validated based on crop geneticachenistics and location-specific
conditions before they can be successfully appligas requires independent detailed
data sets that are often not available or acceskiblpotential model end users such as
farmers and policy makers. This may be one of tlaomreasons that models are
mainly applied by researchers. Model developmahthsts to go a long way before
models are sufficiently generic, trustworthy anerdsiendly to be applicable by a
wide range of end users (Carbeetyal, 2002; Dimest al, 2002; Reddt al, 2005;
Stone and Hochman, 2004).

7.4  Concluding remarks

In this study, RIWER could only be evaluated wiispect to total biomass, N uptake
and soil inorganic N content. Testing the perforogaaf the denitrifcation module and
SOM module under anaerobic conditions needs additork, which is hampered by
the availability of suitable data sets to test mhedel. After successful evaluation of
RIWER, it could be used to support exploration pfians to improve the efficiency of
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other resources, such as water; and to betterifulhkosses in RW systemsic The
long-term effects of crop residue management, nearamd chemical fertilizer
applications, as well as soil management, suchudsglling in rice and conservation
tillage in wheat on yield and soil fertility can baalysed in model scenarios.

With improvements in food security and livelihoadsChina and elsewhere in
Asia, there will be increased demand for rice witll-defined quality characteristics.
In addition to genotype, environment and crop manant €.g.sowing date), N and
water management significantly affect grain qualPpssibly, a sub-module on rice
grain quality formation can be developed and linked ORYZA2000, enabling
prediction of quality characteristics of rice gra@imilarly, a sub-module on the
formation of protein could be developed for SWHEA&nhabling evaluation of
different N management regimes on wheat grain tyuali

Despite the promising role of crop growth modelshsas RIWER in design,
development and testing of new technologies, sunttets are not (yet) able to capture
important processes in RW systems, for exampldgeelto specific growth-limiting
(such as phosphorus and potassium) and growthdiregéactors (pests, diseases and
weeds). It is a challenge to improve our insiglissuch processes to enable their
incorporation in comprehensive robust models, @liasis of which new integrated
management practices can be developed aimed atyislging and resource-use
efficient RW systems with targeted product quality.
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Summary

Globally, cereal producers need to increase promlugter unit area to respond to the
increasing food demand for a growing populatiorthimface of decreasing availability
of arable land due to competing claims originatiigm urban and industrial
development. At the same time, high-yielding irteghrice-based cropping systems in
China and elsewhere in Asia, are increasingly baisgpciated with environmental
problems and low resource use efficiencies. Nitnoge) losses to the environment
may be especially high where aerobic and anaesabiconditions alternate, such as
in rice-wheat (RW) rotations. In the coming decad#svelopment of sustainable,
environmentally-friendly production systems, yielgliwell-defined quality products,
needs major attention in research and policy.

The objective of this study is to contribute to tbetunderstanding of the
productivity and nitrogen dynamics of irrigated R3jstems, as a basis for improved
N management in these systems as a component idethgn of RW systems that
combine high yields of the desired quality withthil§ use efficiency. To achieve this
objective, | have combined experimental and moaglipproaches. Field experiments
with different rice genotypes were carried out ialtpple environments, as well as RW
rotation trials under different N and water managemregimes. The modelling
activities in the study included application of tiee growth model ORYZA2000 and
development of a rice-wheat rotation model (RIWERp the basis of existing
simulation modules.

In Chapter 2, the relative importance of genotymbaracteristics and
environmental conditions on yield and quality aferiwvas examined and relationships
between on the one hand weather conditions (teryseraadiation) and on the other
hand yield and grain quality were quantified. Thaaept of the photothermal quotient
as an explanatory characteristic for yield varigbilvas tested with data from multi-
location experiments across tropical and sub-tadpacreas of AsiaEnvironmental
characteristics explained 80% of the observed tranian grain yield and 66% of the
variation in harvest index (HI). Low yields at trogl locations were related to low
radiation interception, resulting from fast phemptal development during the
vegetative phase, and to low HI, resulting frontrieted grain formation during the
reproductive phase. Using a second order polynoegahtion, average temperature
during ripening (ATR) satisfactorily explained thariation in yield and HI among
genotypes. Genotype explained 72% of the variatiorice grain amylose content,
while grain amylose content increased linearly wiligicreasing ATR.

