Applications of systems simulation for understanding
and increasing yield potential ofwheat and rice

Promotoren: dr.M.J. Kropff
hoogleraar indegewas-en onkruidecologie
dr.ir.R. Rabbinge
hoogleraar indeplantaardigeproductiesystemen

'••: ^ *- ' !,?->
? x ! i

Applications ofsystemssimulation for understanding and
increasingyieldpotentialofwheat and rice

Pramod K.Aggarwal

Proefschrift
terverkrijging vandegraadvandoctor
opgezagvan derector magnificus
vanWageningenUniversiteit,
dr. CM. Karssen,
inhetopenbaar teverdedigen
opmaandag 17april2000
desnamiddags tehalftweeindeAula

\yw\

e\'\'.L
J - >

ISBN: 90-5808-204-0

Printing:Grafisch Service Centrum Van GilsB.V., Wageningen

BIBLIOTHEEK
LANDBOUWUNIVERSITBTT
WAGENINGEN

•v ' ^ Z u ^ "?ZO.'."+-

Propositions
1. Atthe levelof Nmanagement currently practiced by (IRRI) breeders,the searchfor
higher yield potential may be impossible even though the germplasm being
screenedmaypossessappropriatetraits.
This Thesis
2. Decision-making processes basedonfieldexperiments often haveuncertaintiesdue
to inadequate understanding and lack ofappropriate data that may beovercomeby
theapplicationofsystemsapproaches.
This Thesis
3. Growing period basedagro-ecological zoning inthetropics isappropriate onlywhen
agriculture is based on monoculture cropping and rainfall is the principal variable
determiningcropyieldsuchasinlargetracts ofsemi-arid regions.
This Thesis
4. Todeterminetheoptimaldurationofwheat,a breeding program basedonfewyears
of experimentation must be supported by growth simulation for a large number of
yearstoaccountfortheclimatic variability.
This Thesis
5. The perceivedwidespread yielddecline inproductivity of intensive cropping systems
in Indo-Gangeticplainsisamyth.
6. The current policy to subsidize the costs of fertilizers, water and energy, driven by
short-term socio-economic and political concerns, may lead to a long-term
sustainability problem.
7. Greater agricultural intensification in combination with diversification is the key to
prevent social, political, ecological and economical disasters in most developing
countries.
8. Winnersdonotdodifferentthings,theydothings differently.
ShivKhera
9. Environmental issuesareexaggerated byaselectgroupofscientiststosustaintheir
research interests.
10. Intoday'sworld,valuesare perceived bymanyasdisposable ifthepriceisright.
PropositionsassociatedwiththePh.D.ThesisofPramod K. Aggarwal:
Applicationsof systemssimulationfor understandingand increasingyieldpotential
ofwheatandrice.
Wageningen,April 17,2000

Abstract
Understanding and increasing yield potential of cereals is essential to meet the growing food
demand in Asia. A crop growth simulation model -WTGROWS- was developed to quantify the
climatically determined potential grain yields and yield gaps inwheat intropics and sub-tropics.
The model written in PCSMP simulates daily dry matter production as a function of solar
radiation, maximum andminimumtemperatures,andwater and nitrogen stresses.Comparison of
simulated and measured quantities indicated satisfactory performance of the model in reference
towaterandnitrogen uptake,drymatter growthand grainyield inpotential aswell aswater- and
N-limited environments. The wheat yield potential in India varied between 2.6 and 8.3 t ha-1
depending upon the location. Economically optimal yields in irrigated environments were
estimated for all locations based on current price ratios of N fertilizer and grain, native soil
fertility, simulated crop response to N fertilizer and other costs related to transport, harvesting
and market forces. Yield gaps were found to be small in irrigated regions of northwestern India
but significantly large in eastern regions. Almost 35 - 50% of the gap could be ascribed to
delayed sowing. Crop simulation with different amounts of nitrogen and irrigation showed
significant interaction betweenwaterandN availability andclimaticvariability,particularly with
low inputs. The effect of climate change was more pronounced in central India where yield
potential isalready low.
The model was also used to explore the opportunities for growing wheat in irrigated and
rainfed tropical southeasternAsia.Theresults indicated thatpotentialyieldsexceed 3tha"1atall
places and increased further with latitude and elevation. At sea level, between equator and 8°N
latitude, potential grain yield was 3t ha-1. It increased to 5t ha~'at 21°N and 4.5 t ha~'at 10°S
latitudes. Realization of the yield potential of the presently available varieties may be limited
becauseof several agronomic constraints.
A simulation framework hasbeendeveloped to determine therelative importance of different
plant traits in isolation or in combination for increasing yield potential. In this approach,
hypothetical genotypes are 'created' by changing the specific crop parameters of a crop
simulation model. The impact of simultaneous change in many traits is assessed by randomly
combining different traits in the hypothetical genotype. The approach is illustrated with
examples for rice in tropics. No trait individually or in combination provides more than 5%
advantage in yield at the level of management typically practiced by breeders. In such
environments, even though genotypes may possesstraits for higher yield potential, they will not
be able to express them. Another framework ispresented for using crop simulation models and
statistical analysistogethertoincreasetheefficiency ofmulti-environment genotypetesting.

Key words: modelling, yield potential, yield gap, ideotype, genotype by environment
interaction,breeding,systemsapproach,wheat,rice

Preface
Understanding yieldpotential of food crops indifferent agro-environments and strategies
for increasingthishasbeen amajor focus of agricultural research inmost developing and
populous countries such asIndia. Thishasalsobeen thetopic ofmyresearch ever sinceI
joined Indian Agricultural Research Institute (IARI) atNew Delhi, India 24 years agoas
a Crop Physiologist. Since large areas in India are rainfed or receive limited irrigation,
understanding droughtresistancemechanisms inwheatwasmyfirst assignment.
Thisresearchgavemetherealisationthat suchexperimentalresearch infields needsto
be supplemented by quantitative understanding. That is when I started learning crop
modelling. Iwent tothe International RiceResearch Institute (IRRI),Philippines in 1985
to do myPost-Doctoral work on sustainability and diversification ofrice-based cropping
systems.FritsPenning deVriesjoined IRRIatabout the sametime.Thisprovided mean
opportunitytocollaboratewithhimonusingMACROSmodules toexplore opportunities
for growing wheat in rice based systems of tropics of Southeast Asia. In the process, I
learntPCSMP andbasics ofcrop simulation. Sectiontwoofthethesis istheresult ofthis
research.
After returning back to the Indian Agricultural Research Institute in 1987, I got
involved in the Simulation and Systems Analysis in Rice Production (SARP) project
which provided me further stimulus to focus more on systems simulation research. With
the support of Frits, Hein Ten Berge, Martin Kropff and Herman Van Keulen, we were
able to evolve MACROS into WTGROWS to meet our requirement of a spring wheat
model fortropical andsub-tropical environments ofIndia.Ourfocus subsequently shifted
toapplications ofWTGROWS todetermine the opportunities for wheat indifferent agroenvironments ofIndia.Thisresearchforms thebulkofsectiononeofthisthesis.
In 1994, IRRI invited me tobe the Co-ordinator of the Potential Production theme of
the SARP project. The emphasis of the whole project was then on applications of crop
models. During my two years of stay, I was required to assist the network scientists in
different countries of Asia in model development and in their case studies. My own
research inthisperiod focused onimproving the ORYZA1 model and its applications in
plant breeding. For this,Iworked closelywith Martin Kropff and several other scientists
ofIRRI.Thisresearch isreported inthefinalsectionofthisthesis.
This assignment alsoprovided me an opportunity towork for some time atAB-DLO,
Wageningen. Here, I came in contact with Professor Rudy Rabbinge who together with
Martin Kropff encouraged me to submit my simulation research as a thesis to
Wageningen Agricultural University. This thesis would not have been possible without
theiractiveandpersistent support and encouragement.
Several colleagues at IARI and IRRI have been associated with the research reported
in this thesis. I have enjoyed working with them and would like to acknowledge their

support. Today, IARI is putting a special attention to applications of systems simulation
inagriculture. Iamgrateful toProfessors S.K. Sinhaand R.B.Singh,thepast and current
Director of IARI for providing such an environment and for their consistent financial,
technical and administrative support for my research. Finally, I would like to
acknowledge the help provided by Gon van Laar in setting the layout of the thesis and
othereditorialmatters.
Theresearch reported inthisthesis was financially supported by IARI, Indian Council
of Agricultural Research, New Delhi, Department of Science and Technology,
Government of India, and the SARP project of IRRI and Wageningen University and
ResearchCentre.
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General introduction

1

General introduction

Wheat and rice are the two most important staple food crops for a large majority of the
world's population. At several places, in particular in south Asia, yield and production of
both crops has increased considerably during the last three decades. In case of India, for
example, the production of wheat has increased from 12.3 Mt in 1965to 70 Mt in 1999 and
the meanproductivity has increased from 0.99 tha-1 to 3.1 t ha"1, respectively. Thelaterwas
largely duetothe development and large-scale cultivation of new higher yielding semi-dwarf
varieties inthe early sixties and greater applications of water, nutrients and pesticides. Such
transformation was more apparent where agricultural infrastructure was in place such as in
north-western India and central Luzon of Philippines, and support of government policy was
available.
These increases in cereal production made most of the Asian region self sufficient and
contributed tremendously to their food security. The later, however, is now at risk due to the
continuously increasing population. Theworld population hasmorethan doubled since 1950.
This increase hasbeenpredominantly inthe lessdeveloped regionsoftheworld, inparticular
inAsia. SouthAsia,comprising theIndian subcontinent ishome for almost onequarter ofthe
world population. It is projected that about 3.8 billion more people will be added to the
world's population by 2050. Most of this increase will be in the developing countries. An
additional population of about 700 million people, approximately equal to the current
population of Europe will be added in the South Asian region alone in next 30 years
assuming a medium growth rate. By 2050, India's population is expected to grow to 1.6
billionpeopleandwilloutgrow Chinaasthemostpopulouscountry oftheworld (UN, 1997).
This rapid and continuing increase in population implies a greater demand for food.
Although the world as a whole may still have sufficient food for everyone, it would need to
be produced where needed due to socio-economic and political compulsions (Rabbinge,
1999). The food will have to be produced from the same or even shrinking land resource
because in most Asian countries, in particular in southern Asia, there is no additional land
available for cultivation.Itisbelieved thatinthe 21st century,theworld food situation willbe
largely influenced bythe changesthat occur inAsia (Rabbinge, 1999).There isalso likely to
be a significant shift in the type of food needed inthe future. It is projected that 51% of the
Asian population will be living in the urban areas in 2020 as compared to 32% at present
(UN, 1997). Historical evidence has shown that the demand for cereals is generally reduced
with urbanization. Yet, inabsoluteterms,the demand for wheat and rice will be very high. It
is estimated that the demand for total cereals in Asia will increase to 10430 million tons by
2020 from a benchmark demand of 695 million tons in 1993 (IFPRI, 1995). The Asian rice
production alonemust increasetomorethan 800milliontons overthenext 30years from the
present levelof about 500milliontons(Hossain, 1995).
Although there is now large pressure to increase production, there has lately been a
significant slowdownofthegrowth rateinarea,productionaswell asyield.Therateof annual
growth of food production and yield showed apeak during early years of green revolution but
l
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sincethentherehasbeenadeclineinitsgrowthrate.Increaseinareaundercultivation doesnot
look feasible. However, due to increasing population, food production per person has become
constant during 1980s. Continuously increasing population pressure, urbanization and income
growth could further lower the availability unless corrective measures are taken (Pinstrup
Anderson and Pandya-Lorch, 1995).Further production increase hasto come,therefore, from
an increase inproductivity per unit area.These estimates further indicatethat by 2025 irrigated
rice yield must increase from the current 5t ha-1 to 9.3 t ha-1 in Asia if rainfed yields do not
change. Therice yield inthe irrigated ecosystem should be 8t ha-1 even iftheyield in rainfed
ecosystemscanbeincreasedto41ha~.
Whataddstotheworry offood planners,isthatgrainyieldsinexperimental farms arealso
stagnating and the deteriorating soil health of intensive cropping regions.The yield potential
of rice in tropics has not increased above 10 t ha-1 since IR8 was released 30 years ago,
despite significant achievements in attaining yield stability, increasing per day productivity
and improving grain quality (Aggarwal et al., 1997). The yield of major cereals in northwestern India has also not shown any significant increase during last few decades (Sinha,
1999).The gradual increaseof environmental degradation iscompounding theproblem, early
signs of which arebecoming visible inareas that benefited largely from the green revolution
technologies. There is now a great concern about decline in soil fertility change in water
table,rising salinity,resistancetomanypesticidesand degradation ofirrigation water quality,
for example innorth-western India(Sinhaetal., 1998).
Thus,there is a tremendous challenge facing agricultural scientists to develop technologies
for a larger food production in the coming decades. There is an urgent need to secure the past
yield gains and further increase theyield potential of major food crops.It is very important to
know how much additional cereals,particularly the staple food crops rice and wheat, can be
produced by different regions of Asia to meet the increasing demand. In case of population
richand lowincomeregionsofAsia,it isalso importantto knowwhereand atwhatcost this
canbeproduced with current technology and what alternative technologies will be needed to
meet the desired production targets. The future increases have to be achieved from less land
with less inputs such as labour, water, nitrogen and pesticides in such a way that the scarce
naturalresourcesremainconserved.
The potential of a crop to produce is determined by the interactions of the climatic
conditions ofaregionwithitssoil andcropcharacteristics.Cropgrowthsimulationmodelsare
ideal tools to determine its value in different agro-climatic regions and also to quantify the
magnitude ofyieldsgapsandtheirprincipal causes.Alarge number ofcrop models have been
developed duringthe lastthreedecades.Models arenowavailable for allmajor crops suchas
wheat, rice, maize, sorghum, millet, chickpea, pigeonpea, groundnut, sunflower, sugarcane,
potato and even for plantation and horticultural crops. Together with Geographical
Information Systems (GIS), databases, optimization techniques and other tools of systems
research, these models present a new opportunity for assessing potential production in a
region, facilitate analysis of the sustainability options for agricultural development including
planning ofresource allocation.
Several studies for determining production potential of a field, farm or region have been
conducted in the recent past using systems simulation. At the field level, there are enormous
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examplesfromdifferent regionsoftheworldandwithdifferent cropswherecropgrowthmodels
have been employed to study the genotypic potential of existing or alternate genotypes, traits
that maximize yield potential,management strategies needed to attain specified yield level and
magnitude ofyield gapsand supplementing experimental results with simulatedyield estimates
(Muchow et al., 1990;Boote and Tollenaar, 1994; Kropff et al., 1994; Hammer et al., 1996;
DingkuhnandSow, 1997; Kropff etal., 1997). Atthefarmlevel,cropgrowthmodelshave often
been combined withhousehold economy modelstooptimizetheresource useandto maximize
farmers income(Jonesetal., 1997;Tengetal., 1997;Edward-Jonesetal., 1998).Attheregional
level, crop models have been linked with GIS and spatial databases of soil and weather to
determine production possibilities at the global, continental, national and sub-national level
(Adamsetal., 1990;WRR, 1992;Rosenzweig andPerry, 1994,Matthews etal., 1995;Penning
deVries et al., 1995;Teng etal., 1996).Most ofthese studiesdidnotfocus onthe south Asian
regionalthoughfood security concernsarevery seriousintheregion.Atbest,theregion figures
in certain studies done at the global scale. In this thesis, the goal is to apply crop simulation
models for quantifying yield potential of wheat and rice in selected parts of tropics and subtropical regions of Asia as affected by climatic factors, genotype, inputs and management
practices at field as well as regional scale. Special attention is paid to India, the most
populous country of Asia, and south-eastern Asian region. Attempts have also been made to
define the possible impact of climatic change on wheat productivity. The more specific
objectives were:
• To simulatewheatyieldpotential andyield gapsindiverse agro-climaticregionsofIndia.
• Touse systems simulation toexplore opportunities for growing wheat in south-east Asian
tropics.
• To develop a crop simulation based framework for design of plant types for increasing
yield potential.

Structure of this thesis
This thesis can be divided in three sections, each following one ofthe specific objectives. In
section one, potential wheat yields in different regions of India are discussed. Chapter 2
describes a wheat model that simulates the effects of weather, water and nitrogen on growth
and yield of wheat in tropical and sub-tropical environments. Theperformance evaluation of
themodel invariousagro-environments ofIndiaandoftropics isalsopresented. Cropgrowth
models such as the ones used in the present study are deterministic but there is considerable
uncertainty in the crop, soil and weather inputs used. The possible impact of these
uncertainties onsimulated yieldsindifferent production environments isdiscussed in Chapter
3.
Chapter 4 describes the yield potential of wheat at field scale at many places in India as
simulated bythemodeldescribed inChapter 2.Italsodealswiththedetermination ofoptimal
water and nitrogen management strategies. In Chapter 5,yield potential ofwheat is simulated
for different agro-climatic regions of the country. The magnitude of the yield gap and the
principal causal factors are also described in the same chapter. The possible impact that
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global climate change might have on wheat yields in India in different production situations
isdiscussed inChapter 6.
Tropical south-eastern Asia does not produce wheat at a commercial scale. Yet, there is
considerable interest in its cultivation because wheat products are popular and need to be
imported. Chapter 7 of section two of this thesis explores the opportunities for cultivating
wheatsoindifferent agro-environments ofsouth-easternAsiausing awheatmodel.
Thefinal sectiondescribestheapplicationsofcropmodelling indesignofnewplanttypes.
Chapter 8discussestheoptimal durationtoflowering inwheat for maximising yield potential
in different regions of India. Chapter 9 describes a rice crop growth model developed to
assess the impact of different traits in isolation and in combination on rice yields in
environments varying in nitrogen availability. A methodological framework is presented for
setting the breeding goals for different traits and linking their selection to agronomic
management. The implications of this on selection methodology are discussed in detail. In
Chapter 10, a simple approach for designing new planttypes and an integrated methodology
involving crop growth models and statistical models for understanding genotype by
environment interactions is elaborated for rice. Finally, the results of previous chapters are
summarized and integrated inChapter 11.
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Wheatgrowthmodel

••
Analysing the limitations set by climatic
factors, genotype, water and nitrogen
availability on productivity of wheat. I. Model
description,parameterization andvalidation

Abstract
A mechanistic crop growth simulation model, WTGROWS, was developed for use in
analysing effects of climatic variables and crop management on productivity of wheat in
tropical and sub-tropical wheat regions of India. The model, written in CSMP and FSE,
simulates daily dry matter production as a function of radiation and temperature, and
water and nitrogen stresses. Crop aspects of the model are arranged in submodels
covering phenological development, photosynthesis, respiration, carbohydrate
partitioning, dry matter production, leaf area, grain growth and transpiration. A soil water
balance model is attached to simulate water uptake and to determine water stress.
Another submodel determines nitrogen uptake, distribution and N stress. Water and
nitrogen stresses depending upon their severity affect various physiological processes.
The model requires inputs relating to site, daily weather, soil physical characteristics and
crop management. Switches allow water and/or nitrogen stresses to be terminated to
establish climatically determined potentialgrain yield.
Various aspects of the model were validated using a large number of independent
experiments. Comparison of simulated and measured quantities indicated satisfactory
performance of the model in reference to water and nitrogen uptake, dry matter growth
and grain yield in potential as well as water- and N-limited environments. The model
appears useful asatoolforoptimizing useofwater and nitrogen.

Introduction
Wheat isoneofthemost important staple food cropsoftheworld and is grown ina diversity
of agro-climatic conditions. In India, it is grown from 15°Nto 32°N, from 72°Eto 92°E and
from sealeveltofairly highaltitudes.Theclimateofwheatproducingareasislargelytropical
to sub-tropical. The soils of wheat regions vary intexture from light to very heavy clay. At
present, wheat is cultivated in 17.4M ha irrigated areas and 6.3M ha rainfed areas. Average
productivity of wheat ranges between 650 kg grainha"1 to 4500 kg ha"1 depending upon the
region. The total production of wheat in 1990 was 54 Mt. By 2000 A.D. the demand for
wheat is likely to be 75Mt (Sarma and Gandhi, 1990) and to exceed lOOMt by 2025 A.D.
There is, therefore, a need to know the productivity potential of wheat in different agroclimatic zones of the country to determine whether India can produce this much, where, and
how.

Published as: Aggarwal, P.K., Kalra, N., Singh, A.K. and Sinha, S.K. 1994. Analyzing the limitations set by
climatic factors, genotype, water and nitrogen availability on productivity of wheat. I. The model
documentation, parameterization andvalidation. Field CropsResearch 38: 73-91.
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Improved agronomy has resulted in increasing national average yield of several crops in
many countries (Austin, 1990). Most crops, however, have greater genetic yield potential
than is being realized through current management practices. Further improvement through
cropmanagement willbefacilitated by anaccurateanalysisofthe effects ofweather,soiland
biological factors oncrop growth. Systematic investigation of crop growth, development and
yield in different agro-climatic environments is desirable, but such experimentation is costly.
Crop growth simulation models are quantitative, scientific knowledge based tools that can
evaluate the effects of dynamic climatic, edaphic, hydrologic and agronomic factors on crop
yield and stability (de Wit, 1978;Loomis etal., 1979;Whisler et al., 1986). Suchmodels are
used increasingly for environmental characterization and agro-ecological zoning (Nix, 1987;
Aggarwal, 1993),defining researchpriorities,technology transfer (Jones and O'Toole, 1987),
estimating production potentials (Aggarwal, 1988), strategic and tactical decision making
(Angus et al., 1993) and for predicting the effects of climatic change and climatic variability
(Adamsetal., 1990,Aggarwal and Sinha, 1993).
Several wheat models have been developed (e.g., AFRCWHEAT by Weir et al., 1984;
SWHEAT by Van Keulen and Seligman, 1987 and CERES-WHEAT by Ritchie and Otter,
1985). Some of these deal exclusively with winter wheat whereas some others are overly
complex. Few of them use a constant radiation use efficiency approach to predict daily
biomass production. This oversimplification is often subject to errors due to feedbacks
between plant sources and sinks for carbon and dynamic chemical composition of plant
organs. None of the models have been well validated in the tropical and sub-tropical
environments such as those of India. In this chapter, we describe a mechanistic crop growth
simulation model -WTGROWS- developed to evaluate the productivity of spring wheat in
tropical and sub-tropical environments. Objectives for themodelaretodetermine climatically
potential grain yields and to develop strategies for optimizing resource use particularly of
waterandnitrogen inavariableclimate.

TheModelDescription andParameterization
The primary structure of the model relating to crop growth and development is based on
MACROS (Penning de Vries et al., 1989). MACROS is a general purpose, simple
mechanistic model. It is well documented and its structure is relatively easy to modify. Its
various submodels are in the form of modules which depending upon the interest of a user
canbemerged toform acropspecific model.Aggarwal and Penning deVries (1989) adapted
MACROS for determining wheatproduction potential insouth-east Asia. MACROS doesnot
consider the effect of N availability on crop growth. WTGROWS (WheaT GROWth
Simulator) wasdeveloped to simulate growth, development and grain yield of aspring wheat
cropaseffected by weather, physiological characteristics,andwater andnitrogen availability.
The model written in CSMP as well as in FSE (Fortran Simulation Environment by Van
Kraalingen, 1991) is largely explanatory. It simulates daily dry matter production as a
function of irradiance, maximum and minimum temperatures, and water and nitrogen
availability. Crop aspects of the model are arranged in submodels covering development,
photosynthesis, respiration, carbohydrate partitioning, dry matter production, leaf area, grain
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growthandtranspiration. Asoilwaterbalancemodel isattachedto simulatewateruptake and
to determine water stress. Another submodel determines nitrogen uptake, distribution and
nitrogen stress. Various crop processes are affected by water and nitrogen stresses. A
relational diagram of the flows of material and information among various sub-models is
depicted in Figure 2.1. Themajor differences between MACROS and WTGROWS are listed
inTable 2. 1.Inthis chapter, onlythoseprocesses aredescribed indetailwhere WTGROWS
differs significantly from MACROSinapproachand/orthresholds andrateconstants.

Table2. 1.

Major differences in MACROS andWTGROWS. The two models also have differences
in rate constants and thresholds, and some minor differences inother processes which
aredescribed inthe text.

PROCESS
Structure
Seedling emergence
Maximum rateof
increase inrooting depth
Allocation ofpotential
water demand torooting
depth
Water stress effects

SoilN balance
CropNbalance
Ndeficiency effects

MACROS
Modular,non
crop specific
Not considered
constant
Equal

Photosynthesis,
phenology,
root:shootratio
Not considered
Not considered

WTGROWS
for wheatalone
Functionofsoilwaterand temperature
varieswithdevelopment stage,maximum
rootingdepthandcropduration
Unequal depending onexponential root
lengthdensity distribution
Photosynthesis,phenology,rootshootratio,
partitioningwithintheshoot, senescence
Included
Included
Photosynthesis,respiration, partitioning,
senescence,phenology

Crop development
Phenology isdivided inthreemajor phases:
1)Sowingto seedling emergence
2)Seedling emergenceto anthesis
3)Anthesisto maturity
The duration of these phases is under strong environmental control. Temperature and
daylength are the major climatic factors regulating duration (Robertson, 1968). The submodel requires inputs of sowing date, site latitude and daily mean temperatures (arithmetic
mean of maximum and minimum temperatures).Daylength, dependent upon site latitude and
dayoftheyear,isestimated byastronomical calculations (Penning deVriesetal., 1989).
Sowing to seedling emergence The duration of this phase may be common to a range of
cultivars and is described well interms of thermal time, i.e. mean temperature * duration of
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thephase (Angus et al., 1981a). Itwas estimated from the work of Pushkala (1982) that at a
depth of 4 cm, thermal time required is 65 degree-days above a base temperature of 3.6 °C.
Foreach cm+changeinsoil depth,thermaltimechangesby+17.4degree-days.
Seedling emergenceto anthesisThe following model was used to estimate crop duration up
toanthesis:
D =a +bT +c L

(2.1)

where

D
rateofdevelopment (day"'),
T
meantemperature(°C),
L
daylength (h)and
a,b,c areconstants.
Perry et al. (1987) compared five different additive and multiplicative linear and non-linear
models and found this simplemodeladequatetoexplain variation inrate of development ofa
number ofwheatcultivarsindiverseenvironments.ThemodelwasusedbyLoss etal.(1990)
for predicting optimal time of anthesis in south-western Australia. In the present study,
parameters for Equation 1 were determined using data of 46 crops of widely used, semidwarf, medium maturity Indian cultivar, Kalyansona (AICWIP, 1969; Dadwal, 1983;
Chakravarty and Sastry, 1983;Bagga and Rawson, 1977;Rahman and Wilson, 1977). These
crops were sown over several crop seasons, from 1969 to 1983, across diverse locations
ranging from 17.3°N to 31°N as well as in controlled environments. In the total data set,
duration of the pre-anthesis phase ranged from 36 to 108 days, mean temperature from 12.5
to 24.5 °C and daylength from 8 h to 24 h. The following relation was generated from
Equation 1 usingtheKalyansonadata.
D (day"1) =-.0171 + .0011T(°C) + .0010L (h),(n=46; 1^=89)

(2.2)

The above regression can also be used to estimate photothermal time for predicting the time
taken to flower (Roberts and Summerfield, 1987). By analogy with thermal time,
photothermal time is given by 1/b but the base temperature (Tbase) above which it is
accumulated varieswithphotoperiod andisgivenbythe following:
Tbase= -a+c L/ b

(2.3)

Accordingly, photothermal timerequired byKalyansona from seedling emergence to anthesis
is 909 °Cd above abase temperature, which changes with photoperiod. Thebase temperature
was calculated to be 6.45, 5.54, 4.64 and 3.73 °C at 10, 11, 12and 13h mean photoperiod,
respectively. Crop development ofcultivars earlier orlaterthan Kalyansona canbe simulated
byvarying eitherthermal timeorbasetemperature.
Anthesis tomaturityThermal time for thisphase istaken as 393 °Cabove abase temperature
of 7.5 °C (Saini and Dadwal, 1986). Photoperiod effects and cultivar differences in this are
generally small and ignored (Angusetal, 1981b;Saini andDadhwal, 1986).
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Figure 2.1.

A relational diagram explaining interrelationships and feedbacks amongst major
physiological processes andtheir interactions with soilwater and nitrogen availability in
WTGROWS. Dashed lines indicate effect of climatic factors and information flow and
solid lines describe flow of material. Valves are rates, rectangles are quantities and
circles are auxiliary variables. To avoid complexity in representation, feedbacks loops
of water and nitrogen stresses on crop physiological processes are shown as small
circles only.

Dry matter production
The leaf and root weights at seedling emergence are initialized. These are estimated from
seeding rate. Half of the seed weight is assumed to be lost in respiration. The balance is
partitioned equally between roots and leaves. For simulating further increase in dry matter,
thecropistreated asanintactunit.Individualplants/tillers arenot simulated.
Photosynthesis Gross canopy photosynthesis is calculated depending on the distribution of
light within the canopies, the radiation absorbed by the canopy and photosynthesis light
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response curve of leaves (Spitters et al., 1989). The light distribution depends on the light
intensity above the canopy and onthe extinction coefficients for direct and diffuse radiation.
The direct and diffuse components are calculated following Spitters et al. (1986). Radiation
absorption is calculated for three depths inthe canopy and atthree moments of the day. The
rate of gross photosynthesis of an individual leaf is calculated as a function of the light
saturated rate of CO2assimilation (PLMX), initial light use efficiency (PLEI), and radiation
absorbed. PLMX is affected by leaf N content or specific leaf area as described in a later
section.Leafphotosynthesis isalso affected bytemperature (Aggarwal and Penning deVries,
1989). Inthe model, both PLMX and PLEI increase linearly by 29%as CO2increases from
340 ppm to 660 ppm (Kimball, 1983; Cure and Acock, 1986). The negative feedback of
reserves on photosynthesis is included in WTGROWS following Van Keulen and Seligman
(1987).
Maintenance respiration It is equivalent to 3.0, 1.5, 1.5, 1.1 and 1.0% per day of the dry
weights of leaves, stems, ear structures, roots and grains, respectively at 25 °C (Penning de
Vries and Van Laar, 1982). In addition ten percent of daily gross photosynthesis is assumed
to be consumed in metabolic activity (Penning de Vries et al., 1989). The effect of
temperature onrespiration isaccounted forwithaQ10valueof2.
CarbohydratePartitioning The total amount of carbohydrates available each day for plant
growth is calculated by subtracting the carbohydrates used in maintenance respiration from
thetotal grossassimilation. Thesecarbohydrates arethenpartitioned into leaves, stems,spike
structures, grains and roots as a function of development stage based on field experiments of
Aggarwal (1983) and Fischer (1983). A fraction of carbohydrates partitioned to the stems is
treated as non-structural reserves following the partitioning coefficients proposed by Van
Keulen and Seligman (1987). This scheme of partitioning generally results in 30 - 35%of
simulated weight of stems at anthesis in the form of non-structural reserves (as observed in
field-grown plantsbyAustinetal.(1977) andAggarwal and Sinha(1984)).After anthesis,in
addition to current assimilates, 10% of the previously accumulated reserves is mobilized
every day andused for graingrowth.
Growth respiration After carbohydrates are partitioned to different plant parts, they are
converted into structural material. The growth respiration is simulated by assuming that the
percentage of all other constituents except carbohydrates and proteins is fixed. The protein
content is regulated by N concentration calculated in the model. The carbohydrate
requirement andCO2production isthendetermined following Penning deVriesetal.(1989).
Leaf area Total photosynthetic area consists of leaf laminas and surface areas of stems,
sheathsand spikes.Leaf lamina areachangesproportionally withleaf growth rate,itsvalue is
obtained bymultiplying the increment in leaf weight by the specific leaf area (SLA). Leaves
formed early inthe plant life cycle are thinner than leaves formed later and this is simulated
by adjusting SLA.Thephotosynthetic areaof stems,sheaths and spikes is estimated between
10 to 100% of green leaf lamina area (Fischer, 1983). In the present model, the photosyn12
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thetic area of non-lamina structures increases from nil to 50%of the leaf lamina area as the
crop development progresses from stem extension phase to anthesis. The photosynthetic
characteristicsofthesenon-laminagreenareasisassumedtobesameasthoseofleaves.
Simulation of senescence is based on several empirical constants. The loss in leaf weight
dueto agingandtiller mortality isassumedto commence oncestemsstartexpanding. At this
stage, the daily rate is taken as 0.3% of the current leaf weight; subsequently, it increases
linearly to0.8%perdaybybooting stage (Goutzamanis and Connor, 1977).Shading in dense
stands accelerates senescence. This is simulated by increasing the rate of senescence if leaf
area index (LAI) exceeds acritical value of 4.0. The death rate dueto shading is zero below
this critical LAI and increases linearly to a maximum of 3% per day of leaf dry weight till
LAI becomes 8.0 (VanKeulen and Seligman, 1987).Thecommon decrease inleaf area after
anthesis is simulated using a function that reduces leaf area quadratically as a function of
development stage.High temperature after anthesis accelerates senescence and the increased
rates are similar to those used by Van Keulen and De Milliano (1984) for wheat. The green
areaof stems, sheaths and spikes also decreasesquadratically butthis senescence startswhen
60%ofthepost-anthesis development stageisover.
Grain yield
In WTGROWS, the source-sink balance is considered in determining dry matter
accumulation by grains. Grain number (GNO, sink size) is dependent on total or spike dry
matter atanthesis (Fischer, 1985; Vos, 1981).Valuesranging from 12to24grains g"1ofdry
matter atanthesis havebeen reported (Fischer, 1985;Vos, 1981; O'Leary etal., 1985).There
are significant cultivar differences as can be estimated from the data of Aggarwal et al.
(1986a).Inthemodelameanvalueof 18grainsg drymatteratanthesisisassumed.
Oncethe grainnumber isdetermined atanthesis,therate ofcarbohydrate accumulation by
grains is determined by cultivar, temperature, potential grain-filling rate and the level of
available carbohydrates per grain.Inthe model, growth of each grain is simulated separately.
Dry weight accumulation by kernels shows a lag period lasting 4 to 5 days after anthesis
followed byalongperiodof lineargrowth.Duringthelagphase,grain growth issmall andis
estimated to be 0.4 gg -1 grain weight day"1 at 16°C and with aQioof 2.0 (Vos, 1981).It is
assumed thatthe initial grainweight atanthesis is0.5 mg. Inthe linearphase,potential grain
growth is dependent upon cultivar and temperature. In the model, this rate is set to 2.0 mg
day-1 at 16°Cwith aQioof 1.5 (Vos, 1981).Thisresultsingrain-filling rates similartothose
reported by Kumar and Singh (1981) and found by Aggarwal et al. (unpublished) for several
Indian wheat cultivars. At both stages, actual rate of grain growth is limited by the potential
grainfilling rate asdetermined aboveorbycarbohydrates actually available for grain growth.
Iftheamount of available carbohydrates isgreater thanthepotential grain filling rate, excess
carbohydrates are transferred to the reserves pool. Grain growth is terminated when grain
weight reaches potential grain weight or by the end of development stage 2. Potential grain
weight issetto47mgfor semi-dwarfwheatcultivars(Fischer, 1983).
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Effect ofwater deficit
Soil water balance The volumetric water percentage at field capacity, saturation, wilting
point and air dry point of each layer is specified. The available water at the beginning of
simulation is initialized. Simulation of water balance is done using L2C and L2SU modules
of MACROS. The structure of the program waschanged to simulate the water balance of up
to 10soilhorizons.
Rooting depth Initial rooting depth is set at the time of seedling emergence. Further downward growthisdetermined by apotential rate of rooting depth growthperday and maximum
rooting depth. This rate is dependent upon the development stage (Borg and Grimes, 1986)
and is limited by a genetically determined upper limit. The maximum rooting depth is made
dependent upon thermal time - long duration cultivars have relatively deeper roots. Rooting
depth does not increase after flowering and is also limited by the maximum soil depth. Root
extension growth rate is multiplied with a factor to simulate the effect of water stress. This
factor isthe ratio of average available soil water fraction inthe root zone and acritical value
of soil water fraction derived from atmospheric evaporative demand following Doorenbos
and Kassam (1979).Theeffect of soiltemperature isconsidered analogous to that of temperatureeffect onphotosynthesis;thereisnoeffect between 10and25°C.
WateruptakePotential transpiration is estimated using SUEVTR subroutines of Penning de
Vriesetal.(1989).This setsthecropdemand for wateronany givenday.Therate oftranspiration isdependent ondaily irradiance,temperature,vapour pressure, leaf area index and leaf
resistances. Actual rate of water uptake is dependent upon this potential rate and availability
of water in the soil profile. It is less than the potential rate of transpiration when soil water
content isbelow a critical threshold value.Potential transpiration is allocated to various soils
layers on the basis of exponential root length density distribution function used in CERES
model(Ritchie andOtter, 1985)andparameterized following Kalra(1986).Theactual uptake
from a given soil layer starting from the surface layer iscomputed by multiplying thispotential demand allocated to that layer with the water stress effect. The latter is calculated based
on available soil water and a critical value of soil water, which varies with potential evapotranspiration (Doorenbos and Kassam, 1979). Availability of water to plants is reduced
proportionately if soil water is less than the critical value. If the allocation of potential
transpiration to a given layer is more than the actual uptake, then the unsustainable load
(allocated potential transpiration - actual water uptake) is distributed to lower layers having
roots above acritical value (parameterized to 5%oftotal roots by sensitivity analysis).Thus,
the lower layers have to meet their assigned load as well asthe unsustainable load ofthe top
layers.Thispattern of demand allocation simulates situations where sufficient root density is
present in relatively dry surface soil layers but the water withdrawal is greater from wetter
lower layers (Taylor and Klepper, 1971).Theprocedure is continued till the entire root zone
iscovered.Rootwater uptake from various soil layers isintegrated for computing actual transpiration.

14

Wheatgrowth model

Effect of waterstress on growthprocesses Water and turgor potentials are known to affect
several processes (Hsiao, 1973).Inthepresent model,waterpotential isnot simulated. Water
stress isdetermined astheratio ofactualwater uptake and potential transpiration. A decrease
insoilwater availability reducestherateofgermination.This issimulated bymaking thermal
time and base temperatures dependent upon available water fraction in soil surface layer.
Water stress increases thermal time required but decreases base temperature. Water
deficiency in the crop decreases transpiration and raises canopy temperature (Idso et al.,
1980) accelerating phenological development. On an average, water stress prepones flowering of a wheat crop by 3to 10days depending upon the severity of stress (Aggarwal et al.,
1986b).An empirical relationship isbuilt inthe model thataccelerates pre-and post-anthesis
development rateuptoamoderate levelofstress.
The rate of gross photosynthesis decreases in proportion with transpiration. The model does
not consider any effect of water stress on respiration. Root:shoot ratio increases with stress
(Lupton et al., 1984). In the model, this is simulated by reducing the allocation of carbohydrates to leaves depending upon the severity of stress. Ninety percent of this resulting
'excess' carbohydrates is allocated to roots and rest is stored in the stems (Van Keulen and
Seligman, 1987).Therate of leaf senescence isaccelerated depending uponthelevelofwater
stress. Mild stress does not have a significant effect but moderate and severe stress increase
the rate of senescence by 30to 50%.The stress does not have any direct effect on sink size;
theeffect ontotal grainnumber ismediated throughtheireffect ondrymatter production.
Effect ofnitrogen deficiency
SoilN availabilityTotal soilN is subdivided into organic and inorganic fractions. Both fractions are initialized for each layer of the profile at the beginning of simulation. During the
course of crop growth, N availability changes due to net mineralization, inorganic fertilizer
application and cropNuptake. Themodel doesnot simulatetheeffect of additions oforganic
matter. Mineralization of natural organic N toNO3is considered as a single step (bypassing
steps of NH4 accumulation). The rate of this is a function of potential mineralization rate
(function oftotalN content inthe soil),ratio of soil watertofield capacity and atemperature
coefficient determined from daily average temperature (Littleboy et al., 1989). Fertilizer
applied inthe form ofNO3orNH4isassumedtobecome apartofthesoilNO3pool immediately. Urea, if applied, is hydrolysed depending upon a rate constant, which depends on soil
water content and soil temperature. From the data of Patra and Jain (1984), it was calculated
that 25% of urea applied is hydrolysed in 1day and all urea is hydrolysed in 4 days after
application provided the temperature is optimal and there is no water stress. This rate
constant is used in the model. The effect of suboptimal water and temperature on this rate
constant iscomputed following RitchieandOtter(1985).
'Available' nitrogen as determined above is not actually available for crop uptake. A
considerable fraction is immobilized into bacterial biomass or adsorbed by soil particles
(Srivastava et al., 1984). The amount of N immobilized depends on the residue availability
and thus cropping practice. Up to 20% N can be lost by volatilization affecting nitrogen
fertilizer efficiency (Sarkar et al., 1991).There are numerous reports suggesting that only 30
15
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to 40% of the total soil mineral nitrogen, including fertilizer N, is taken up by the crop
(Goswami et al., 1984, Sachdev et al., 1990). Detailed mechanistic models are available to
predict N immobilization and soil N transformation and losses but their input data
requirement islargeandthecropmodelbecomesoverlycomplex(VanKeulenand Seligman,
1987).Toavoidthis,twoempiricalconstantsarebuiltinthemodeltoscaledownthesoil and
fertilizer N availability for cropuptake.Followingthestudiesof Singhand Sharma(1990)on
utilization of available nutrients, soil N availability is assumed to be 40% of the total soil
mineral N and fertilizer N availability as 50% of the applied amount. The net soil N
availability isthendetermined as follows:
Ninitial(ij)

=MineralN(i,j)atsowing«0.4+N appliedx0.5

(2.4)

NetNavailable(i.j)

=Ninitial(i,j) • N drained(ij)+Nmineralized(i.j)+N gainedfromupperlayers
(i,j) D cropN uptake