Chapter 3 aimed at identifying the relative impoda of environmental factors
(indigenous soil N supply, temperature, radiation)rice yield, N uptake and internal
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nitrogen use efficiency (INUE, grain yield per utotal aboveground crop N uptake),
using the crop growth model ORYZA2000 that was eatdd on the basis of the
experimental data of Chapter 2. Indigenous soilipp$y had a stronger effect on yield
and INUE than weather conditions at low N-fertifizgpplication rates, but its relative
effect declined at high N-fertilizer rates. At bplbw and high N-fertilizer application

rates, indigenous soil N supply had a strongerceféa total crop N uptake than
weather conditions. Temperature contributed moas tfadiation to the variation in

yield, N uptake and INUE. These results indicat th fertilizer management should
take into account (site-specific) indigenous soilstply, while temperature is the
primary factor in selection of genotypes and idesdtion of (optimum) sowing dates
in rice production.

Chapter 4 combines field experimentation with setioh modelling to explore
N fertilizer management strategies to realize hyggids, while increasing N use
efficiency. Highest yields were obtained with N kgation rates of 150-200 kg Ha
taking into account an indigenous soil N supph0d-0.9 kg ha d*. High values for
N fertilizer recovery (53-56%) and agronomic N eskciency (20-30 kg grain KN
applied) were obtained with split application oétN fertilizer, with equal doses at
transplanting, panicle initiation and booting. k&sing the number of splits to six did
not further increase yield or improve any of thed¢ efficiency parameters.

Chapter 5 analyses N dynamics and N response iWaekperiment under
different N and water management regimes. Nitroggtake in both, rice and wheat
increased with increasing N rates, while agrononfigen use efficiency decreased
at N application rates exceeding 150 kg.h@arry-over of residual N from rice to the
subsequent wheat crop was limited, consistent thiighow soil nitrate concentrations
after rice harvest. Total soil N content hardly mdpad in the course of the experiment,
reflecting storage of most of the N in organic matiThere were no significant yield
differences between different water managemenimegyi.e. conventional flooding or
intermittent irrigation during the rice season, lagparent N recovery was higher
under intermittent irrigation. In one season, imtigtent irrigation resulted in higher N
uptake in the subsequent wheat crop, but not indnigield.

The development of a rice-wheat rotation model (ERY is described in
Chapter 6. The model is based on integration ddtexy crop and soil modules and
adaptation to both aerobic and anaerobic conditiBi/ER simulates soil processes
continuously, following initialization of soil comibns once at the start of a simulation
experiment, while crop management, such as sowamgplanting dates, plant density
and N fertilizer regime are user-defined beforeheaopping season. Based on partial
evaluation, RIWER showed satisfactory performamceims of crop biomass, crop N
uptake and soil inorganic N content, while simuat@lues of soil water content and
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net N mineralisation under different N rates ar@uplble. Comprehensive testing of
the model was not possible, due to limited avdilgbof suitable empirical data, but
the simulation results give confidence that RIWERxyigood starting point for further
analyses of RW systems.

The thesis concludes with identification of optiotss improve yields and
resource use efficiencies in irrigated RW systdahsxible sowing dates and fertilizer
management aiming at synchronization of N supply emop demand could lead to
higher crop yields and enhanced N use efficiencyiaa-based systems. Repeated
transitions in RW systems between aerobic soil tmm$ for wheat and anaerobic
conditions for rice require approaches combiningeexnentation and modelling in
designing new integrated management systems aiatimggh-yielding, resource-use
efficient RW systems with a targeted product gyalit