(2.5)

where subscript /refers to soil layer andy refers to time. The empirical constants represent a
weakness in the model. Simple mechanistic models for predicting soil N availability are
needed.
SoilN movementBecause all soilmineral nitrogen isassumedtobe intheNO3form which is
verymobile,movementofwater decidesNmovementaswell.N isassumedtobe insolution
and moves to lower layers with drainage. Some N can also move upwards with soil
evaporation. The net N available in aparticular layer, therefore, is the balance of N initially
available,N additionsfrom upper layersandNlossestothelowerlayers.
N uptakebyrootsTherate ofN uptake isdependent upon cropN demand, phenological age,
soil N availability, transpiration, rooting depth and soil water status. It is assumed that
nitrogen istakenupintheform ofNO3alongwithwateruptake.TotalcropN demand is first
allocated to different soil layers in proportion to transpiration load being met from various
layers. The actual crop N uptake is then the minimum of this allocation and actual N
availability inthatparticular layer.Thetotal soilN supply tothe crop isthe sum ofN uptake
from eachlayer. Thismethod of determiningN uptake simulates situations whereN in some
soil layers isnot available tothe cropbecause of limited water withdrawal from these layers.
The maximum rate of N uptake is limited by the translocation capacity of the plant. It is
dependent upon a potential uptake rate of a closed canopy, dry weight of leaves and stems
and a factor to convert these weights to relative area, following Van Keulen and Seligman
(1987).
CropnitrogenuptakeTherate atwhich nitrogen istaken upby the crop is governed by crop
demand, soil supply and transport capacity of the plant. In estimating demand, the potential
nitrogen that different plant parts require is determined. This depends on rate of growth as
determined earlier and the maximum concentration of N [Nm] that organ can accumulate.
Thelatteri s theN concentration inplantsgrowingonanunlimited supply of soilN and with
no biotic and abiotic stresses. [Nm] for different plant parts varies with crop age and is
parameterized following field experiments of Nair (1975) conducted with cultivar
16
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Kalyansona. Itis6%inleaves during seedling stage;decreases gradually to 3.5%by anthesis
and 1.0%by maturity. [Nm] of stem varies from 4%at vegetative stage to 0.3%at maturity.
Inroots, [Nm]is3%atseedling stage, 1%atanthesis and0.5%atmaturity. [Nm]ofgrainsis
3% immediately after anthesisand declinesto2.75%atmaturity.
The N demand of any plant part at a given day is the difference of its [Nm] value and
current actual N content. Total N demand is thus the sum of current demand and previously
accumulated N deficiency of all plant organs.There are conflicting reports in literature onN
uptake after anthesis (see Nair and Chatterjee, 1992 for a review). In the present model, N
uptake is prevented shortly after anthesis by setting cropN demand to zero. Grain nitrogen
demand isassumedtobemetbytranslocation after anthesisfrom vegetativeplantmaterial.
The potential N demand of grains is a function of sink size (number of grains), potential
rate of N accumulation in a grain and temperature. N accumulation by grains shows a lag
period of 4 to 5days after anthesis followed by a long period of linear growth analogous to
that of carbohydrates accumulation (Vos, 1981). In the linear phase, the potential nitrogen
accumulation isdependentuponcultivar andtemperature.Inthepresentmodel,thisrateisset
to 0.04 mggrain"1 day"1 at 16°Cwith a Qioof 1.5 (Vos, 1981).Total grainN demand isthe
product ofnumber ofgrainsha-1 asdetermined earlier andNaccumulationrateingrains.
Distributionof nitrogenNetN uptake isdistributed toroot, stem, leaves and spike structures
instrictproportiontotheirrelativedemand. ThenetNlossfrom thecropdueto senescence is
restrictedtotheresidualNcontent ofsenescentplantparts.
Recent reports suggest that N can also be lost from aerial plant parts directly to the
atmosphere (Wetselaar and Farquhar, 1980). Such losses are more pronounced immediately
after anthesis (Harper et al., 1987).This is possibly related to the inadequate capacity of the
sink to accumulate all N that is potentially mobilizable (Harper et al., 1987; Parton et al.,
1988). In the model, this is considered by allowing for such losses after anthesis, subject to
the condition thatN potentially available for grain filling exceedsN accumulation of grains.
Ifthis condition ismet, then a fraction (parameterized to 5%inthe model) of mobilizable N
that could betransferred is lost.In general,this approach results in aloss of 5- 15kgNha~
from aerialplantpartsafter anthesisdependingupontheNcontentofleaves.
Mobilization of nitrogento grains It is assumed that all nitrogen of plant parts above nonmobilizable (residual) portion ispotentially available for translocation to grains.The residual
fraction amountsto 10- 15%of theN concentration inanorgan.Becauseuptake has ceased,
mobilizable nitrogen sets the upper limit of N available for grain growth. The amount of N
actually available, however, also depends onthe rate of protein decay.Atime constant of 10
dayshasbeenproposedbyPenning deVries(1975)forthecompletion ofthishydrolysis.
Theactual rate ofN accumulation in grain is limited by potential N demand of grains and
the availability of mobilizable nitrogen pool.Nitrogen actually transferred to grains is drawn
from different plant parts in proportion to their relative mobilizable N. The model does not
allow grains to accumulate more than the optimal N content; the later is the product of dry
matter and optimalNconcentration inthegrains.
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TheactualN content ineachplant part isthe balance oftheN partitioned to the organ,N
transferred to the grains,and N lost in senescent tissues.Depending upon thetotal weight of
thatorgan,actualNandproteinconcentration iscomputed.
Effect of nitrogen stress on growth processes Nitrogen stress is determined based on
maximum, minimum and current levels of N in different plant parts, analogous to
actual/potential transpirationratioused for determiningwater stressfactor. N stress effect has
a value of zero (maximum N stress) when actual mobilizable nitrogen is zero and linearly
approachesavalueof 1.0whenactualnitrogenapproachesmaximum value(noNstress).
N stress in the crops decreases transpiration and raises canopy temperature accelerating
phenological development. The effect is same as that of water stress. Amongst water and
nitrogen stresses, the one that is more severe affects the rate of crop development. PLMX
decreasesasnitrogen concentration decreasesfrom anoptimal level.Bothlinear (VanKeulen
and Seligman, 1987)andcurvilinear (Evans, 1983)response functions have been established.
Inthe model, the rate of photosynthesis changes curvilinearly. Accordingly, PLMX is 36 kg
ha -1 h"1whenleafNcontent is20kgha"1and above.At 16and 8kgN ha"1 leaf area,PLMX
is 32 and 20 kg ha"1 h"1, respectively. With further decrease in leaf N content, PLMX
decreases linearly and becomes zero at 0.2 kg N ha"1 leaf N content. The model does not
simulate N balance for estimating climatically determined potential growth (done by
appropriate switch setting). In that case, PLMX is made dependent upon specific leaf area
following Khanand Tsunoda (1970).Themaintenance requirement of allorgansdecreases in
proportion to N stress experienced by them. N stress is assumed to affect partitioning of
carbohydrates and senescence in the same way as water stress does. Amongst water and
nitrogen stresses,theonethatismoresevereaffects thepartitioning.

Validation
The performance of the model was tested against a large number of independent data sets
collected by several authors. Because the primary interest of developing this model is the
analysisofproductivity,moreattentionwaspaidtotesting model's prediction of productivity
inarangeofenvironments.
The model requires inputs of daily weather data, management practices and cultivar
specific coefficients (Table 2.2). Because these are not precisely known for most cultivars,
we have used, unless otherwise specified, a standard set of inputs for medium duration high
yieldingcultivars (Table2.3),mostcommonly usedindifferent experiments.
Potential Production Environments
Theperformance ofthemodel wasevaluated inclimatically potential production conditions,
i.e.,whencropisnoteffected by anybiotic andabioticstresses.Thus,inthisenvironment the
primary determinants of crop growth are temperature and radiation. The model simulates
such situations by switching off theeffects ofwater andnitrogen stressesoncrop growth and
development.
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Table 2.2.

Input

Inputs required inWTGROWS.

Unit

Site data
Latitude
Elevation
CO2concentration
Daily Weather data
Maximum temperature
Minimum temperature
Solar radiation
Rainfall
Wind speed
Vapour pressure
Soil characteristics
Soil depth
Number of horizons
Thickness of a horizon
Volumetric soil water content for each horizon at
Saturation
Field capacity
Wilting point
Air dry level
Management data
Sowing date
Seed rate
Sowing depth
Irrigation date
Irrigation amount
Fertilizer application dates
Fertilizer amount applied
Fertilizer type
Fertilizer use efficiency
Soil mineral N use efficiency
Soil characteristics at sowing 'oreach horizon
water content
mineral N

degree
m
ppm
°C
°C
MJnT 2
mm
kmh - 1
kPa
m
m
fraction
fraction
fraction
fraction
dayofthe year
kg ha -1
m
day oftheyear
mm
day oftheyear
kg
1 for urea,2 for others
fraction
fraction
fraction
kgha"1

Several data sets were usedtoevaluatethe outputsofthemodel. Saini andNanda (1983)and
Saini etal.(1980)reported leafareaanddrymattergrowth overtime for wheat grown in four
cropping seasons 1971-72, 1975-76, 1976-77 and 1977-78 at New Delhi. These data were
used for evaluating the simulation of leaf area and dry matter growth. Time to anthesis was
recorded byAggarwal etal.(unpublished) for 4cultivars in5datesof sowings.Thisdatawas
used for evaluating the crop duration to anthesis. All these crops were grown with optimal
management providing for adequate amount of irrigation and fertilizer. Detailed crop growth
datafrom anylocationotherthanNewDelhicouldnotbeobtained.
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Table 2.3.

Genotypic characterization required in WTGROWS and a list of parameters for a
'standard' semi-dwarf cultivar.

GENOTYPIC CONSTANTS
Thermal time for
Germination
Seedlingemergence to anthesis
Anthesisto maturity
Maximum grossphotosynthesis rate
Specific leafarea constant
Grain number
Grain filling rate at 16°C
Potential grain weight
Maximum root extension rate
Maximum rooting depth
Nitrogen accumulation rate in grains

UNITS
degree-days
degree-days
degree-days
kgha"1 day"1
Hakg"1
numberdrywtatanthesis"1 (nog"1)
mggrain"1day"1
mggrain"1
mday"1
m
mggrain"1day"1

'standard' DATA
65
800
393
40
.002
18
2
47
0.03
1.8
0.04

An extensive data base on grain yield was assembled to represent diverse environments of
Indian wheat growing regions. This data set was used for testing the model's prediction of
grain yield. Annual Reports of the All India Co-ordinated Wheat Improvement Project
(AICWIP) for the period 1968-1988 provided the data on maximum grain yield obtained at
many locations throughout India.Thesetrials receive optimal management to obtain the best
expression of the plant material. Although new cultivars are released continuously, no
significant change in wheat yields has been recorded over years in different locations (S.K.
Sinha et al., unpublished). For the validations, it was therefore assumed that these yields
represent climatically potential grain yields.The choice of crop season and location used for
validation was restricted by the availability of actual daily weather data. The final data base
consisted of 59 crops sown on different dates and seasons at New Delhi (28.4°N, 77.1°E),
Hissar (29.1°N, 75.4°E) and Pantnagar (29°N, 79.30°E) in northern India; Patna (25.3°N,
85.15°E)ineasternIndia;Indore (22.43°N, 75.5°E)incentral India;Akola(20.42°N,77.2°E)
in western India; and Coimbatore (11°N, 77°E) in southern India. In addition, data from 12
cropsatLosBafios (14°N, 122°E),Philippines (Aggarwal etal., 1987)werealso included.
Crop durationMeasured duration to anthesis varied between 64 to 112 days and simulated
duration between 64 to 109 days depending upon the cultivar. Figure 2.2 shows that
simulated durations werereasonably closetothemeasuredvalues irrespective ofthe cultivar.
The intercept of the regression was low but the slope was 0.918 indicating slight underprediction for longduration cultivars.Thestandard erroroftheestimatewas2.63daysonly.
Leafareaindex(LAI) Simulated LAIin 1971-72cropseasonwassimilar tothe observedLAI
at all times irrespective of the growth stage (Figure 2.3). In 1975-76 crop season, the model
predicted a higher LAI than was measured during first 70 days of crop growth; later the two
values were similar. Simulated LAI in the next two crop seasons was again quite close to
measured valuesduringtheentirelife cycle.
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Figure2.2.

Comparison of measured and simulated crop durations to anthesis in4 wheat varieties
sown on 5dates.

DrymatterThecomparison ofsimulated vs.measured drymatter changesovertimearemade
for 1971-72, 1975-76, 1976-77and 1977-78 crop seasons(Figure2.4).Inall cases,themodel
estimatedtotaldrymatterrealistically.
Grainyield Measured grain yields varied between 1.2 and 7.4 t ha"1 and simulated grain
yields between 1.7 and 7.7 t ha"1. Mean measured and simulated grain yields were 4.4 + 1.6
and 4.7 + 1.1 tha"1,respectively. Figure 2.5 illustratesthe scatter of simulated and measured
grain yields around the regression line and 1:1 line. At most places, simulated grain yields
were reasonably close to measured yields with no point outside + 1 standard deviation of
mean observed yields. For certain late sowings, the measured yields are larger than the
simulated ones. This was possibly due to use of standard genetic coefficients (cultivars) in
simulation,while inpractice,cultivarsdochangewithlocationandtimeofsowing.
The simple regression of simulated yields over observed yield (Figure 2.5) yielded an
intercept reasonably close to zero, a slope of almost one and a high regression coefficient.
Standard error of this prediction was 0.63 t ha"1 which is 11.3% of the observed mean grain
yield. The agreement between simulated and measured grain yields establish the model's
robustness in predicting climatically potential crop growth and yield for these tropical
locations,seasons,and sowing datescontrasting intemperature andradiation.
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Figure 2.3. Comparison of measured and simulated course of leaf area index with time in four wheat
crops grown indifferent seasonsat NewDelhi.
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Figure 2.4. Comparison of measured and simulated course ofdry matter with time infour wheat crops
grown indifferent seasons at NewDelhi.
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Comparison of measured and simulated grain yields in potential production
environment for several contrasting locations. Crops were grown in different seasons
andwith different sowing dates by independent workers. Also shown are 1:1 line (solid
line) and the parameters and line of regression (dashed line) between simulated and
observed values.

Water-andNitrogen-Limited Environments
Adatabaseofmeasureddatawasassembled from alargenumberofindependent experiments
to evaluate the performance of the model in water- and nitrogen-limiting conditions. Brief
details of these experiments are given in Table 2.4. Experiments 1to 4 were conducted in
different seasons (radiation, temperature) in New Delhi (28°N). Experiment 1 covered a
rangeof treatments withlowand highN fertility atdifferent levels of water availability and
thusprovided arange oftreatments where interaction between water andN availabilities was
significant. Temporal changesinLAI,drymatter andETwererecorded inExperiment 2.The
Experiment consisted of4treatments -rainfed (T4),waterstressduringvegetative stage(T2),
water stress during reproductive stage (T3) and fully irrigated (Tl). Experiment 3 also had
treatments withvarying levelsofwaterstress.Experiment4wasconducted inlysimetersover
a period of several crop seasons with irrigation and modest applications of N fertilizer.
Experiment 5 was conducted in Jabalpur (22°N) and consisted of treatments varying in
degree and stage of water stress. The soils of New Delhi are sandy loam whereas those at
Jabalpur areclayey.Thetreatments inthese experiments differed ininitial water andnitrogen
content intheprofile, and/orthe amount ofwaterandnitrogenapplied duringthe crop season
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resulting indifferent levelsofwater andNstressesandtheir interactions atdifferent stagesof
cropgrowthanddevelopment. Asaconsequence,considerablevariancewasrecorded inLAI,
drymatter, ETand yield. Arepresentative soil water andN profile was constructed based on
expert knowledge for the few experiments where initial water and N profile were not
available. Some experiments reported temporal changes whereas other reported data at
maturity only.Sincethedeviationbetweensimulated andmeasured cropdurationsto anthesis
wereoccasionally significant inwaterstresstreatments(datanotshown),thevalueofthermal
timefor anthesis(TTVG)wascalibrated for eachExperiment. Themodel outputsoftemporal
changes in LAI, dry matter, ET,N concentration and seasonal changes in dry matter, ET,N
uptakeand grainyieldwerecomparedwiththemeasured data.

Table 2.4.

List of experiments and their details used for evaluating model's performance in waterand nitrogen-limited environments. Experiments 1 to 4 were conducted in New Delhi
and Exp. 5 at Jabalpur. Treatments differed in stages of irrigation and/or fertilizer
application.

Exp.
1

Dateof
sowing
13 Nov 1990

Noof
treatments
16

Noof
irrigations
0,1,1,5

Napplied
(kgha"1)
0,60,120,180

2
3
4

16Nov 1984
21 Nov 1986
4Dec 1982

4
6
1

0,1,2,4
0,1,5
4

100
100
100

4
4
4
4
4
5

1Dec 1983
3Dec 1984
3Dec 1985
9 Dec 1986
2Dec 1987
26Nov 1976

4

4
4
4
4
4
0,1,1,4

100
100
100
100
100
100

Reference
Aggarwaletal., 1993
unpublished
Kalra, 1986
Pillai, 1988
A.K.Singhetal., 1993
unpublished

Tomaretal., 1981

EvapotranspirationSeasonal changes in measured and simulated ET were compared for all
treatments of Experiments 2 and 4. In Experiment 4, in all the six crop seasons, for most of
theperiod, simulated ETwasvery closetomeasured ET.Figure 2.6A presentsthe results for
crop seasons 1985-86and 1987-88.There was slight overestimation ofETin 1987-88 during
pre-flowering phase but subsequently there was no significant difference between two ETs.
Themodel slightly underestimated ETparticularly after flowering in 1985-86.In Experiment
2, at all levels of stress, the model simulated ET matched with observed ET at all times
during the crop season except in post-flowering phase when there was a small
underestimation ofETinirrigated andpartially irrigatedtreatments (Figure 2.6B).Inseverely
stressed treatment T4, there was good agreement between simulated and measured ET but
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simulated crop matured 80 days after sowing whereas measurements indicated a crop
duration of 100days.NeverthelesstheETbetween 80and 100daysafter sowingwassmall.
Simulated ET at maturity was plotted against measured ET for a number of experiments
(Figure2.1A). Withtheexception offewtreatmentsparticularly ofExperiment 2,mostpoints
were closetothe 1:1line.When ETwas low(severe water stresstreatment of Experiments 1
and 5),there was one treatment where simulated ETwas much lower thanthe measured ET.
For all other treatments up to a measured ET of 350 mm there was a good agreement;
subsequently themodel underestimated ET.This behavior was alsoreflected inthe statistical
parametersoftheregressionbetween simulated andmeasuredET(Figure2.7). Standard error
ofthisestimate was 30mm which is 9.7%oftheobserved mean ET.Mean observed ETwas
304+65 mmandmean simulated ETwas301+56mm.
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Experiment 4 (A) and ET (B), LAI (C) anddry matter (D) for Experiment 2. In B, C and
D, T1 was fully irrigated treatment, T2 and T3 were partially irrigated and T4 was
rainfed.

TotalN contentN content atmaturity wasavailable for Experiments 1 and 2alone. Measured
N content at maturity varied from 44to 170kg ha-1 and simulated N content varied from 20
to 170gha-1. Themean observedNuptakewas 127+28kgha~ and mean simulated totalN
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uptake was 122 + 38 kg ha~ . Figure 2.7B shows the scatter of points and 1:1 line. It is
evident that for several treatments of both experiments, the model underestimated N uptake
slightly while for few treatments of Experiment 1, there was a slight overestimation. The
negative value of the intercept and high value of the regression between simulated and
measured N content indicate under-prediction of N when N uptake is low and slight overprediction intreatmentswithhighN application.

A

Simulated evapotranspiratlon ( mm )

180

Simulated crop N content ( kg ha )

150

400

* ° ^(^

°3s°

•

120

rA'

300

^/.-

90
200
100

-. *s^

60
' ' /

O

/

1

100

30

Y • 78 • 0.732 « X ( r ' - 0 . 7 2 8 )

200

300

400

500

^r

0

Measured evapotranspiration ( mm )

,-i'

oo

b.-'

Y - - 2».» • 118 • X 1 r • 0.73 )

30
60
90
120
150
Measured crop N content ( kg ha )

180

Simulated grain yield ( t ha )

Simulated total dry matter ( t ha )

o

Expt 1
a

Expt 2
0

Expt 3

O

Expt 4

T

Expt 5 /
y

/

•

<^-tf

o

o

•

A

Y • 0.0763 • 0.0684
* r \

0

3
6
9
12
Measured total dry matter ( t ha )

Figure2.7.

15

,

2

.

3

4

X ( c*- 0.7364 )

5

.

6

Measured grain yield ( t ha )

Comparison of measured andsimulated seasonal ET (A), Nuptake (B), total dry matter
(C) and grain yield (D) for different experiments. Each point refers to a treatment, (see
Table 2.3 for details). Experiment labels for B, C and D are same and shown in Figure
2.6D. Also shown are 1:1 line (solid line), the parameters and line of regression
(dashed line) between simulated andobserved values.

Leaf area index The time course of change in LAI was simulated for four treatments
contrasting in water availability of Experiment 2. In the well-irrigated treatment (Tl),
simulated LAI was similar to measured LAI at all times (Figure 2.6C). For all other
treatments, simulated LAI was always higher than the measured LAI particularly until
flowering. During the post-anthesis period, however, the two LAI values were generally
close.
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DrymatterThedry matter production inirrigated conditions was simulated well as indicated
in Figure 2.6D. In treatments with limited water availability, dry matter was close to
measured values upto 75 days after sowing. Subsequently, the model slightly over-predicted
dry matter. For the severely stressed treatment, the model over-predicted dry matter from 50
daysafter sowing anduntilmaturity.
Comparison ofmeasured andpredicted dry matter atmaturity revealed only a slight overprediction at all levels of stress although there was slight over-prediction (Figure 2.7C). The
intercept of the regression was close to zero and slope was 1.01 indicating robustness of the
model in explaining crop growth. Standard error of this estimate was 0.79 t ha"1 which is
7.7% of the mean observed dry matter. The mean dry matter of simulated and measured
treatmentswas 10.2+2.88 and 10.92+3.021ha"1,respectively.
Grainyield Simulated grain yield varied from 0.1 to 5.8 t ha"1 and measured yields were
between 0.6 and 5.8 t ha"1. The means of two were 4.0 + 1.2 t ha-1 and 3.4 + 1.3 t ha"1,
respectively. Although therewasconsiderable scatter,thesimulated yieldsgenerally followed
the trend of change inmeasured yields (Figure 2.7D).However, when the yields were above
5.0 t ha"1, the model slightly under-predicted as is also suggested by an evaluation of the
statistical parameters. Standard error of the estimate was 0.66 t ha"1 which is 16.3%of the
observed mean grainyield.

SensitivityAnalysis
The sensitivity of the model to radiation, temperature, available water and N and crop
duration in different production environments is illustrated in Table 2.5. The analysis was
done by changing the values ofthe specified inputs by +10%. The simulations were done for
New Delhi environment of 1986-87. In potential production environment, yields were
sensitive to temperature as well as to TTVG. An increase in temperature and decrease in
TTVG reduced yields whereas decrease in temperature and increase in TTVG (more crop
duration) resulted in higher yields (Table 2.5). A 10%change in radiation had a negligible
effect only. In irrigated production system as well, yields were sensitive to temperature,
irrespective of the fertility level, more so when the temperature was increased. The effect of
change in WLSTI andNSOILI was significant, particularly whentheir levels were decreased
in low fertility environments. Increase in TTVG resulted in a 5%decrease in grain yield in
high fertility, inothercasestheresponsewaslessthan2%.
In comparison with the above results, rainfed yields increased with increase in
temperature. This was largely dueto reduced pre-anthesis crop duration which allowed postanthesis phase to utilize more water although the duration of this phase was also reduced.
Reduction intemperature by 10%alsoincreased yieldby 2%duetoasmall increase ingrainfilling duration. Since the rainfall during crop season was low, rainfed yields were very
sensitive tothevaluesofsoilwateratsowingtime.Adecrease insoilNavailability increased
yields indicating interaction of water and N availability in rainfed environments. That the
yields were strongly related to time of anthesis was evident from the response of yield to
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change in TTVG. Increase in TTVG (reduced crop duration) resulted in earlier anthesis thus
enablingthecroptouseagreaterproportion ofsoilwaterincritical graingrowthperiods.

Table2.5.

Sensitivity of simulated grain yield to change in inputs of ambient temperature,
radiation,water (WLSTI) and nitrogen (NSOILI) availability atsowing,and crop duration
(TTVG).

Input

%Changefromstandard yield

% Changein
input
Potential

Standard
yield,tha"1
Temperature
Radiation
WLSTI
NSOILI
TTVG

6.9
-10
+10
-10
+10
-10
+10
-10
+10
-10
+10

9.2
-15.5
-1.0
0.7

5.4
-4.2

Irrigated
HighFertility
5.5

Irrigated
LowFertility
4.2

Rainfed

3.2
-12.9
1.0
-0.6
-2.4
1.1
-1.1
3.1
0
-5.0

4.5
-14.1
0
-3.8
-6.2
0
-5.0
0
-1.0
-1.8

2.1
19.0
23.0
-3.0
-90.0
77.0
15.0
-1.0
50.0
-16.0

1.5

Conclusions
The principal objective of developing WTGROWS was to have a management tool to
determine climatically determined potential yields aswell asto analyse the effect of climatic
variables and management of water and nitrogen availability on productivity of wheat in
tropical and sub-tropical regions of India.Theperformance of this model has been evaluated
using a large and diverse database assembled from published/unpublished studies conducted
byindependent workers.Ingeneral,modelwasabletoverywell simulatethetrendsinwater
and nitrogen uptake, dry matter growth and productivity. In particular, the productivity as
effected by various climatic constraints and management treatments was satisfactorily
simulated. Discrepancies noted in some experiments could be due to inadequate
understanding of some processes inthe model,uncertainties associated with some parameter
values aswell asfromthe use of standard genetic coefficients. The empirical constants used
particularly in determining soil N availability may restrict the explanatory power of the
model. In addition, the mean observed values may be an inadequate representation of the
large variance normally associated with field experiments. In some experiments errors may
haveresulted ininsufficient detailsfor precise initialization ofthe simulation.Nevertheless,it
is clear that the model did not simulate growth and yield well for severe water stress
treatments. This should, however, not prevent the use ofthe model in irrigated and moderate
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stress environments which are more common in Indian fields. The model results are very
sensitive to the prediction of flowering time, therefore, correct simulation of phenology is
extremely important in all production systems. We calibrated only a few inputs and yet
simulation of plant processes in most studies was reasonable which indicates relative
conservatism and feedback relationships in crop behavior. The model results are also very
sensitive to correct initialization and weather data. If the model is to serve its purpose of
being a useful management tool, it is very essential that a good and precise description of
fieldenvironment and cultivar is used for initialization of the model along with precise and
reliable inputsofweatherdata.
Themodel can also be employed for preliminary assessment of impact of climatic change
characterized by increasing temperature and carbon dioxide. The major effects of such
climatic changes aremediated throughthephenological development, canopy photosynthesis
and transpiration. These effects are included in the model although the magnitude of their
response isyetnotwell understood.
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Uncertainties in crop, soil and weather
inputs used in growth models: Implications for
simulatedoutputsandtheirapplications

Abstract
Deterministic crop growth models require several inputs relating to crop/variety, soil
physical properties, weather and crop management. The input values used could be
significantly uncertain due to random andsystematic measurement errors and spatial and
temporal variation observed in many of these inputs. Often soil and weather data are
approximated using GIS and/or weather generators. In this chapter, total uncertainty in
simulated yield, evapotranspiration and crop N uptake has been quantified considering
uncertainties in crop, soil and weather inputs. WTGROWS, a crop model that simulates
the effect of genotypic, climatic, edaphic and management factors on productivity of
spring wheat was used. The uncertainty in each input was represented by a statistical
distribution of values based on literature review, actual measurement and subjective
expert judgment. The Monte Carlo simulation technique was used to analyse total
uncertainty. The analysis showed that uncertainties in crop, soil and weather inputs
resulted in uncertainty in simulated grain yield, ET and N uptake which varied depending
upon the production environment. Uncertainties in outputs increased as the production
system changed from a potential production level to a level where crop growth was
constrained by limited availability ofwater and nitrogen.There was a 80%probability that
the bias in the deterministic model outputs was always less than 10% in potential and
irrigated production systems. In rainfed environments this bias was larger. The bias in
simulated outputs was less than or equal to model error. Most of the uncertainty in
outputs caused by variable soil, crop and weather inputs could be represented if the
outputs were determined using fixed soil and crop data, and a large series of weather
data because weather variability was mainly responsible for variation in yield. In potential
and irrigated production systems, inputs relating to crop photosynthesis and leaf area
estimation had a large 'uncertainty importance'. Uncertainties in soil N inputs and vapour
pressure were also of large importance in irrigated environments. In rainfed
environments, uncertainties in soil and weather inputs were dominant and crop
parameters had only limited 'uncertainty importance'. The implications of these results in
estimates of potential and rainfed productivity, data bases development and in guiding
refinement of models arediscussed.

Introduction
Techniques of systems analysis and crop growth modelling are increasingly being used in
agriculture for estimating production potentials, agrotechnology transfer, designing plant
types, strategic andtactical decisions and settingresearch priorities (Uehera and Tsuji, 1993;
Teng and Penning de Vries, 1992; Penning de Vries et al., 1993). Dynamic process based
models simulate daily increase introp growththrough anumber of processes such asphotosynthesis, dry matter partitioning, crop development and transpiration as affected by soil and

Published as:Aggarwal, P.K. 1995. Uncertaintiesinplant, soil andweather inputs used incropgrowth models:
Implicationsfor simulated outputs and theirapplications. Agricultural Systems, 48: 361-384.
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weather factors and crop management. Each of the physiological processes is characterized
by certain parameters which are crop/variety specific. The models also require inputs of soil
physical properties and climatic factors. The outputs ofthese deterministic crop models such
as grain yield, evapotranspiration and N uptake could be biased due to uncertainties
associated with either the model structure and/or the large number of inputs needed for the
model. Overthe last two decades, crop models have considerably evolved. Their structure is
generally considered adequate, although depending upon the assumptions made the results
couldbe uncertain. Suchmodels are areasonably good approximation ofreality and are used
for applications after careful calibration andvalidation inthetarget environment. Therefore, a
major portion ofuncertainty inmodel outputscouldbeascribed toincomplete information on
input values relating to crop, soil and weather factors, and agronomic management data
required torunthemodel(Burrough, 1989;Richter and Sondgerdth, 1990).
Crop parameter values could be significantly uncertain due to our imperfect knowledge of
these caused by random errors related with size and number of observations and systematic
errors related with bias in the experimental, measurement, observation and calibration
procedures. In addition, many crop input parameters exhibit spatial and temporal variability.
Recognizing this, biologists generally report results with standard deviations or standard
errorswhichdescribevariation associated withthemeasuredvariable.
Soil and weather inputs required by the crop models also show spatial and temporal
variation and may have considerable measurement errors. These data bases are usually
inadequate and are therefore often estimated using Geographical Information Systems and
weather generators,respectively (Richardson, 1984;Nix, 1987).
The stochastic nature of many crop parameters and soil and weather input data are expected toresult insomeuncertainty intheoutputs ofdeterministic cropmodels.Theeffect of
changes in input values on model outputs (sensitivity analysis) is routinely determined by
model developers. Although this is also an important approach to understand input uncertainty effects, itisnot sufficient tounderstand totaluncertainties inmodeloutputs. Elstonand
Glasbey (1991) studied the effect of variation in inputs on weight gain of cattle and found a
biasofupto 20%inthe deterministic model outputs.Although input uncertainty is important
(Dent et al., 1979), it has not received adequate attention in crop growth models and their
applications. The objective of this chapter is to quantify total uncertainty in simulated yield,
evapotranspiration and crop N uptake considering uncertainties in inputs of crop, soil and
weather factors in different production environments characterized by differences in climate
and the availability of water and nitrogen. An additional objective is to determine the
uncertainty importance of each of the specified inputs. The implications of uncertainties in
themodel outputsfor agricultural decisionsarediscussed.

Methodology
Thecropgrowth model
To illustrate the effect of input uncertainties, we have used a crop growth simulation model,
WTGROWS, that was developed to describe the effect of various climatic factors and their
variation, soil characteristics, agronomic management and physiological factors on wheat
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growth, development, water and nitrogen use in semi- arid tropical and sub-tropical regions
(Aggarwal et al., 1994,Chapter 2).Themodel hasbeen satisfactorily evaluated inkey wheat
growing regions of India (Aggarwal et al., 1994).It simulates daily dry matter production as
determined by radiation intensity and maximum and minimum temperatures and limited by
water and nitrogen availability. The model consists of submodels on crop development,
growth, photosynthetic area, sink size and grain yield. Soil water and nitrogen balance
subroutines determine the availability of water and nitrogen for crop use. The model results
aresensitivetoweather, agronomic management factors andgenotype.
Cropinputs
Each physiological process ischaracterized by afew important parameters. Thermal time for
theperiod ofseedlingemergencetoanthesis(TTVG)andfor theperiod ofanthesistophysiological maturity (TTGF) are variety specific parameters. The model calculates gross canopy
assimilation depending upon the gross photosynthesis rate at light saturation (PLMX) and
initial light use efficiency. PLMX in turn is estimated from leaf N content which changes
with crop age.Afraction ofthe assimilates islost inmaintenance respiration depending upon
the organ and temperature. This fraction for leaves iscalled RMCLV. Thenet assimilates are
allocated to different plant parts following a development stage dependent partitioning table.
The allocation to leaves is determined by the values specified in atable (CAGLV). The leaf
area of the crop is calculated depending upon the weight of leaves and specific leaf area
(SLA). Root extension rate (ZRTPOT) and maximum rooting depth (ZRTMC) need to be
specified for estimatingrootgrowthandwateruptake.
Grain yield depends onthe number of grains formed and the accumulation of dry matter.
Grain number is determined by the slope (GNODMA) of the linear relationship between the
number of grains and total dry matter atanthesis.Therate of carbon (GFRATE) and nitrogen
(NGFR) accumulation in grains depends upon the variety, temperature, and carbohydrates
and N available for grain growth. Grain growth is terminated when the crop reaches
physiological maturity orthe grainsachievetheirpotential weight(POTGWT).
Soil and weather inputs
Thesoilwater andNbalance subroutinesneedinputparametervaluesofmaximum soil depth
(ZRTMS),water content atfieldcapacity (WCFC) and atwilting point (WCWP),total soilN
content (NTOT),ureahydrolysisrate(UHRATE)andfraction ofsoilN actually available for
crop uptake (NUEFF) in various soil layers. The model also needs inputs of soil water
(WLSTI) and available N (NSOILI) in the soil at the time of initialization (sowing). The
weather variables required to drive the model are maximum and minimum temperatures
(TEMP), solar radiation (RADTN), rainfall (RAIN), vapour pressure (VPA) and wind speed
(WDSD).
Thus for simulating crop growth the model requires the 12 crop parameters given
abbreviations above, 8 inputs to describe soil characteristics and 5 weather variables (Table
3.1). There are other parameters aswell but apreliminary sensitivity analysis indicated them
tobeless important.
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Table 3.1.

Fixed mean values and probability distributions used for describing uncertainty in the
crop, soil and weather inputs. The various inputs and their acronyms are described in
the text. Also shown is the maximum percent deviation in the input values from their
respective fixed values and the variance (square of s.d.) resulting from the probability
distributions. Normaldistributionswere truncated to determine maximumdeviation.

Input
Crop inputs
Phenology
TTVG
TTGF
Growth
PLMX
RMCLV
CAGLV
SLA
Sink strength
GNODMA
POTGWT
GFRATE
NGFR
Root growth
ZRTPOT
ZRTMC
Soil inputs
Soil water
characterisitcs
WCFC(I)
WCWP(I)
ZRTMS
SoilN
characteristics
NTOT(I)
UHRATE
NUEFF
Initial soil
characteristics
WLSTIQ)
NSOILI(I)
Weather inputs
Weather variable
TEMP
RADTN
RAIN
VPA
WDSD
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Units

Fixed

Distribution

°C days
°Cdays

900
393

Beta
Uniform

5.6
4.0

2.4
3.7

fraction
kgha"'day"1
fraction
fraction

1.
0.035
1.
1.

Beta
Beta
Uniform
Uniform

20.0
16.7
10.0
10.0

35.1
129.5
31.4
33.2

number/g
mg/grain
mggrain"1day"'
mggrain'1day -1

18
47
2.0
.04

Uniform
Uniform
Beta
Beta

20.0
10.6
20.0
33.3

105.3
32.9
61.8
64.5

mday"'
m

.03
1.0

Beta
Beta

33.3
20.0

88.4
48.6

fraction
fraction
m

1.0
1.0
2.0

Beta
Beta
Normal

15.0
15.0
10.0

28.2
20.7
15.7

fraction
kg ha"'day"'
fraction

1.0
0.25
0.4

Normal
Normal
Normal

15.0
13.6
25.0

68.5
48.5
68.5

fraction
fraction

1.0
1.0

Beta
Normal

10.0
15.0

10.7
85.3

°C
fraction
fraction
fraction
fraction

0
1.0
1.0
1.0
1.0

Uniform
Uniform
Uniform
Uniform
Uniform

3.1
10.0
10.0
10.0
10.0

3.0
31.0
28.6
38.4
31.1

Maximum
deviation, (%)

Variance
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Uncertainty analysis
Oneway of estimating the effect of uncertainty in crop, soil and weather input parameters is
to evaluate the model outputs for all possible combinations of each value of an input with
each value of other inputs.The number of combinations however may become enormous for
anymeaningful computation. Forexample, iftheuncertainty for each ofthe25 inputs canbe
discretized to only 5levels,the total number of combinations will still be 525.Monte Carlo
simulation is an alternative approach where a moderate-sized random sample of all
combinations is selected (MorganandHenrion, 1990).Inthisapproach,theuncertainty inthe
value of each input parameter isrepresented by a statistical distribution. A value is drawn at
randomfrom thespecified distribution for eachinput.Thissetofrandomvalues(onefor each
uncertain input) isused inthe simulation modelto computethe corresponding output values.
The entire process is repeated a large number of times (Bouman, 1994). The output values
constitute a random sample,the distribution of which can be used to estimate uncertainty in
the output due to combined uncertainties in the input. This approach was followed in the
present analysis. The randomly generated values for different input parameters had no
significant correlation among them. This may not necessarily be true in field. Studies have
shown, for example, that the water content at field capacity and wilting point may be
correlated (Bouman, 1994).

Uncertaintyininputvalues
Van Heemst(1988)hasreviewed the literature for variation incropinput data for use incrop
models. Based on this review, other published data, actual measurements, and subjective
expertjudgment, a statistical distribution was assigned to each ofthe25 model inputs (Table
3.1). The ranges of the input values were sufficiently broad to cover variation normally
associated with each input. In the present analysis, we have used uniform, beta and normal
distributions for describingvariationininputvalues(Table 3.1andFigure3.1).
The thermal time for vegetative development (TTVG) varies little for a variety. For a
medium duration variety, it varies between 850 and 950 °Cd butthe maximum probability is
for the values between 880 and 920 °Cd. A beta distribution was used to represent this
uncertainty. A fixed value of 900 °Cd was used for describing a medium duration variety
(Aggarwal et al., 1994).Relatively much lessvariation hasbeen reported for thermal time of
anthesistomaturity. In general,the values arebetween 380and 410 °Cd (Angus et al.,1981;
Wiegand and Cuellar, 1981; Saini and Dadwal, 1986). Since in this narrow range it is
difficult to specify which values are more likely to occur than others, a uniform distribution
wasusedtodescribethevariation.Afixed valueof393°Cdover abasetemperature of 7.5°C
wasused inthepresentanalysis.
Gross photosynthesis rate (PLMX) is calculated in the model from leaf N content. Semidwarf varieties show +20% deviation from the fixed mean values of PLMX (Fischer et al.,
1981; Sinha et al., 1981). A bell-shaped beta distribution was used to describe this
distribution (Figure 3.1). The maintenance respiration coefficient of leaves (RMCLV) was
also described by a beta distribution inthe range specified in Table 3.1.The other important
inputs inthe growth subroutines - CAGLV and SLA- were assumed to show relatively less
variation andhaveauniform distribution.
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Figure 3.1.

Plots of representative beta, uniform and normal probability distributions used for
describing uncertainty in some selected inputs. The shape of beta distributions (e.g.
Betal and Beta2) depends on mean andvariance of the input.Acronyms are explained
inthetext.