Samenvatting

Wereldwijd moeten graanproducenten de productie @enheid landopperviak
verhogen om te kunnen blijven voldoen aan de toene® vraag naar voedsel voor
een groeiende bevolking, terwijl de beschikbaarkei akkerbouwland afneemt door
verstedelijking en industrialisatie. Tegelijkertideemt de kritiek op intensieve
gewassystemen met geirrigeerde rijst in China darglin Azié toe in verband met
milieuproblemen en lage benuttingsefficiénties haipbronnen. Stikstof(N)verliezen
naar het milieu zijn in het bijzonder hoog in sttes waar aerobe en anaerobe
bodemcondities elkaar afwisselen, zoals in rijsi#a (RW-) rotaties. In de komende
decennia vergt de ontwikkeling van duurzame en emiiendelijke productie-
systemen, waarin welomschreven kwaliteitsproducteerden geproduceerd,
nadrukkelijk de aandacht van het onderzoek en tigeo

Het doel van deze studie is om bij te dragen aan leter begrip van de
productiviteit en stikstofdynamiek van geirrigeef@é/-systemen, als basis voor het
ontwerpen van systemen met een verbeterd N-bealp@drht op hoge opbrengsten van
de gewenste kwaliteit en met een hoge N-benuttffigéatie. Om dit doel te
bereiken, heb ik verschillende experimentele en efhmwdtige benaderingen
gecombineerd. Naast veldproeven met verschillenskeassen op meerdere locaties,
zijn er RW-rotatieproeven uitgevoerd met verschilleN- en watermanagement. Bij
de modelmatige benaderingen is aan de ene kamelmeisgroeimodel ORYZA2000
toegepast, en aan de andere kant een rijst-tatagemodel (RIWER) ontwikkeld, op
basis van bestaande simulatiemodules.

In Hoofdstuk 2 is het relatieve belang van raskekere en omgevings-
omstandigheden op de opbrengst en kwaliteit vah aipderzocht, en zijn de relaties
tussen enerzijds weersomstandigheden (temperatoursteling) en anderzijds
opbrengst en korrelkwaliteit gekwantificeerd. Heincept van het fotothermische
guotiént, de verhouding tussen straling en temperatls verklarende variabele voor
verschillen in opbrengst, is getest met gegevems naalti-locatie-experimenten in
tropisch en subtropisch Azié. Omgevingskenmerkemklaarden 80% van de
waargenomen variatie in korrelopbrengst en 66% deawariatie in oogstindex (HI).
Lage opbrengsten in tropische locaties konden worderklaard uit een lage
stralingsonderschepping als gevolg van een korgetaéieve fase door een snelle
fenologische ontwikkeling, en een lage HI door beperkte korrelzetting gedurende
de generatieve fase. Met behulp van een tweede pwlymoom kon de variatie in
opbrengst en HI goed verklaard worden uit de geeiddtemperatuur gedurende de
korrelvulling (ATR). Raskenmerken verklaarden 72%nwvde variatie in amylose-
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gehalte in de graankorrels, en het amylosegehalte nechtlijnig toe met afnemende
ATR.

Hoofdstuk 3 is gericht op het identificeren van hetatieve belang van
omgevingsfactoren (N-beschikbaarheid uit natuwglijbronnen, temperatuur en
straling) op de opbrengst, N-opname en interne mNs#hmgsefficiéntie (INUE,
korrelopbrengst per eenheid N-opname in de bovewge biomassa) van rijst.
Hiervoor wordt gebruik gemaakt van het gewasgrodeh@d®RYZA2000 dat werd
getoetst met de experimentele gegevens beschremenHaofdstuk 2. N-
beschikbaarheid uit natuurlijke bronnen had eerkstesffect op de opbrengst en op
INUE dan de weersomstandigheden bij lage N-bengstineaus, maar dit relatieve
effect nam af bij hoge N-bemestingsniveaus. Zowgl lage als hoge N-
bemestingsniveaus had de N-beschikbaarheid uitrigite bronnen een sterker effect
op de totale N-opname in het gewas dan de weeraothgheden. Temperatuur droeg
meer bij aan de variatie in opbrengst, N-opnamiN&HE dan straling. Deze resultaten
wijzen erop dat bij het N-management rekening mweetden gehouden met de
(plaats-specifieke) N-beschikbaarheid uit natukelipronnen, terwijl temperatuur de
belangrijkste factor is bij rassenkeuze en keuze (@ptimale) zaaidata voor de
productie van rijst.