The number of grains per unit dry matter (GNODMA) at anthesis varies from 15 to 20
(Fischer, 1985;Aggarwal et al., 1986).Potential grain weight in most wheat varieties varies
from42 to 50mg grain"1 (Fischer and HilleRisLambers, 1978;Aggarwal et al., unpublished
observations). Values outside this range are also reported but are not common. A uniform
distribution described the variation associated with both GNODMA and POTGWT. A beta
distribution was used to illustrate variation in carbon (GFRATE) and N accumulation in
grains (NGFR). The maximum root extension rate (ZRTPOT) has been reported to vary
widely with variety (Gregory 1989). A beta distribution described the variation in both
ZRTPOTandmaximum rooting depth(ZRTMC).
Soil water content at field capacity, wilting point and initialization are either measured or
extrapolated from soil maps. A range of +10 to 15% with a beta distribution of values was
used to account for the variation in these inputs (Table 3.1). Soil nitrogen shows a large
spatial variation within the field. A normal distribution with a large variation is used to
describeuncertainty inall soilNinputs.
Weather variables normally have random aswell as systematic errors due to measurement
and calibration problems. Random errors during the course of simulation of a 100 - 150 day
cropwithdailytimestepsareexpectedtocancel outtheir effect (Nonhebel, 1993). Therefore,
an important reason of uncertainty in these variables is systematic measurement errors.
Schaal and Dale (1977) observed that 0.5 to 1 °C bias could be noted in temperature
measurements due to time of observation in glass minimum and maximum thermometers.
Solar radiation is often indirectly estimated from sunshine hours introducing error in its
values. This has been considered in the analysis by allowing a fixed percentage error in the
daily measured inputs of radiation, rainfall, wind speed and vapour pressure subject to a
maximum of +10%. This study assumes that maximum uncertainty in maximum and
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minimum temperatures is limited to +0.5 °C. The uncertainties in all weather inputs were
assumedtobeuniformly distributed.
MonteCarlosimulation
Random values of all inputs were generated from the specified distributions using the
program RIGAUS (Boumanand Jansen, 1993).Amatrix of 100combinations was generated
from the specified distributions of crop, soil and weather input parameters. The
corresponding 100 outputs of grain yield, ET and crop N uptake were calculated by the
simulation model. The number was restricted to 100 since comparison of frequency
distribution of output (grain yield) in a test run in a rainfed environment showed that there
was no significant difference in the results when the analysis was done with 200
combinations.Anadditional outputwasgenerated usingfixed values for all inputparameters.
The uncertainty in input values wasquantified as thepercent deviation from the fixed value
of the input. The uncertainty in output was determined aspercent deviation in the output as
compared to the deterministic output obtained from the input of fixed values. The deviation
(uncertainty) ofoutputsisplotted asafrequency distribution function.
This analysis was done for a semi- dwarf medium duration variety grown at New Delhi
using weather data from three contrasting crop seasons. The crop water requirement is met
largely by water stored in the profile and irrigation since rainfall during the crop season is
small (average 75 mm).Total rainfall during crop growth period was nil in 1984-85,70 mm
in 1986-87 and 120mmin 1990-91. SoilsatNew Delhi aredeep sandy loam, and low insoil
fertility.
Grainyieldsweredetermined atthreelevelsofproduction environments:
• Potential production environment: assuming no effect of water and nutrient stresses on
crop growth. Growth is limited only by major crop characteristics and ambient
temperature and radiation. A switch in the model prevents any effect of water and/or N
stress on potential growth. Thus crop parameters relating to root growth and N balance
andall soilinputsarenotrelevant.
• Irrigated production environment: assuming application of 120 (80+40) kg ha-1 N and
five irrigations (total 300mm)during crop season. Water andN availability occasionally
limitcropgrowth.Allcrop,soilandweather inputsareconsidered inthisanalysis.
• Rainfed production environment: assuming no irrigation and 40 kg ha"' basal N
application. Water and N stresses limit crop growth for a large period. All crop, soil and
weather inputsare considered.
Monte Carlo simulation was carried out for two scenarios of uncertainty in each production
environment:
a) uncertainty inonly cropparameters. Soil and weather parameters were maintained attheir
fixed values.
b) uncertainty inallcrop,soilandweather inputparameters specified inTable 3.1.
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Uncertaintyimportanceofvariousinputs
To determine the relative contribution of uncertainties in crop, soil and weather factors on
uncertainty in grain yield, a step wise linear regression was developed between percent
deviation inyield (uncertainty independentvariable) andpercentdeviation indifferent inputs
(uncertainties in independent variables). Amaximum of 15significant independent variables
were allowed intheregression.Normalizing dependent aswell as independent variables with
respect to their 'fixed' values helped in overcoming interpretation problems due to.
differences inunitsand/orscaleofmeasurement ofeachvariable.
Thelinearmodelwas:
n
y = b 0 + bjXj

(3.1)

j=1

wherey isthepercent deviation inoutputrelativetothe deterministic output, nisthe number
of inputs and indexj refers to various inputs. The partial regression coefficient, bj of the
linear model provides a measure of linear sensitivity of outputy to inputs xj when all other
inputs are held attheir mean value. The slope alone asa measure of uncertainty importance,
however, has a drawback because it ignores the degree of uncertainty in each input. Because
x variables are independent, uncertainty importance of each input can be determined as the
product of its partial regression coefficient and variance. The total uncertainty in output
expressed asvariance [Var (y)]isexplicitly decomposed asthe sum of the contribution from
eachinput([dj/dx] var(x)).
Var [y] = ([dy/dx,]2 var ( Xl ))+([dy/dx2]2var (x2)) +([dy/dx„]2var (x„))

(3.2)

Theuncertainty importance ofdifferent inputsinestimating grainyieldwasdetermined using
averaged valuesofgrainyieldsoverthreeyearsofanalysis.

ResultsandDiscussion
Uncertainty inpotential grainyield
Uncertainties in crop parameters resulted in variation in simulated potential grain yield.
Cropping season had a significant effect on this variation (Table 3.2). The predicted grain
yields deviated between -24.3 and +10.8% of the deterministic yields estimated by fixed
values of inputs. Relatively the deviation was very high in 1986-87. In the other two years,
the deviation was within +11% of the deterministic yield. The frequency distribution of
pooled resultsshowedthatin47%casestheuncertainty inyieldswasbetween -2.5 to+2.5%
only. There was a 89% probability of yields being within 9% of the deterministic yield
(Figure 3.2).Themean,median andmodal valueswere closetozero except in 1986-87 when
themeanwas-3.4%andthemedianvaluewas -5%.
Considerations of systematic errors inweather inputs had only a small impact (soil inputs
arenotrelevant inthisproduction system).Thegrainyieldsdeviated between -16.6 to 12.9%
ofthedeterministic yield dependingupontheyear (Table 3.2). Therewas a large probability
of yield being equal to or lower than the deterministic yield (Figure 3.2). There was a 87%
probability that yields were biased by less than +7.5% only. The frequency distribution
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analysis showed that the median and modal values were zero in 1984-85 and 1990-91 but
- 5 % in 1986-87.
Table 3.2.

Effect of uncertainties ina) crop parameters alone and b) in all inputs on uncertainty in
grain yield indifferent crop seasons and production environments.

Crop season
Uncertainty ingrainyield,%deviationfrom deterministicyield
Uncertainty incropparameters alone
Potentialproduction environment
Mean
Minimum Maximum Standard
Median
Mode
deviation
84-85
3.44
1.04
-7.55
10.83
0
0
86-87
-3.42
-24.30
7.80
6.92
-5.0
0
0.74
90-91
9.08
3.43
-9.17
0
0
Pooled
5.35
-0.55
-24.30
10.83
0
0
Irrigated production environment
84-85
2.28
-0.58
-7.56
4.17
0
0
2.66
0.88
86-87
-4.87
8.15
0
0
-0.31
90-91
-7.24
5.47
2.38
0
0
Pooled
2.52
0
-7.56
8.15
0
0
Rainfed production environment
84-85
16.45
-3.36
10
-54.3
38.55
0
0.97
86-87
17.17
0
-60,0
-59.1
31.6
-0.32
90-91
-8.4
9.5
3.40
0
0
-0.91
Pooled
13.96
0
0
-59.1
38.55
Uncertainty inall inputs
Potentialproduction environment
2.54
84-85
-8.41
12.91
4.57
0
0
-0.34
86-87
6.11
-5
-5
-16.67
14.33
2.33
90-91
-8.4
9.5
4.45
0
0
1.11
Pooled
5.17
0
0
-16.67
12.91
Irrigated production environment
-0.34
84-85
6.11
-5
-5
-16.67
14.33
-0.35
86-87
4.23
0
0
-12.11
8.28
4.16
-0.59
-5
0
90-91
9.11
-11.65
-0.43
4.91
-5
0
Pooled
-16.67
14.33
Rainfed production environment
-1.77
40.31
0
10
84-85
-100
111.97
-4.11
46.91
0
-60,0
86-87
90.4
-100
-4.47
0
11.45
6.88
0
90-91
-26.83
-3.46
0
111.97
35.9
-10
Pooled
-100
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Figure 3.2.

Effect of uncertainties in 1)crop parameters alone and 2) inall inputs specified inTable
3.1 on uncertainty in simulated potential grain yield. Uncertainty in later refers to
percent change relative to potential yield simulated in that year with fixed values of
inputs. Distributions are based on pooled results of three crop seasons. Boxes
represent frequency density and lines are cumulative frequency distributions. Each
value on x-axis isthe mid-pointofafrequency distribution where intervalwidthwas 5%.

Uncertainty inirrigated grainyield
Inthe simulated irrigated production system,theeffect of cropping seasononuncertainties in
grain yield were small particularly when uncertainties incrop parameters alone were considered (Table 3.2). Depending upon the year, the deviation from deterministic yield was 4 to
8%when only cropparameters were considered, and between 8.3 and 16.7%when all inputs
were uncertain. If only crop parameters were uncertain, there was a 69% probability that
yields deviated less than 2.5% from the deterministic yields (Figure 3.3). That the yields
deviated less than 7.5% from deterministic yields had a probability of 99% and 89%,
respectively when uncertainties were in crop parameters and in all inputs. Mean, mode and
median values of grain yield were always within 95% of deterministic grain yields (Table
3.2).
Uncertainty inrainfed grainyield
Thebiasinestimated grainyield increased significantly inthisenvironment andthe cropping
season had a strong effect on its magnitude. When uncertainties in crop parameters alone
were considered, deviation from deterministic grain yields was large in the dry environment
of 1984-85 and small in 1990-91 when there was sufficient rainfall. However, irrespective of
the season there was a 56% probability that this deviation was less than 5%, and a 87%
probability that this deviation was less than 15%(Figure 3.4). The mean and median values
were nearly zero.Duetolarge differences inyields indifferent yearsthemodalvalues varied
from zero to -6.0% (Table 3.2). When all inputs were uncertain, the deviation in grain yield
was between -100 to +112% of the deterministic grain yield (Table 3.2). The deviation was
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relatively smaller (+27%) in the wet year (90-91) than other two years. There was a 48%
probability that the deviation of deterministic grain yield was less than 15%.That the grain
yield were between 25 and 85% of the deterministic yield had a cumulative probability of
23% (Figure 3.4). There was also a 14%probability of yields being 15to 55%greater than
thatestimated byfixed inputs.
Relative Frequency

Cumulative Frequency Distribution
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Figure 3.3.

Effect of uncertainties in 1)crop parameters alone and2) inallinputs specified in Table
3.1 on uncertainty in simulated irrigated grain yield. Uncertainty in later refers to
percent change relative to irrigated yield simulated in that year with fixed values of
inputs. Distributions are based on pooled results of three crop seasons. Each value on
x-axis isthe mid-pointof afrequency distribution where intervalwidthwas 5%.

Uncertainties inETandcropNuptake
The effect of uncertainties in different inputs on the bias in estimation of ET and crop N
uptakewasdetermined for all threecrop seasons for irrigated andrainfed production environments. Figure 3.5 shows the probability distribution for the pooled results. When only crop
parameters were considered, uncertainties in ET andN uptake in irrigated as well as rainfed
environments were very small (Figure 3.5). Percent deviation in ET andN uptake from their
relative deterministic values varied between -5 to +5%in irrigated environments and -21 to
+3% in rainfed environments. Irrespective of the environment, there was only a 5-6%
probability that the deviation in ET was greater than 2.5%. That the deviation in N uptake
was lessthan 2.5%had a95%probability inirrigated environments and a 83% probability in
rainfed environments.
Inclusion ofuncertainties insoil andweather inputs inthe analysis increased the uncertainties
inthe estimation of ETas well asN uptake (Figure 3.5). In both these outputs, the deviation
from the deterministic values varied between -17 to +19% in irrigated environments and
between -100 to +112% in rainfed environments. There was however, a 78-81% probability
thatthebiasinETand cropNuptakewaslessthan 7.5%inirrigated environments.In rainfed
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environments as well,there was a 73%and 49%probability, respectively that the bias in ET
andNuptakewaslessthan7.5%.
Relative Frequency

Cumulative Frequency Distribution
A - & 1 100
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0.2
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Deviation in Rainfed Grain Yield, %
Figure3.4.

Effectofuncertaintiesin1)cropparametersaloneand2)inallinputsspecifiedinTable
3.1onuncertainty insimulatedrainfedgrainyield.Uncertainty inlaterreferstopercent
change relative to rainfed yield simulated in that year with fixed values of inputs.
Distributions arebasedonpooledresultsofthreecropseasons. Eachvalueonx-axis
isthemid-pointofafrequencydistributionwhereintervalwidthwas10%.
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Effectofuncertaintiesin1)cropparametersaloneand2)inallinputsspecifiedinTable
3.1 on uncertainty in (A) evapotranspiration and (B) crop N uptake in irrigated and
rainfedproductionsystems.Uncertainties inoutputsrefertopercentchangerelativeto
simulatedoutput inthatseasonwithfixedvaluesofallinputs. Eachvalueonx-axisis
themid-pointofafrequencydistributionwhereintervalwidthwas5%.
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The above results indicate that deterministic estimation of grain yield, evapotranspiration
and N uptake, the major outputs of crop simulation models, could be biased unless
uncertainties in crop, soil and weather inputs are considered. The magnitude of this bias
varies with the production environment and the simulated output parameter. Relatively
uncertainties in outputs increase as the production system changes from a potential
production leveltoalevelwherecrop growthwasconstrained bylimited availability ofwater
and nitrogen. It can be summarized from the present uncertainty analysis that there is a80%
probability that the bias in model outputs in potential and irrigated production systems was
alwayslessthan 10%.Even inrainfed environmentstherewasa48%probabilitythatthebias
waslessthan 15%.Therandom distributions ofinputvaluesasgenerated inthepresent study
and the dynamic interaction and compensation among plant processes result in relatively
small deviations from deterministic valuesofoutputs.Thisbias ingrainyield,ETand cropN
uptake due to uncertainties in inputs is generally less than or equal to model error (standard
error of estimate of a linear regression between simulated and real system values). For
WTGROWS,the modelused inthis study,this errorwas observed tovary between 9to 16%
dependingupontheoutput andproductionenvironment (Aggarwal etal., 1994).
Climatic variability is often considered in many applications of crop models. This is
accomplished by running the simulation model withfixed crop and soil inputs and daily real
time or generated weather data for a large number of years. This exercise thus considers
uncertainty inmeanweather dataandresults inaseries ofoutputswhere probability distributions are then used to evaluate risk aversion options.To determine if such an analysis would
include the variance in output values caused by the uncertainties in crop, soil and weather
inputs, grain yield, ET and N uptake were simulated using fixed values of all inputs and 17
years of actual dailyweather data.Theanalysiswasrestricted to only 17years since no more
weather data was available. Summary statistics of the simulated frequency distribution are
presented in Table 3.3. These are compared with the earlier described pooled results of
uncertainty analysis donewith limited weather data and uncertain inputs.Theresults showed
thatingeneral,alloutputsofuncertainty analysisvaried overamuchlargerrangeparticularly
towards lower end than that determined using fixed values of all inputs. This resulted in
higher standard deviation and slightly lower mean and median output values in case of
uncertainty analysis. If extreme output values of uncertainty analysis are left out of the
frequency distribution, it is likely that the two approaches will result in similar output distributions. The deviation in results of two approaches could also be due to limited number of
observations («=17) in the analysis using fixed values as against 300 observations in
uncertainty analysis. Nevertheless, it is clear that in potential and irrigated production environments, most of the uncertainty in grain yield, ET and crop N uptake caused by input
uncertainties is included in the variation estimated by simulations using fixed model inputs
and a large series of weather data. In rainfed environment, input uncertainties have a large
effect.
Often it is desired to know the best estimates of yield, ET and other similar outputs, for
example, for agricultural zonation. This analysis has shown that since the uncertain outputs
are generally symmetric around the mean (most outputs were near normal in distribution as
evident from Figures 3.2 -3.4), fixed values of inputs can provide that estimate with a high
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probability particularly inrelatively constraintfreeenvironments.Butifoneisperforming an
analysis where risk is likely to be important, for example strategic and tactical decisions
about irrigation and fertilizer application, it is important to consider input uncertainties.
Expending resources on acquiring additional information on soil and weather data will be
valuable. Procedures to reduce parameter uncertainty as suggested by Klepper and Rouse
(1991)may alsobeuseful.

Table 3.3.

Frequency distribution parameters of grain yield (GY,t ha"1), evapotranspiration (ET,
mm) andcrop N uptake (N,kgha"1)asdetermined by using fixed values of crop and
soil inputs and 17 years of actual weather data. For comparison, the frequency
distribution parameters of uncertainty analysis with uncertainties inall inputs are also
shown.

Inputs
Name
Minimum
Potential production system
Fixed
GY
5.3
Uncertain GY
5.0
Irrigated production system
Fixed
GY
4.4
Uncertain GY
3.7
Fixed
ET
314
Uncertain ET
269
Fixed
N
120
Uncertain N
99
Rainfed production system
GY
Fixed
0.8
Uncertain GY
0
Fixed
ET
206
Uncertain ET
77
Fixed
N
53
Uncertain N
21

Outputs
Maximum Mean
SD

Median

Mode

8.0
8.0

6.7
6.2

0.6
0.7

6.7
6.3

6.8
6.7

6.3
5.9
465
468
129
143

5.4
5.1
374
369
126
123

0.4
0.5
42
49
2
8

5.4
5.2
368
370
126
123

5.5
5.3
365
430
128
123

4.8
5.3
281
298
84
107

2.4
2.4
245
226
75
69

1.1
1.6
20
36
9
16

2.5
1.6
242
234
77
78

1.0,3.0
1.0,4.4
245
250
80
78

Relative uncertainty importanceofvarious inputs
Potentialproduction environmentWhen uncertainties in crop inputs alone were considered,
86%oftheuncertainty ingrainyieldcouldbeexplained bylinearregression (Table 3.4). The
firstvariabletoentertheregression was PLMX,thekeyparameter indetermining drymatter
production, and it also had the largest uncertainty importance. Grain yield was also very
sensitive to value of SLA, its uncertainty importance was 21%indicating that correct
estimation of LAI is very important in simulating potential yields. GNODMA also had a
reasonable uncertainty importance because of large variance associated with its input value
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(Table 3.1). Other crop inputs contributed little to variation in grain yields. The uncertainty
importance of phenological parameters was low due to their small variance relative to other
inputs (Table 3.1) although they had a strong effect on grain yield (regression coefficients
between TTVG and grain yield and TTGF and yield were -0.497 and 0.495, respectively).
Inclusion of the entire variation in TTVG found in wheat varieties of different durations
(increasedvariance)would significantly altertheuncertainty importanceofvariousinputs.
When uncertainties in weather variables were also coqsidered the results showed that 85.6%
of the variance in grain yield could be explained by the regression. The major reason of
uncertainty in yield was due to crop inputs (79.8%of the total) and only a small portion of
total uncertainty was due to errors in estimation of temperature and solar radiation (Table
3.4). Gross photosynthesis rate retained its number one position in importance followed by
SLA and GNODMA. Although temperature had a significant negative effect and radiation a
positive effect ongrainyield (regression coefficients between TEMP andyield and RADTN
and yield were -0.389 and 0.160, respectively), small systematic errors of 0.5°C in
temperature measurement and 10% in estimation of solar radiation had only a limited
significance onsimulatedpotential yield.
Irrigated production environment The linear regression explained 91.5% of the total
uncertainty in irrigated grain yield due to uncertainties in crop parameters (Table 3.4).
PLMX, SLA and TTVG had the largest uncertainty importance. TTGF, RMCLV and
CAGLV werealso significant buthad littleinfluence ongrainyield.Allparameters related to
post-anthesis sink strength as well as root growth were not of any significant uncertainty
importance.
Consideration of uncertainties in soil and weather inputs together with crop input
parameters explained 93.4% of the total variance in grain yield. Only 39.9%was explained
by cropparameters (Table 3.4). PLMX and SLAwere the only cropparameters with a large
uncertainty importance. Soil factors together contributed 40.9% in total yield variance.
Availability of soil N for crop uptake (NSOILI + NUEFF) explained 30.4% uncertainty in
grain yield and thus had the largest uncertainty importance among soil inputs. Total N
content in the soil and urea hydrolysis rate had almost no uncertainty importance. The
uncertainty in soilwater content at field capacity (WCFC)and atwilting point (WCWP)had
a negligible role in explaining variance in grain yield. However, soil water at sowing time
(WLSTI)had areasonable importance (Table 3.4) probably becausethecrophadto growon
stored soil water for the first 21 days after sowing (first irrigation was applied 22 days after
sowing). During this period, greater stress is likely to reduce expansion of roots in deeper
layersandthuseffect wateruptakeandyield.
Systematic errors in weather inputs resulted in 11.4% variance in grain yield. The major
share was of vapour pressure which was important in determining evapotranspiration.
Radiation and wind speed had a small effect but temperatures and rainfall were of no
uncertainty importance (Table 3.4).
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Table 3.4.

Uncertainty importance of crop, soil and weather inputs in total uncertainty in grain
yields in different production environments. Larger the value the larger is the
uncertainty importance of that input. Values are shown for only significant inputs and
have been normalized for the total variance explained by the regression model
(Equation 2). Two scenarios are considered: uncertainties in crop inputs alone and
uncertainties inallinputs.

Input

Uncertainty importance
Crop parameters alone
All inputs
Potential Irrigated
Potential
Rainfed
Irrigated

Crop inputs
Phenology
TTVG
2.6
TTGF
4.1
Growth
PLMX
38.7
RMCLV
2.6
CAGLV
2.1
SLA
21.0
Sink strength
GNODMA
11
POTGWT
4.1
GFRATE
NGFR
Root growth
ZRTPOT
ZRTMC
Weather inputs
TEMP
RADTN
RAIN
VPA
WDSD
Soil inputs
Soilwater characteristics
WCFC(I)
WCWP(I)
ZRTMS
SoilN characteristics
NTOT(I)
UHRATE
NUEFF
Initial soil characterization
WLSTI(I)
NSOILI(I)
% Variance
85.9
explained byal
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Rainfed

11.4
6.3

13.1
-

2.6
4.5

2.3
4.3

0.8
-

50.9
3.4
2.1
16.7

2.7

35.5
2.8
3.3
22.2

24.3
1.0
1.0
7.0

-

.2
0.2

-

7.7
1.3
-

-

0.6
-

0.4
-

2.2
-

-

0.6
-

3.5
7.9
1.2

1.6
7.2
27.4
1.9

2.9
0.3
-

1.0
4.1
-

1.6
16.8

6.4

7.3
12.0
93.4

27.5
2.9
81.9

2.1
3.7

91.5

18.0

85.6

Effect ofuncertainties inmodel inputs

Rainfedproduction environmentWhen uncertainties in crop parameters alone were considered, only three parameters (TTVG, SLA and ZRTPOT) were significantly related to grain
yield but these were able to explain only 18.0% of the total uncertainty (Table 3.4). The
largest share (13.1%) was of TTVG confirming the well known role of crop duration in
escaping drought. But for SLA, all other parameters related to growth and sink strength had
no uncertainty importance. Maximum rooting depth also was not important. Obviously, the
dynamic interactions among crop parameters and various crop physiological and soil
processes areofgreatimportance insuchconstraintenvironments.
Inclusion of soil and weather inputs in the analysis explained 93.4% of the total uncertainty insimulated rainfed yields.Inthis scenario,cropparameters had almost no importance
in explaining uncertainty in grain yield although the later was very large (Figure 3.4). The
soil input parameters alone explained 55.4% of the total variance, rest was due to
uncertainties in weather variables (Table 3.4). Since the seasonal rainfall is very low (50 100mm), rainfed wheat in India is largely dependent on residual soil water. Therefore,
amongst soil inputs, moisture content at sowing time (WLSTI) had the largest uncertainty
importance.
Uncertainties in WCFC and WCWPhad very low value. Similarly NTOT, UHRATE and
ZRTMS had no uncertainty importance. Vapour pressure and radiation were the weather
inputsthatexplained 34.6%ofthevarianceingrainyield.
It can be concluded that asthe probability ofwater and nitrogen stresses increases, uncertainties in soil and weather inputs become so dominant that most crop input parameters lose
their uncertainty importance. Even amongst soil inputs,precise estimation of only a few was
important. Many of the inputs with small uncertainty importance such as WCFC, WCWP,
ZRTMS andNTOT are often approximated or interpolated from maps.No serious error will
be committed insimulation so long aserrors intheir estimation arewithinthe rangesused in
this study,at least inNewDelhi type environments. Soil water andN content at initialization
had largeuncertainty importance.Therefore, all efforts must bemadeto increaseprecision in
their measurements. Similarly, vapour pressure and radiation amongst weather factors had
largeuncertainty importance.Careshouldbetakenintheirmeasurement aswell.
These results for uncertainty importance have few important implications for simulation
model development and their practical applications. Estimates of potential and irrigated
wheat yields made earlier with WTGROWS (Aggarwal and Penning de Vries, 1989;
Aggarwal, 1991, 1993)andinother studies(VanLanenetal., 1992)having asimilar range of
uncertainties have a large probability of representing the true average value; the uncertainty
being very small (zero to 7.5% only) (Figures 3.2 and 3.3). By comparison, estimates of
rainfed productivity could be fairly uncertain since soil and weather inputs for several
locations were interpolated from maps which introduced uncertainty in input values.
However,there isalargeprobability thattheseyields deviated by lessthan 15%only (Figure
3.4). There is aneed tobuild sufficiently detailed and accurate databases for estimating input
valuesof soilandweather characteristics.
Uncertainty analysis can also be useful to guide refinement of existing models as well as
indeveloping new,more appropriate modelsdepending upontheobjectives. Ifthe simulation
objective is to determine production potential of a crop/variety the photosynthesis routines
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should be sufficiently detailed and its parameters be measured with due care. Accuracy required inphysiological processes such asphotosynthesis canbe relatively lower ifthe model
goal is to assist in making strategic and tactical decisions in a variable soil water/N
environment. Fixed values of crop parameters will not introduce large biases. Here, greater
attention should be paid on reducing uncertainties associated with measurement of soil and
weatherinputs.
The results presented in this chapter are specific to the range of uncertainties used in the
inputs,natureofinputs,modelstructureandtotheenvironments similartothatofNewDelhi.
Non-linear responses of the inputs and interactions among them were not taken into account
while determining uncertainty importance. Although much oftheresults will be true, at least
qualitatively, inmost other analyses aswell,care needsto be exercised in extrapolating. The
approach, however, can be considered as a framework to consider uncertainties in model
inputsandtheireffects onsimulationoutputs.

Conclusions
Outputs of crop growth models may be uncertain depending upon the range of
variation/uncertainty incrop, soil and weather input parameters and production environment.
Yet crop models will remain important in applications related to estimating production
potentials, strategic and tactical decisions and agrotechnology transfer since these are an
efficient, quantitative toolsto integrate complex dynamic interactions of crops/genotype with
climatic, edaphic and agronomic environment. The conclusions derived from conventional
field experiments aswellhave uncertainty inviewofthe spatial variability and other random
and systematic errors considered in this study. In addition, it may be extremely difficult to
design and conduct field experiments to simultaneously investigate the effect ofvariations in
crop, soil and weather factors. The bias in simulated yield, ET and N uptake due to
uncertainties ininputs are small and generally within the model error in low or no constraint
environments. Using fixed values of crop and soil inputs and a long series of weather data
can provide an alternative to represent variance in simulated outputs. In water andN limited
environments, deterministic model outputs often have a large bias. There is a clear need to
reduce uncertainties in our measurements particularly related to soil characteristics. Detailed
and accuratedatabases needtobedeveloped for major inputsofcropmodels.
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P•
Analysing the limitations set by climatic
factors, genotype, and water and nitrogen
availability on productivity of wheat. II.
Climatically determined potential yields and
optimalmanagementstrategies

Abstract
The objectives of this chapter are to establish the climatically determined potential grain
yields of wheat for different regions of India, to quantify the gap between actual and
potential yields and to determine the optimal levels of irrigation and N required for given
productivity levels. The analysis is based on simulations made with the crop growth
model WTGROWS. Simulated potential grain yields, determined by solar radiation and
temperature, varied between 2.56 and 8.25 t ha"1for 138 locations spread all over India.
In general, yields increased with latitude and inland locations had higher yields than the
coastal locations at the same latitude. These trends were related to mean temperature
differences over latitude/location.The results indicate astrong linear decline ingrain yield
as mean temperature increased. Late sowings had smaller yields as well as increased
variability in yield. The amount that decreased for each day's delay in sowing was more
when potential yield was high. The yield gap was at least 2 t ha -1 irrespective of location
and asignificant portion ofthiswas dueto delayedsowing.
Crop simulation with different amounts of nitrogen and irrigation showed significant
interaction between water and N availability and climatic variability, particularly with low
inputs. Optimal N application varied with the amount of water available. Yield variance of
stressed wheat crops is moderated strongly by irrigation but low levels of N fertilizer
application may modify the response.

Introduction
InIndiawheatisgrownintropicalandsub-tropical climates.Thetotalproductionofwheatin
the country in 1965 was 12.3 Mt. Since then, with the introduction of semi-dwarf cultivars
and expanded useof irrigation andfertilizers, production hasincreased impressively to 56Mt
in 1992. This was largely due to increase in productivity per unit area. At present, mean
productivity of wheat in farmers fields ranges from 0.65 t ha"1 to 4.5 t ha -1 depending upon
the region. In most agro-climatic regions,particularly in north-western India, therehas been
no significant increase in experimental wheat yields during the last two decades (Sinha,
1999). On the other hand, demand for wheat and other cereals is increasing rapidly. It is

Published as: Aggarwal, P.K. and Kalra, N. 1994.Analyzing the limitations set by climaticfactors, genotype,
water and nitrogen availability on productivity of wheat. II. Climatically potential yields and optimal
management strategies. Field Crops Research, 38: 93-103.
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therefore importanttoknowifthetrend for increasing wheatyieldswillcontinue and for how
long.
The production potential of a site is largely determined by its climatic, edaphic and crop
properties and their interactions. Crop simulation models deal with interactions of crop
growth with climatic factors, soil characteristics, and agronomic management, and therefore
can be used to estimate climatic limitations to growth and yield. In Chapter 2, we have
described awheat model, WTGROWS,that simulates the effects of these factors on growth,
development, water andN use, and yield. In well fertilized and irrigated plots where abiotic
and biotic stresses arenon-limiting, cropproductivity isdetermined largely by interactions of
crop growth and development with solarradiation andtemperature. Thefirst objective ofthis
chapter istoestablishthisclimatically determined potential grain yield for different locations
in India where wheat is currently produced. The effect of climatic variability on potential
yield is also considered for a few contrasting locations. The second objective is to quantify
themagnitudeoftheyieldgapbetweenpotential andactualyieldsatdifferent sites.
BecausewheatinIndiaisgrowninthepost-rainy seasonand onsoilspoor infertility, itis
essential to apply irrigation and fertilizers. Increase inproductivity of wheat during last three
decades was due to availability of new high-yielding cultivars as well as to higher inputs,
particularly of irrigation and nitrogen. Today more than 70% of the wheat area is irrigated
although it does not necessarily mean that the entire area receives optimal amount of
irrigation (WPD, 1989). Consumption of fertilizers has also increased; fertilizer use in
various regions varies from 5kg ha"1 to 160kg ha"1 (WPD, 1989).Further increase in yield
would obviously require higher N uptake and water use. Because application of more inputs
may not always be economical, it isnecessary tooptimize their use efficiencies by improved
managementpractices basedonin-depthscience.
A large number of experiments have been done on effects of irrigation and/or water on
productivity of wheat (Van Keulen, 1983; French and Schultz, 1984; Gajri et al., 1993).
Multiple regression models have been developed to determine irrigation and N fertilizer
requirements of crops (Kroentazer and Berliner, 1988; Gajri et al., 1993). However, the
magnitude of response to inputs may vary in different locations/ experiments/ years because
of inadequate consideration of interactions with genotype, climatic factors and their
variability, and agronomic management. Crop growth models, by integrating the effects of
different factors onproductivity, provide a unique opportunity to supplement results of field
trials. Suchmodels have been used for evaluating the interaction effects of fertility, planting
dates, soil type and climatic variability on maize productivity in Malawi (Singh et al., 1993)
and inKenya (Keating etal., 1993).An additional objective of this study wasto evaluate the
effect of various levels of irrigation and nitrogen fertilizer application at different stages on
cropproductivity andto determine their optimal level for agiven productivity level. Such an
analysis requires detailed databases on daily weather, soil profile characteristics in terms of
water and nitrogen availability and accurate initialization of management practices. This
analysishasbeendoneforNewDelhi,atypical wheat growingenvironment ofIndia.
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MaterialsandMethods
TheModel
The analysis in this chapter is based on simulations made with crop growth model,
WTGROWS (Chapter 2,Aggarwal etal., 1994).Itsimulates daily drymatterproduction asa
function of radiation intensity and maximum and minimum temperatures, and water and
nutrient stresses.Byuseofappropriateswitchestoeliminatetheeffects ofwaterand nitrogen
stressoncropgrowth,climatically potential grainyieldscanbe determined.
The model requires daily inputs of maximum and minimum temperatures and solar
radiation asthedrivingvariables.Themonthly climaticaverages for 138locations below600
m elevation from all wheat-producing regions of India constituted the basic database. Sites
above 600 m elevation were not included inthe analysis because there is limited cultivation
inthese areas and the model was not evaluated at suchlocations.Daily valueswere obtained
by linear interpolation. Because wheat is grown inclear sunnyweather in almost allparts of
India, simulated potential yields obtained from the interpolated daily values (from monthly
means) were only marginally different from those obtained by using several years of
measured daily values (results not shown). The extent of climatic variation in these sites is
represented by the lower and upper limits of climatic factors for the month of January as
follows:
Maximum temperature
18.5to32.2°C
Minimumtemperature
4.4to20.3°C
Solarradiation
12.4to25.4MJm~2 day"1
For determining year- to year- variability in grain yields, historic daily weather data for
several years are needed. Appropriate locations representing major wheat-producing regions
were selected: Delhi (28°N, 77°E), Kota (25°N, 75°E), Pusa (25°N, 85°E), Indore (22°N,
75°E), and Solapur (17°N, 76°E). Daily weather data for 10to 20 years was made available
by Indian Agricultural Research Institute, New Delhi, India Meteorological Department,
Puneand Central Research Institute for Dryland Agriculture, Hyderabad.
To analyse the effect of irrigation and nitrogen application on productivity, simulations
were done for wheat grown in New Delhi. For that additional daily weather data required
were rainfall, wind speed and vapour pressure. The model requires information on the soils
particularly in relation to water holding capacity. The soils at New Delhi are Typic
Ustochrepts (UDSA Soil Taxonomy), sandy loam, and about 150cm deep. A representative
waterretentionprofile wasused.
Simulation
Climatically determined potential grain yields - Potential grain yields were estimated for a
'standard' medium duration cultivar for each ofthe 138locations for three sowing dates (1,7
and 15November). The genotypic constants were those specified by Aggarwal et al. (1994).
The maximum yield obtained in any of these sowings was considered potential yield of that
location.
An important aspect in evaluating the suitability of a crop is the stability of performance
over years. Wherever historic weather data for several years are available, year-to-year
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variation in grain yields can be simulated. Frequency distribution analysis of this data set
provides the probability of obtaining a given grain yield as well asthe impact of climate on
vulnerability ofproductivity of a cultivar. Difference between 75 and 25%probability levels
is used hereto indicate the extent of effect of climatic variation; the larger the difference the
larger is the yield variance due to climate. Because potential yield varies significantly with
location,thisvarianceisredefined onarelativebasis:
Yield
Variance
Index (YVI)

Yield at75%probability -Yield at25% probability
=
Yield at50% probability

Thisanalysiswasdonewitha 15 November sowingdatefor locationsmentioned earlier.
A large proportion of wheat is sown much later than the optimal time (WPD, 1989). To
studythe effect oflatesowing, simulations wereconducted for all 138locations with sowing
on 1 January. The loss in grain yield due to late sowing was determined by estimating
reduction in grain yield per day if sowing is delayed from November 15 to January 1.
Analysis with different sowing dates showed that inthis period there is a linear decrease in
grainyieldwithdelay insowingatmostlocations(dataisnotshown).
The effect of climatic variability onoptimal sowing date wasestimated for New Delhi for
a medium duration cultivar. This was simulated using daily values of weather for last 20
years. The simulations were made for crops sown at 15-day intervals starting 1November
until 1January. Atmany locations short duration cultivars yield higher in late sowings (Gill,
1979),therefore, an additional simulation runwas made with early maturing cultivars. It was
assumed that the major primary difference in cultivars is in their flowering behavior. To
mimicthisresponse,thermal timerequired for seedling emergence to flowering was reduced
by 150degree-days for January sowings.
Yieldgap Mean grain yields obtained by farmers on aregional basis are reported every year
by Government of India (e.g. Anonymous, 1990). The smallest reporting unit is a district.
Records of actual yields obtained by farmers for smaller regions such as village are not
available.Itwasassumedthatthemeandistrictyield istheactualyield of all locations within
that district. For New Delhi, this data was collected for the period 1971 to 1993. Climatic
potential yield was simulated for all these years.For other locations,the actual weather data
of recent years was not available, therefore, long-term means of weather were used to
estimate climatic potential yields.Actual grain yield data was available for only 84 locations
used inthepresent analysis. Because actual yields are increasing withtime,the maximum of
thetworecent (1988-89 and 1989-90)yearsyieldswasassumedtobethe current actual yield
of that location. The difference between climatic potential yield and actual yield was
considered astheyieldgap.
Effect of irrigationand nitrogen applicationIn order to study the effects of irrigation and
nitrogen, simulationsweredoneforNewDelhienvironment alone,with 17years ofhistorical
daily weather data. It was assumed that a medium duration cultivar was sown on 15
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November on a 1.5 m deep soil with profile moisture at 75% of field capacity and with
available nitrogen content of 0.8 kg ha-1 cm-1 of soil layer. Six irrigation treatments were
simulated -no irrigation, one irrigation at 21 days after sowing (DAS),two irrigations (30 +
74 DAS), three irrigations (28+54+88 DAS), four irrigations (21+45+70+95 DAS) and five
irrigations (21+45+68+86+110 DAS). Sixty mm water was applied at each irrigation.
Fertilizer (120 kgN ha"1)was added atthe time of sowing. Effect of nitrogen was simulated
for each of the six irrigation treatments. N application was varied from 0 to 250 kg ha-1.
Whentwo ormoreirrigations wereapplied, 50%ofthefertilizer wasadded atsowing andthe
rest was added to the surface soil layer in equal applications on 21 and 66 DAS. Fertilizer
application was followed by irrigation. In rainfed treatments, the entire fertilizer was applied
at sowingtimewhereasinone irrigationtreatment, 67%was applied at sowing and restaday
before irrigation.

ResultsandDiscussion
Climatically determined potential grainyields
Effect oflatitude
Simulated potential grain yield varied between 2.56 to 8.25 t ha-1 depending upon location.
Figure 4.1 illustrates isoquant lines of potential grain yield at different places in India. The
yield potential was between 7 and 8 t ha-1 in north-western regions lying above 28°N.
Between 24 and 28°N, potential yield varied from 6 to 7 t ha-1. For the same latitudes,
potential yield decreased withlongitude.Potential yieldvariedbetween41ha-1 and 6.5 tha"1
between 20 and 24°N. In this region, inland positions generally had higher yield than the
coastal areas. For latitudes below 20°N, potential yield was between 3.5 and 5 t ha" and
generally increased withlongitude.
Thesetrends inyield appeared tobe related to changes inmean temperature with latitude/
location. To test this hypothesis and to determine the magnitude of the effect, simulated
yields were related to mean January temperatures. January was selected because tropical
wheat climates have been classified based on mean January temperatures (Fischer and
Byerlee, 1991) and this is the month with the lowest temperature of the year. The results
indicated a strong linear decline in grain yield as the January temperature increased. For
every degree increase in mean temperature (T), grain yields (GY) decreased by 428 kg ha-1
(GYtha"1= 13.3- 0.428T;R2=0.95,standard erroroftheestimate=0.32).
These results are based on mean climatic normals and for locations below 600 m asl. In
practice, one may find a few locations where yield potential is different than suggested by
this analysis. Such examples may be true because the emphasis in the present study was to
establish trends of climatically potential yields across locations. Theyields are also expected
toincreasewithelevationandtovaryduetoclimaticvariability.
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Figure 4.1.

Lines of equal potential grain yield (t ha"1) of wheat in different parts of India. All
locations used inthis analysis are below 600 m asl. Results are presented as isoquant
linesof potentialgrain yield.

Effectofclimaticvariation
Atall locations,climaticvariation caused fluctuations inyield ofmorethan 2tha" (Figures
4.2A and B). Frequency distribution analysis indicated that in 50% of the years, grain yield
exceeded 6.8, 6.1, 5.9, 4.8, 3.0 t ha"1 for New Delhi, Pusa, Kota, Indore and Solapur,
respectively. For these locations, the difference in grain yields between 75 and 25%
probability levels was 1.0, 1.1, 0.5, 1.0 and 0.7 t ha"1, respectively. Indices of yield variance
(YVI) for these locations were 15.0, 18.3, 9.25, 20.2, 27.3%, respectively, indicating
relatively high stability of wheat yields in north-western India (New Delhi, Kota) compared
tootherregions.Becauseweather inpost-rainy wheat growing seasonsis generally clear (the
rainfall during wheat season is generally small), the major reason of yield variation in a
location in different years was temperature. Figure 4.2A illustrates for New Delhi,the mean
temperature for the months of December (vegetative development) and March (grain-filling
period).Mean temperature varied between 13.2and 17.9°C inDecember and between 17.72
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and 21.88 °C in March. Although there was no straight relationship, it is apparent that yield
varied with temperature, in particular with the temperature in March; the higher the
temperaturethelowerwastheyield.
Mean temperature, C
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Figure4.2.

Effect of climatic variability on potential grain yields. Figure 4.2A illustrates the variation
in mean temperature for the months of December (vegetative growth) and March
(grain-filling), and potential grain yields during last 20 years at New Delhi. Cumulative
probability distributions of potentialgrainyield forfew key locations areshown in Figure
4.2B.
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Effectofdateofsowing
The effect of sowing date was simulated for all 138 locations. To facilitate presentation of
results,theyield decreaseperdaydelay inwheat sowingafter 15 November isplotted against
climatic potential grain yield of each location (Figure 4.3). It is apparent that as potential
yield increased, the reduction inyield per day delay in sowing also increased. In general, the
yield decrease wasbetween 0.25%and 0.75%ofpotential yield whenthe latter waslessthan
4 t ha"1, between 0.5 and 1.00% for yield potential between 4 and 6t ha-1 and between 0.75
and 1.00% for yield potential greater than 6 t ha"1. It was interesting that irrespective of
potential yield, few locations showed a small yield reduction (less than 0.25%) with delayed
sowing (Figure4.3).Closeexamination ofdatarevealedthattheselocationswere from northeastern parts of the country or from coastal regions where temperature and radiation varied
lesswithtime.However, inpractice,thereisvery littlewheatgrown intheseregions because
ofhighincidenceofpestsanddiseasesandcomparativeadvantage ofgrowingothercrops.
Reductionwith latesowing (kgha"1day'1)

Potential yield (t ha )
Figure4.3.

Reduction in grain yield with late sowing at different locations as a function of potential
grain yield. Each point refers to a location.Also shown are lines indicating reduction of
1.0, 0.75, 0.50 and 0.25% inpotential yield.