Hoofdstuk 4 combineert veldproeven met simulatieexpenten bij het
verkennen van N-bemestingsstrategieén, gericht ep dombineren van hoge
korrelopbrengsten met hoge N-benuttingsefficiénti®s hoogste opbrengsten werden
behaald bij N-giften van 150-200 kg havaarbij de N-beschikbaarheid uit natuurlijke
bronnen op 0.6-0.9 kg Had' werd gezet. Hoge waarden voor het N-
uitbatingspercentage (“recovery”) en de agrononasdkhbenuttingsefficiéntie (20-30
kg korrel kg* toegediende N) werden behaald bij een gedeeldietiag van N, met
gelijke giften bij het overplanten, en bij het begn het eind van de pluimvorming.
Verhoging tot zes deelgiften leidde niet tot oplgsterhoging en verbetering van de
N-benuttingsefficiéntie.

Hoofdstuk 5 analyseert de N-dynamiek en de reamieN-toediening in een
meerjarige RW-proef onder verschillende N- and watanagementregimes. De
opname van stikstof in zowel rijst als tarwe nam toet hogere N-giften, terwijl de
agronomische N-benuttingsefficiéntie afnam bij Keagi boven 150 kg ha De
nawerking van N toegediend aan rijst op het volgetadwegewas was beperkt, zoals
verwacht kon worden, gezien de lage N-concentraiede bodem na de oogst van
rijst. Het gehalte aan N-totaal in de bodem vadedneel weinig in de loop van de
proef, omdat het merendeel van de N in de bodeonganische stof is vastgelegd. Er
waren geen grote opbrengstverschillen in rijsteansse twee toegepaste waterregimes,
continue bevloeiing en afwisselend bevloeid-niatibeide omstandigheden, maar het
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schijnbare uitbatingspercentage was hoger ondé&stdgmoemde omstandigheden. In
één van de twee jaren resulteerde de afwisseleriddi@-niet-bevioeide behandeling
in een hogere N-opname in het volgende tarwegewesr niet in een hogere
korrelopbrengst.

De ontwikkeling van het rijst-tarwe-model (RIWER)bheschreven in Hoofdstuk
6. Het model is gebaseerd op integratie van bedtaarmodules voor simulatie van
gewas en bodem en aanpassing van deze modulezawet aerobe als anaerobe
omstandigheden. Na initialisatie van de bodemcaditsimuleert RIWER de
bodemprocessen continue, terwijl gewas-specifiak®rmatie zoals tijdstip van
zaaien/overplanten, plant(zaai)dichtheid en N-béimgsregime vor elk groeiseizoen
door de modelgebruiker moet worden gespecificdeiM/ER simuleerde de dynamiek
van de bovengrondse drogestofproductie van hetgeateaN-opname in het gewas en
het anorganisch N-gehalte in de bodem op een bgemde manier, terwijl het
gesimuleerde watergehalte in de bodem en de nettonMralisatie, waarvoor geen
gemeten waarden beschikbaar waren, plausibel lijkéailledige toetsing van het
model was onmogelijk vanwege het ontbreken van esgpe gegevens, maar de
simulatieresultaten geven vertrouwen dat RIWER geade basis vormt voor de
analyse van RW systemen.

De thesis besluit met identificatie van een aaopdies om de opbrengst en de
benuttingsefficiéntie van hulpbronnen in geirrigeeRW systemen te verbeteren.
Flexibele zaaidata en een bemestingsregime gesynchronisatie van het aanbod
aan N en de behoefte van het gewas, kunnen leaddrmogere gewasopbrengsten en
verbeterde N-benuttingsefficiéntie in systemen majst. De specifieke
karakteristieken van RW-systemen, met name de megigle overgangen tussen
aérobe en anaérobe bodemomstandigheden, vragen esm cembinatie van
experimentele en modelbenaderingen om nieuwe gegéderle managementsystemen
te ontwerpen, gericht op hoge opbrengsten van pteduvan een welomschreven
kwaliteit en hoge gebruiksefficiénties van hulpbren (met name N en water).
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