Interactions between sowing date and yearly climatic variation on wheat productivity were
examined in detail for New Delhi. Maximum grain yield was obtained for sowings on 1and
15 November. Grain yield varied between 5.2 t ha-1 and 8.5 t ha"1 for these sowing dates
depending upontheyear. Atthe 50%probability level,yieldpotential onboth dateswas6.71
ha"1 but in 75%yearsyield potential of 1 November exceeded that of 15November although
only by a relatively small amount (Figure 4.4). The index of yield variance was 16.9 and
9.8% for 1 and 15 November, respectively. Sowings done in December and January had
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much loweryields atall levels ofprobabilities.Themedian yields were 5.44, 4.62 and 3.73 t
ha"1 for 1December, 15December and 1January sowings, respectively. For these sowings
stability of yield was also low as indicated by relatively higher values (20.9 to 28.3%) of
YVI. If an adapted cultivar (early maturing) is grown in late sowings such as 1 January,
yields were higher (4.48 t ha"1 at 50% probability level) compared to yield of a medium
maturity cultivar (3.73 t ha"1 at 50% probability level) in all years. However, the yield
variance was only slightly reduced as indicated by YVI (19.8 vs20.9%).It canbe concluded
from theabove resultsthat intheNew Delhi environment, grainyield washigh and variance
in yield was low for sowing done on 15 November. This'can thus be considered as the
optimal time of sowing.Late sowingshad smaller yields aswell asincreased vulnerability to
weather. Onanaveragetherewasadecreaseof50kgha"1day"1delay insowing.

Probability ofexceedance,%
100

Grain yield (t ha )
Figure4.4.

Cumulative probability distributions of potential grain yield as effected by date of
sowing at New Delhi.The simulations were made for a medium maturity cultivar on all
dates. For January 1 sowing, additional simulations were made for an early maturity
(Jan 1*) cultivar aswell. Thedistributions are based on simulations of 18crop seasons.

Yield gap
Climaticpotential grainyieldatNewDelhivariedbetween 5.61ha"1and 8.01ha"1 depending
upontheyear. Actual grainyieldswerelow(<21ha"1)in 1970s,roseto 3tha"1 in 1980sand
are now above 3t ha"1 (Figure 4.5A).This illustratesthat although actual yields have almost
doubled in the last 25 years, still there is at least a 2 t ha"1 yield gap between climatic
potential yield and actual yield. A large part of this gap is due to delayed sowing, which is
common intheregion (WPD, 1989).It isevident from Figure 4.5A that depending upon the
year,0.5to2.5tha"1ofyieldgapcouldbesimplytheresultoflatesowing.
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New Delhi and b) at different locations in India (shown as a function of latitude).
Simulated potential yields for a 15 December sowing is also shown to illustrate the
contribution of late sowing in yield gap. Actual weather data was used for estimating
potentialyieldsfor New Delhiand long-term climatic meansforother locations.
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In order to determine yield gaps at different locations, climatically determined potential
grain yields and actual yields at these locations were plotted against latitude (Figure 4.5B).
Because inmost states considerable proportions ofwheat are sown inDecember and January
(WPD, 1989), climatically potential grain yields for 15December sowing are also plotted. It
is apparent that yield potential increased with latitude although the rate of increase varied.
Forlatitudesbelow 18°Nyieldswerenotaffected by latitude;climaticyieldpotential was 3.3
t ha-1, yieldpotential for December 15sowingwas2.11ha-1 andthe actual grain yield was1
t ha -1 indicating ayield gapof2tha-1 ormore.Almost 50%ofthis gapcould be ascribed to
sowing date effects. From 18°N to 25°N, potential yields at optimal sowing date as well as
for 15December sowing showed a steep linear increase with latitude;the rate of increase for
both sowings was approximately 0.4 t ha -1 °N~' latitude. Actual yields however showed a
smallresponseto latitude -ranging from 11ha-1 at 18°Nto 1.5 tha"1at25oN.This indicates
that there was a large yield gap which increased with latitude and only a small portion could
beexplained by sowing date effects. Most ofthisarea israinfed or receives limited irrigation
which apparently might be the major yield reducing factor. At higher latitudes, which is the
main wheat belt of India,yield potential was always higher than 6t ha"1. Actual yields here
showed a distinct linear increasing trend; yields increased from 1.5 t ha-1 to 4 t ha" as the
latitude increased from 26°N to 31°N.Nevertheless, at all latitudes there was a considerable
yield gap. In general, the results showed a yield gap of at least 2 t ha-1 at all places. A
significant portion of this yield gap was due to delayed sowing. As much as 1.5 t ha"1 gap
could be explained by 1month delay in sowing. There is a need to examine soil factors and
other management practices to analyse the causes of larger yield gaps. The use of long-term
mean weather datatoestimate climatically potential grain yields could have resulted in some
error inestimation ofyieldgapinthe above analysis.However, inviewoflargeyield gapsin
almostalllocations,theerrorisexpectedtobesmall.

Effect of irrigation
The simulated rainfed yields atNew Delhi varied from nil to 3.6 t ha-1 depending upon the
year. In 20% of the years crops died before maturity due to severe water stress. Cumulative
probability distribution ofrainfed yields showedthatthere isa25, 50and 75%probability of
yield exceeding 2.6, 1.7 and 0.9 t ha-1, respectively (Figure 4.6). Although rainfall during
wheat growing season is low (75 mm on an average), it is sufficient to have a significant
impactongrainyieldbecauseitisreceived duringcriticalperiodsofearlyvegetative growth.
Applicationofoneirrigationat21DASsignificantly increased grainyieldinallyears.At25,
50and 75%probability levelsgrainyieldwas3.8,2.8and 1.61ha"1,respectively indicatinga
minimum of It ha-1 increase inyield in50%yearsand almost 0.5 tha"1 inothers. Additional
irrigation at 74 DAS (two irrigation treatment) further increased yield in all years (Figure
4.6).Theyields at25, 50and 75%probability levelswere4.9,3.9 and 3.21ha"1 respectively,
suggesting ayieldincreaseofonetha -1 ormoreinmostyears.
When three irrigations were applied, there was a significant increase in yield in all years
(Figure4.6).Inthistreatment yieldvaried from 2.81ha"1to 5.71ha"1.Relativetotwo irrigation treatments, yields at 25, 50 and 75% probabilities were 5.5, 4.8 and 4.0 t ha"1
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respectively. The relatively small differences in these yields indicate considerably reduced
climaticvulnerability ofwheatcropsinthistreatment.
Probability ofexceedance,%
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Figure4.6.

Effect of application of different numbers of irrigations on cumulative probability
distributions ofgrain yield at New Delhi. Irrigationtreatments areshown intext.

Application of additional irrigation atthe grain-filling stage (four-irrigation treatment) did
notresultinanyyieldincrease in35% years;inotherstherewasanincreasevarying from 0.1
t ha" to 0.9 t ha" (Figure 4.6). The magnitude of variation in yield in different years was
further reduced as indicated by relatively small difference at different levels of probabilities.
The conventional recommendation of five irrigation applications (Singh, 1986) had no
beneficial effect on yield compared to four irrigation treatments in 70% years while in the
remaining 30%theresponsewasvery small (Figure4.6).
It can be concluded that considering the climatic variability of New Delhi, application of
three irrigations during crop season produces yield which in 75% years is at least 90% of
yield achieved by four to five irrigations. Thus,considerable increase in water use efficiency
and hence saving inwater could be made without any significant reduction in grain yield by
providing only three irrigations. However, the demand of water might also vary if the soil
moisture at the time of sowing is less than 75%of field capacity or the soils are shallower
than 150cm,asisassumed inthiscase study.
Optimaltimeoflimitedirrigation
Because application of one and two irrigations had very large effect on yield (Figure 4.6),
simulations were done for determining their optimal time of application. Two irrigations, 60
mm each, were applied at different times after sowing as per Figure 4.7. Simulations were
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made for four treatments- first irrigation was given at 21 DAS (approximately crown root
initiation stage) intwotreatments and at46 DAS (early vegetative stage) in others.The time
of application of second irrigation was either 86 DAS (pre-flowering to flowering stage) or
106 DAS (grain-filling stage). The results showed that in 75%years, yields were higher if
the second irrigation was given at 86DAS.In remaining years, yields were relatively larger
when the first irrigation was given at 21 DAS.If the second irrigation was delayed further,
there was a small reduction in yield in 40% years, in rest the yield was reduced by 10% to
30%. This indicates that the wheat crop has enough capability to compensate for growth
reduction if stress isrelieved few weeks beforeflowering.Once grain development and then
grain-filling starts,there isreduction in grain yield depending upon the level of stress. These
results are also supported by the studies ofNix and Fitzpatrick (1969)where a close relation
ofyieldwithmoistureatthetimeatanthesiswasobserved.
InteractionofIrrigationwithNitrogen
Median yields (at 50%probability level) of different treatments arepresented in Figure 4.8A
and yield variance index (YVI) in Figure 4.8B. Rainfed yields were 1.94 t ha-1 when no
fertilizer was applied. Yield increased marginally to 2tha" when 25 kgN ha" was applied.
Additional fertilizer had no effect; in fact, yields were reduced with fertilizer application in
some years (datanot shown).Fertilizer increased pre-anthesis growth which exhausted water
early thus exposing crops to the risk of post-anthesis water stress. There was a very large
effect of climatic variation on rainfed grain yield as is indicated by very high (90%) YVI.
Therewasnosignificant effect ofNapplication onYVI.
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Figure4.7.

Effect of time of application of two irrigations on probability distributions of wheat grain
yields at NewDelhi.
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Grain yield increased and its variance was reduced with irrigation. One irrigation increased
median yield to 2.71 t ha"1 without N application. A modest application of 25 kg N ha"1
resulted in a significant (20%) increase in grain yield, but greater N application resulted in
only 8 to 16% increase (Figure 4.8A). The YVI was low (24.7%) with no N but increased
rapidly and almost linearlyto 80%with 100kgN ha-1 indicating significant interaction ofN
withclimaticvariability. Theindexwasslightly reduced atstillhigher levelsofN application
(Figure 4.8B). It is clear that yield variance increased proportionally with the amount of
fertilizer. Application of25kgNha-1 resulted inmaximum increase inmedianyields (Figure
4.8A). Greater fertilizer application resulted inhigher yields in some years whereas in others
yields were reduced, the magnitude of decrease increased with the quantity of fertilizer
applied (data not shown). Application of 50 kg or more N ha-1 resulted in yields that were
lower than those of unfertilized plots in several years. It can be concluded that when water
availability is low, addition of fertilizer should be kept lower than 50 kg ha-1 in order to
maximize returns ingrainyield andtokeepyield variance atlowlevels.Greater applications
ofN leadstoproportionately higher consumption ofwater during pre-anthesis stage and thus
exposingthecroptorisksofacceleratedwaterstressduringgrain-filling stages.
Whentwoirrigationswere applied,yieldupto25kgNha-1 application wassimilartothat
of one irrigation but further N application upto 100kg ha"1 increased yields rapidly to 4.4 t
ha -1 There was only avery small response to higher doses ofN fertilizer. The application of
twoirrigationsrelativetosingle irrigationhadnosignificant effect onYVIatzeroN level but
YVI was substantially reduced at all other levels of N (Figure 4.8B). The index was 22 to
26%till 50kgNha""1application and 38to43% athigherNlevels.
The results also showthattotake full advantage of three irrigations,N application should be
at least 50 kg ha-1 (Figure 4.8A). At this N level as well as at 100 and 150 kg ha-1, yield
increase over two irrigation treatments was 0.5 t ha"1. This difference increased to 0.7 t ha-1
at still higher levels of N application. Thus, in three irrigation treatment, increase in grain
yieldwas28kgha-1 perkgNuptoanapplication of50kgNha-1. Subsequent increase inN
application up to 150 kg ha-1 resulted in only 7 kg ha-1 increase in yield per kg N. The
vulnerability to climate was substantially reduced by three irrigations (YVI=17%).
Application of N had only a very small effect on this. If number of irrigations was further
increased from three to four or five, relatively yield increased only whenN applied was 150
kg ha"1 or more. The increase was 0.31,0.49 and 0.57 tha"1 at 150,200 and 250 kg N ha"1.
Yield variance was further reduced by irrigation butN level had no significant effect on this
reduction.
It can also be noted from Figure 4.8A that same yield is achieved by different
combinations of irrigation andN fertilizer. For example, ayield of4tha"1 could be obtained
by 50kg N ha"1 and 180 mm irrigation as well as by 100 kg N ha"1 and 120mm irrigation.
Similar substitutionbetweenthesetwoinputshasbeen shownbyfield experiments ofGajri et
al. (1993).In either case,the roots were able to go deeper and compensate the crop with the
substituted input.
Theabovedescribed interaction ofN, irrigation and climaticvariability particularly at low
input usage hasseveral important implications.Firstly, at lowlevels ofwater availability it is
difficult to decide optimal levels of N fertilizer for maximizing yield returns in view of
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uncertainty of response until late inthe season. Thismay also explain farmers' reluctance to
apply inputs due to uncertainty of weather and hence returns to inputs use. This uncertainty
may be still greater for regions where climatic variability is greater than in New Delhi.
However, because crops responded to N in many years, strategies are needed for deciding
tactically about the quantity and timing of fertilizer applications. This may help reduce the
level of inputs use without losing productivity. Simulation models are now being used for
such purposes as well (Angus et al., 1993). Secondly, conclusions drawn from experimental
research on optimal fertilizer levels from few years of experimentation may not be valid
unless supported by crop growth simulation for a large number of years to account for the
climatic variability.
Grain yield ( t ha )

-l,

250

Amount of N added ( Kg ha )
Yield Variance Index

250

Amount of N a d d e d ( Kg h a )
Figure 4.8.

Effect of amount of N fertilizer added at different levels of irrigation application on (A)
median grain yields (at 50% probability level) (B) yield variance index of wheat at New
Delhi.
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GeneralConclusions
Analyses done using crop growth model, WTGROWS, reveal that in most regions of India
where wheat is currently produced, climatic factors allow considerable yield potential. This
potential increases with latitude and is related to temperatures during crop season. Although
wheat in India is grown inthe post-rainy season with very few cloudy days, potential yields
show considerable variance due to yearly trends in climatic variability. Delay in sowing
results in a sharp decrease in grain yield. In general, the higher the yield potential the higher
is the loss per day delay in sowing. Comparison of actual yields and simulated climatically
potential grain yields show ayield gap of 2t ha-1 to 4t ha-1 depending upon the location. A
largefraction ofthiscouldbeattributedtodelayed sowingtime.
Crop simulation with different amounts of nitrogen and irrigation showed significant
effect of interaction betweenwater andN availability ongrain yieldparticularly at low levels
of inputsusage. In order to achieve higher yieldsthere is a needto maintain crops free from
water stress a few weeks before flowering and grain-filling. Application of three irrigations
during crop season produced at least 90% of yield achieved by still more number of
irrigations in 75%years.The amount ofN fertilizer appliedto crops should have aclose link
to the amount of irrigation and should consider climatic variation as well. Yield variance of
stressed wheat crops is greatly moderated by irrigation but at low levels of application, N
fertilizer maymodify theresponse.
The significant interaction effects of irrigation and nitrogen on wheat productivity and
substitution of each othertoacertain extent asindicated by crop simulation is also suggested
by field experiments. This demonstrates the capability of the simulation approach in
replicating qualitative aswellasquantitative results offield experiments.It canbe concluded
that crop simulation can serve as a useful tool to optimize use efficiency of water and
nitrogen inenvironmentsvarying inclimaticfactors aswellaslevelofinputuse.
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A systems approach to
productionoptionsforwheatinIndia

analyse

Abstract
In this chapter, we illustrate the use of systems tools such as simulation models, GIS,
databases and optimization techniques for determining potentials, constraints and
opportunities for further increase in productivity ofwheat indifferent districts of India. The
whole country has been considered as a mega eco-region and its districts as subecoregions because most planning isdonefollowing these administrative boundaries.
In a large number of districts spread over the states of Punjab, Uttar Pradesh (U.P.),
Bihar, Assam, Rajasthan, and Madhya Pradesh (M.P.), potential yields were 7 t ha"1 or
more. Most districts in U.P. have a yield potential between 6 to 6.5 t ha"1. The potential
yield was between 5and 6 1ha"1 in middle latitudes and states ofWest Bengal and M P .
Economically optimal levels of N fertilizer application in irrigated environments were
estimated for all locations based on current price ratios of Nfertilizer and grain, native soil
fertility, simulated crop response to N fertilizer and other costs related to transport,
harvesting and marketforces.A comparison of optimal and actual Napplications showed
that in Ludhiana district of Punjab, N application is more than the simulated optimal
whereas in other districts it is at par or lower. The estimated yields corresponding to the
profit maximizing amount of N application (henceforth referred as optimal economic
yields) were generally 200 to 500 kg ha"1 lower than the potential yield irrespective of the
location. The small difference between potential and optimal economic yield is due to
distorted butfavourable price ratios at present. Inrainfed environments, optimal economic
yields would be still lower. At most locations, there was a large yield gap. At higher
latitudes, the main wheat belt of India, yield gap of 2 t ha"1 was common even in wellirrigated regions. Almost 35-50% of the gap could be ascribed to delayed sowing,
common in a number of districts. Factors such as limited and timely availability of
irrigation and fertilizers, cropping pattern and access to credit and other services are
some of theother principalcausesof yieldgaps.

Introduction
Increasing population, urbanization and income growth are resulting in a rapidly increasing
demand for food in India as well as many other developing countries (Pinstrup-Anderson,
1995). It is estimated that the total food grain requirement of India will increase from the
present level of approximately 200 Mt to 246 Mt by 2010 and 294 Mt by 2020 (Kumar,
1998). There is, therefore, a need to know the agricultural productivity potential in different
agro-climatic zones ofthecountry todetermine whether Indiacanproducethismuch,where,
andhow.

Published as:Aggarwal, P.K., Kalra,N., Bandyopadhyay, S.K.andSelvarajan, S. 1995.A systems approach to
analyseproduction optionsfor wheat inIndia. 167-186.In:JBouma, A Kuyvenhoven, BAMBouman, JC Lutyen
and Zandstra, HG (eds.). Eco-regional approachesfor sustainable land use andfood production. Kluwer, The
Netherlands.
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In order to identify the constraints limiting productivity at present and opportunities for
sustainable increase in future, it is important to analyse the various factors constituting a
production environment. The latter is made up of natural resources such as soil fertility,
germplasm, levelof inputsusage,opportunities allowedbyclimate,interactions with climatic
variability, services providing assistance to farmers such as credit facilities, and market
forces. Interactions among these factors often make decision making a difficult process in
many production systems of today. Such situations need an eco-regional approach to apply
inter-disciplinary knowledge to help focus on region specific problems and their optimal
solutions (Rabbinge, 1995).
In view of the considerable diversity in India's physical, biological and socio-economic
production environment, itisalsonecessary to demarcate homologous agro-ecological zones.
Such zones are appropriate as a framework to develop data inventories of environmental
resources which may show spatial and temporal variations. They help in linking physical,
biological and socio-economic attributes to the performance of a crop. Extrapolation of
research results from selected sites to throughout the homogenous zone can be made more
effectively through suchtools.
Several attempts have been made to classify India's diverse climates for making effective
land use plans. The Planning Commission of Government of India carved 15 agro-climatic
zones based on physiography and climate (Government of India, 1987). Subsequently, these
were sub-divided into 127 agro-ecological zones by the National Agricultural Research
Program (NARP) based onphysiography, rainfall, soils, cropping pattern and administrative
boundaries (Ghosh, 1990). The National Bureau of Soil Survey and Land Use Planning
superimposed soil texture map, physiography, climate (aridity-humidity) and computed
lengthofgrowingperiodtodemarcate 21zonesinwholeofIndia (Sehgal etal., 1990).These
agro-ecological zoning efforts have been principally based on considerations of rainfall and
to someextent onsoiltexture.Major quantitative outputofthese analyses isthe difference in
growing period between regions. From apurely ecological view point, this may be adequate
but whenthe primary interest is inthe knowledge of agricultural potential of aregion and its
development, one needs to know much more, for example, the yield potential of crops,
optimal crop duration and major constraints limiting yield. Aggarwal (1993) argued that the
growingperiodbasedagro-ecological zoning isappropriate onlywhen agriculture isbased on
monoculture cropping and rainfall istheprincipal variable determining crop yield such as in
largetractsofsemi-aridtropics.Withtheincreased availability ofirrigation resources (>70%
of Indian wheat is now irrigated) and increased cropping intensity during last few decades,
there is now a need to reconsider the main variables affecting crop growth and yield and
henceagro-ecological zoning.
The major biotic and abiotic factors affecting crop growth and development in any
production system are radiation, temperature (yield-determining), water, nutrition (yieldlimiting), and pests, weeds and diseases (yield-reducing) (Rabbinge, 1993). In addition,
productivity isalso determined bymanyotherfactors suchasvariety,itsphysiology and crop
management which interact with weather and soils to influence yield level. Systems tools
such as simulation models, GIS, databases and optimization technologies now offer exciting
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opportunities to understand dynamic interactions among various components of production
systems.
In this chapter, we illustrate our approach for documenting and analysing current
production environment of wheat, a major food crop, in different regions of India and to
determine options for further increase in productivity. The whole country has been
considered as one mega eco-region. Since most planning is done following administrative
boundaries, districts arechosen astheprimary land evaluation units.This isthe smallest unit
for which dependable primary data such as on cropped area and productivity is readily
available.Thisis largely an explanatory type of study aimed atunderstanding limitations and
opportunities duetobiophysical factors. Morespecifically, theobjectives are:
1. To determine the potential and optimal economic yields of wheat in different land
evaluation unitsandtodemarcateregionswith similaryields.
2. Toquantify themagnitudeoftheyieldgapanditsprincipal causesindifferent regions.

CurrentYields
Wheat is grown in diverse agro-climatic conditions from 11°Nto 35°N , from 72°E to 92°E
and from almost sea level to very high elevations. The major wheat producing areas are
between 20°N and 32°N comprising the states of Punjab, Haryana, Uttar Pradesh (U.P.),
Madhya Pradesh (M.P.), Rajasthan, Bihar, West Bengal and Maharashtra. Table 5.1 lists
wheat area, percent wheat area under irrigation, fertilizer consumption, and average yield for
some key wheat producing states of India. In Punjab and Haryana, almost the entire area is
irrigated and average fertilizer application is relatively high. This results in higher yields
compared to other states. There is nevertheless considerable variation at the district level. In
Punjab, yield varies 2 from t ha-1 to 4 t ha"1 depending upon the region. U.P. state alone
accounts for 1/3 of the total wheat area of the country. Most ofthis area is irrigated, average
fertilizer use is modest and crop yields are relatively low (2 t ha-1). In western parts of the
state,yields aremorethan intheeasternparts.InRajasthan, although 90%wheat is irrigated,
fertilizer consumption is very low and yet the productivity is comparable to U.P. state. M.P.
hasalargeproportion ofrainfed wheat,,fertilizer consumptionislowand soaretheyields.
Therehasbeen arapid diffusion ofmodern varieties all over Indiaparticularly in irrigated
areas. Locally adapted varieties are continuously developed and released by wheat breeders
tomaintain diseaseresistance.
Area growth at present is almost negligible in all states except Rajasthan (Table 5.1).
Growth rate inyield is low (2.2 -2.3%) inPunjab and U.P. and modest (2.5 -3.5%) in other
states(Table 5.1).
A significant portion of the yield variation in different parts of India could be related to
climatic differences. The temperatures during the crop season vary a lot depending upon the
latitude. From south to north, mean January temperature varies by 15 °C. Temperatures in
Punjab and Haryana states are relatively low compared to U.P., Bihar, M.P. and Rajasthan.
Photothermal quotient (radiation/temperature), related to growth and yield of wheat crops
(Fischer, 1985), is almost similar in most states of northern India but is relatively low in
eastern and central regions (Aggarwal, 1994). Seasonal rainfall is about 100 mm in many
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partsofPunjab andnorthernU.P.andislessthan 50mminmostparts ofcentral and eastern
India. Because rainfall is limited, crops depend upon stored soil moisture and irrigation for
meetingtheirwaterrequirements.

Table 5.1.

State

Uttar
Pradesh
Punjab
Haryana
Bihar
Madhya
Pradesh
Rajasthan
1

Basic statistics onwheatfor majorwheat producing states of India.

Total
area1
Mha
8.66

Productivity1
tha" 1
2.05

Irrigated
area2
% oftotal
88

Fertilizer
use1
kgha"1
86

3.25
1.86
1.97
3.20

3.59
3.18
1.64
1.21

95
98
81
39

156
114

1.65

2.06

90

1989-90data

1987-88data

Growth rate3
Area
0.82

Production
3.14

Yield
2.30

55
30

0.71
1.53
0.40
-0.23

2.93
5.05
2.95
2.79

2.20
3.47
2.54
3.03

21

2.32

5.72

3.32

1985-86-1990-91.

Potential Yields
Inviewofthelargedifferences inactualyield indifferent regions,itisimportanttoknowthe
opportunities allowed by the climate of that region. Potential yield is the integrated
expression ofthe influence of radiation andtemperature on crop growth and development of
a particular crop/variety. The production system is characterized by adequate water and
nutrient supply and absence ofallyield reducing factors such aspests and diseases. Potential
yield can be interpreted as the upper limit that can be achieved by the current varieties in a
no-constraint environment.
Themethodology usedfor estimationofpotentialwheatyieldswasdescribed inChapter4.
WTGROWS and long-term weather data of several locations spread over the entire country
were used to estimate the yield potential of wheat. Potential yield for each district was
interpolated from individual location yield. Digitized maps comprising district boundaries,
soils, weather stations and agro-ecological regions were stored in GIS packages ARC-INFO
andIDRISI.
In a large number of districts spread overthe states of Punjab, U.P.,Bihar, Assam, Rajasthan, and M.P., potential yields were 7.0 t ha' 1 or more (Figure 5.1). Most districts in U.P.
have a yield potential between 6.0 to 6.5 t ha-1. The yield was between 5.0 and 6.0 t ha" in
middlelatitudes and states of WestBengal and M.P.In most districts of Gujrat, Maharashtra
and Orissa, potential yield was only 4.0 to 5.0 t ha"1. Agro-climate of southern states of
Andhra Pradesh,Karnataka,southernandcoastal Maharashtra didnotallowyield potential to
exceed 4.0 t ha"1. These geographical trends in yield potential were apparently related to
changesinmeantemperature changeswithlatitude/location (Chapter4).
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Yield, t ha-i
^
3.5 4.0
S 4.0 4.5
KS 4.5 5.0
CED 5.0 5.5
M l 5.5 6.0
E3 6.0 6.5
Ea 6.5 7.0
EED 7.0 7.5
BS3 7.5 8.0

Potentialyields(tha 1)ofwheatinIndia.Onlythosedistrictsarelabelledwherewheat
cultivationissignificant.

OptimalNApplicationandEconomic Yields
Potential yields as estimated above may not be economically optimal. The later depends on
cost ofcultivation andnetbenefitxost ratio.Normally, optimal levelsaredefined considering
the wholeproduction system and component crops,and opportunity costs outside agriculture
but this analysis refers to cultivation of wheat alone. We made studies to determine
economically optimal levels of N fertilizer application in irrigated environments based on
current price ratios of N fertilizer and grain, native soil fertility, N response and other costs
related to transport, harvesting and market forces (Aggarwal et al., unpublished). The basic
level of soil fertility is low in most Indian soils (Ghosh et al., 1978).Initial soil N profile in
the model was calibrated to these low levels. Of course, this level is dynamic and would be
very much dependent upon cropping history, but for simplicity, uniform level at the time of
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wheat sowing was assumed for all locations. The geographical distribution of soils was
obtained from theagro-ecological zonesmapofIndia(Sehgaletal., 1990).Thedominant soil
textures of wheat growing regions are loam sand, sandy loam, black and red loam. For each
of these textures, a representative water retention profile was used (Kalra et al., 1995).
Simulations indicated that irrigated fields with no fertilizer application can produce between
1.5 to 2.5 t ha"1 depending upon the region. Indeed, Goswami et al. (1979) based on
approximately 2000 experiments conducted over several seasons in many locations showed
thatthis fertility level issufficient toproduce 1.5 to2.01ha"1yield depending upontheplace
without any fertilizer application. The crop model was then used to simulate fertilizer
response for all locations used for determining potential yields.Itwas assumed that fertilizer
is applied in two splits: at sowing (2/3) and at crown root initiation (spike initiation) stage
(1/3), and other nutrients and biotic factors are not a constraint. Marginal physical
productivity wasestimated from thequadraticcropNresponse curves.Thecurrentprice ratio
for N vs. grain was estimated to be 4.66 considering the costs of urea, transport costs of
fertilizer, cost of fertilizer application, gate price of grain, cost of additional harvesting and
opportunity costs of investment (Aggarwal et al.,unpublished). Based onthis price ratio,the
optimalN applicationratewascalculated.
The simulated optimal N rate varied between 75 to 185 kg ha"1 depending upon the
location.InmostpartsofU.P.,optimalNratewasbetween 150-170kgha"1.Inmost districts
of Bihar, Rajasthan, Punjab, Haryana and some parts of U.P., it was between 130-150 kg
ha-1. These variations were a consequence of interactions among native soil fertility, soil
physical properties, and weather factors. A comparison of optimal and actual N applications
showed that inLudhiana district of Punjab, N application ismorethan the simulated optimal
whereas inother districts it isatpar or lower. In other states,actual N application was lower
thanthesimulated optimal (Table 5.2).
Optimal economic yields are defined as the level where profit of N use was maximum.
These yields were estimated by inputting optimal N rate in the quadratic response curve of
yield vs.N. Since prices are dynamic, the optimal N rate would not be the same every year.
Nevertheless, this would not significantly alter estimates of grain yield in many irrigated
areas where yield response to N fertilizer is near plateau. Many other factors such as
phosphate fertilizers application, pesticide and labour use would also determine optimal
economic level of grain yield. Optimal levels would be different if the whole production
systemand opportunity costsofafarm were considered.Amore appropriate approach would
perhaps be to do a total factor productivity analysis considering biophysical and socioeconomic factors together. Recent trends nevertheless indicate that fertilizers constitute a
major share oftheoperational costs,particularly inwheatproduction inPunjab, Haryana and
U.P. (Anonymous, 1991a) and more than 70% of the total fertilizer applied to wheat is
nitrogen.
The results showed that optimal economic yieldswere generally 200to 500 kg ha"1 lower
than the potential yield irrespective of the location. In a few high latitude locations, the
difference wasgreater than 500kgha-1 perhapsduetointeraction effects with irrigation. The
small difference between potential and optimal economic yield is due to distorted but
favourable price ratio at present. It can be noted that the price of urea has decreased
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significantly in the nineties compared to the seventies and eighties (Figure 5.2).
Simultaneously there hasbeen an increase innetprice ofwheat.Nevertheless,the price ratio
ofN and grainhas come down allowing farmers toapply moreN.This greater application of
N at the margin, however, results in only small gains in productivity and reduces overall
technical efficiency of N use. The optimal economic yield was between 6 and 6.5 t ha -1 in
some parts of U.P. and most of Punjab. In most parts of U.P., Bihar and Rajasthan the
optimal economic yields were between 6 and 6.5 t ha"1. In the state of M.P. these yields
varied between 5 and 6 t ha-1. It must be remembered that these estimates are for well
irrigatedfieldswithnobioticandabioticconstraints.Suchsituationsarenotvery common.In
rainfed environments,suchasthoseinlargeareasinM.P.andBihar,optimal economic yields
would be lower than those estimated by us. Also, optimal economic yields are dynamic
because of temporal and spatial variations inprices, soil physical properties and biophysical
factors.

Table 5.2.

Actual and simulated optimal N application infew selected districts of Punjab and U.P.
states (Aggarwal et al., unpublished). Actual application was estimated from rabi
(wheat season) Noff-take by the estimated share applied to wheat (0.9 for Punjab and
0.75 for U.P.).

District
Punjab
Ludhiana
Amritsar
Patiala
UP
Varanasi
Kanpur
Agra
Bareilly
Saharanpur

N application kgha"1
Actual
Optimal
191
158
110

171
159
169

116
119
143
150
128

175
179
162
170
168

Yield Gap
Actual grain yields obtained by farmers on a regional basis are reported every year by the
Government of India. The smallest reporting unit is a district. Data for all districts was
collected for theyears 1988-89and 1989-90 (Anonymous, 1990,1991).Themaximum ofthe
two years yieldswas assumed tobe actual yield ofthat location. There are indications that at
present actual yields are 10- 15%more than these estimates but recent detailed datawas not
available. Thedifference between optimal economic yield and actual yield was considered as
theyieldgap.
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In order to determine yield gaps at different locations, potential, optimal economic and
actual yields at these locations were plotted against latitude (Figure 5.3). It is apparent that
yields increased with latitudes although the rate of increase varied. For latitudes below 18°N
optimal economic yield was 3.5 t ha"1 and the actual grain yield was 1.2 t ha"1 indicating a
yield gap of 2.0 t ha"1 or more. From 18°N to 25°N, optimal economic and potential yields
showed a steep linear increase with latitude. Actual yields however showed a small response
tolatitude-rangingfrom 1.01ha -1at 18°Nto 1.5 tha"1at25°N.Thisindicatesthattherewas
a large yield gap which increased with latitude. Most of this area is in central India and is
rainfed or receives limited irrigation which apparently might be the major yield reducing
factor. At higher latitudes, which isthe main wheat belt of India, potential yield was always
greater than 6 t ha -1 and optimal economic yield was about 6.0 t ha"1. Actual yields here
showedadistinctlinearincreasingtrendwithlatitude;yieldsincreased from 1.5 tha"1to4.01
ha"1 as the latitude increased from 26°N to 31°N. Nevertheless, at all latitudes there was a
considerable yield gap. In general, the results showed a yield gap of at least one t ha" at all
places.
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Figure 5.2.
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Changewith time incostsofwheatgrain andnitrogen.
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Magnitude of yield gap was estimated for fully irrigated districts (>90% irrigated area) of
major states.In suchdistrictsofU.P.optimal economicyield was 5.32 tha"1 and actual yield
was only 2.471ha"1 indicating ayield gapof2.841ha"1.Thisyield gap if bridged can result
in additional production of 8.64 Mt (Table 5.3). Yield gap is rather low (1.2 - 1.3 t ha-1) in
mostdistrictsofPunjab andHaryanabutneverthelessclosingthisgapcanresult inadditional
production of over 5Mt. There is a large yield gap of over 3.0 t ha"1 inRajasthan. Bridging
theyieldgapinotherdistrictswhere irrigationpotential isrelatively lowerprovides sufficient
opportunities to meet future demands. As pointed out earlier as well, these yield gaps were
obtained from optimal economic yields in a no constraint environment. Consideration of
factors such as limited and timely availability of irrigation, cropping pattern, access to credit
and other services, availability of other inputs would reduce optimal economic yield levels
andthusyieldgap.Thereisaneedtounderstand principal factors thatcausetheseyieldgaps.
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Figure 5.3.

Potential, optimal economic and actual grain yields of wheat as a function of latitude.
Also shown are the simulated yields on 15 December and 1 January sowings to
illustrate thecontribution of latesowingtoyieldgap.
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Table 5.3.

Magnitude of yield gap in irrigated districts. Only those districts where 90% or more
wheat area is irrigated are considered. Optimal economic yields and yield gaps would
generally be lower than those shown here ifthe limitations due to frequency and timing
of irrigationavailability andbiotic factors arealsoconsidered. Seetext for moredetails.

State

U.P.
Punjab
Haryana
Rajasthan
Gujrat
Others
India

No of
districts

18
9
12
11
4
21
75

Area

mha
3.04
2.72
1.82
0.52
0.05
0.11
8.26

Current
Yield
tha1
2.47
3.76
3.41
2.42
2.40
1.45
3.09

Optimal economic

Production Yield
Mt
tha" 1
7.53
5.32
10.23
5.02
6.20
4.70
1.26
5.48
0.12
4.60
0.16
2.20
25.5
5.05

Gap

Production
Mt
16.2
13.66
8.55
2.85
0.23
0.24

Yield
tha - 1
2.84
1.26
1.29
3.06
2.20
0.75

41.7

1.96

Production
Mt
8.64
3.43
2.35
1.59
0.11
0.08
16.2

PrincipalCausesofYieldGap
DateofSowing
Experimental studies as well as simulation results indicate that the first fortnight of
November is the optimal time for wheat sowing (Chapter 4). But a large proportion of
farmers sow wheat much after the optimal time. In U.P. and Bihar, a large proportion of
farmers sow as late asDecember and January (WPD, 1989).A major reason of this delay is
that wheat is now being grown after rice, which matures in October - November.
Simultaneously, there is often a long turn-around period. Chapter 4 has shown that wheat
yields are reduced if sowing is delayed beyond the optimal time (November 15). Since rice,
the crop preceding wheat in many districts is generally more remunerative, farmers try to
maximize itsyield. Thus,even if wheat sowing gets delayed they make more profit from the
cropping pattern.
The magnitude of yield gap that can be explained by date of sowing alone can also be
gauged from Figure 5.3. It is evident that almost 35 - 50% of the gap could be ascribed to
sowing date effects. As much as 1.5 t ha-1 gap could be explained by one month's delay in
sowing. In particular at higher latitudes a large proportion of the yield gap was explained
simply by sowing date effects. In middle latitudes considerable area is unirrigated and
therefore, agreater numberoffactors causeyieldgap.
Irrigation
Thedramatic increaseinyield overthe lasttwodecades,particularly innorth-western regions
of the country, was associated with enormous change in input structure. There was an
intensified useofinputsparticularly ofirrigation,fertilizers andpesticides.During the last25
years, percentage of irrigated wheat area has increased from 35%to 75%.But not all areas
classified as irrigated receive optimal irrigation amount at recommended stages. In western
U.P., for example, although general recommendation is 5 - 6 irrigations only a limited area
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receives more than three irrigations (Sinha et al., 1985). On the other hand in some other
parts where both canal and groundwater are freely available, such as in Punjab, there is a
tendency to over- irrigate because irrigation constitutes only a smallportion ofthetotal farm
expenditure. Recent compilation of data showsthat Punjab farmers spend only 5.8%of their
total operational costs on irrigation whereas Haryana and U.P. farmers spend 10-12%
(Anonymous, 1991a). Such trends in availability and cost of irrigation cause significant
effects onuseefficiency ofotherinputsandresultindecreased yieldsandlargeyieldgaps.
Irrigation availability greatly affects N response. Aggarwal and Kalra (1994) found
considerable interactions between climatic variability, irrigation availability and fertilizer
response. These interactions were particularly pronounced at low levels of input (irrigation
andN) usage such as ineastern U.P.,Bihar and M.P.Thishas important implication. At low
levels of water availability it is difficult to decide optimal levels of N fertilizer for
maximizing yield returnsinviewofuncertainty ofresponseuntil late inthe season.Thismay
also explain farmers reluctance to apply N to optimal levels indicated by simulation due to
uncertainty ofweather,availability ofirrigation andhencereturnstofertilizer use.
Nutrients
Consumption of inorganic fertilizers has increased overtime in all wheat producing regions.
Simultaneously there is a distinct decline in the amount of organic matter applied. There is
large inter-state and intra-state variation infertilizer use(Figure 5.4).TheNPK application to
wheat has crossed 200kg ha"1 level inPunjab whereas it is only about 100kgha"1 or less in
statesof U.P.and Bihar.InRajasthan most farmers apply 10- 15kgha"1 fertilizers towheat.
The application of nutrients varies a lot within most states. In general, in most states only
50%or less farmers apply recommended dosages (WPD, 1989). Such suboptimal application
of nutrients, often even in well irrigated areas, despite a favourable price ratio causes large
yield gaps. On the other hand, there are few districts in Punjab where farmers apply more
thanoptimal orrecommended dosage(generally 120-150kgNha").
Theresponse ofcropstoN alsodependsontimely availability ofirrigation,other nutrients
and access to cash or credit to purchase inputs. At many places such as in eastern India, the
farmers capacity topurchase inputs islimited. Creditfacilities atsuchplacesare also limited.
Subsidies on phosphatic and potassic fertilizers were recently reduced by the Government.
This resulted in sharp increase in their prices and consequent reduction in their application.
This imbalanced application will affect cropresponse to other nutrients includingN and thus
reduce optimal economic yields.Currentpriceratiosofgrain andN fertilizer are encouraging
farmers in areas such as Punjab where input use is very high to apply more N to perhaps
cover upthe inefficiencies inthe useof other inputs.This isvery likely to increase problems
ofN leaching duetoreducedNuptakeefficiency athighNapplication ratesandthus gradual
deterioration of environment. Policy interventions areneeded.
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VariationinthelevelofNPKuseindifferentstates(Source-FAI,1990).

Conclusions
Crop growth simulation models together with existing databases of physical, biological and
socio-economic attributes, geographical referencing and optimization techniques can help in
^settingup information systems that can be used for a number of applications. Such systems
allow us to estimate crop production potentials, yield gaps, resource requirements for
different agricultural strategies, assess potential environmental impacts, generate thematic
maps and tables, and thus help in productivity related agro-ecological characterization. The
methods presented in this chapter quantitatively analyse the agro-ecological properties of
different land evaluation units in terms of biophysical and socio-economic factors, and their
interactions and provide us an instrument to understand potentials, constraints and
opportunities for agricultural development. Regions with greater potential for yield increase
with a given amount of input can be identified. For example, results indicate that optimal
economic yields inPunjab andU.P.stateare similar and largeryield gaps inmostdistricts of
U.P. state are due to suboptimal input use and late plantings. Relatively small yield gap in
Punjab indicates that research there must now focus on increasing yield potential and input
use efficiency. Resultsbased on singlecommodity analysishowever mayhave limitations.In
Indo-gangeticplains,most wheat is grown after rice.The latter fetches higher price and thus
even if wheat sowings get delayed farmers make more profits per year. There is a need to
analysecropproductionandprofits overwholefarm whichfarmers trytomaximize.

82

Production options for wheat

Once databases are stored in a GIS system, this methodology can rapidly generate new
agro-productivity zones, or modify old ones as new concepts or technology such as new
varieties become available. The databases and GIS can also be used to store spatial and
temporal inventory of regional data on yields, fertilizer application practices and other input
usagefor ready andeasyreference. Theanalysisdoneforthischapterhad limitations interms
of availability of precise databases, for example, on costs of grain and N, and soil physical
characteristics in different regions. There isanurgentneedto develophigh quality databases
relating to different aspects of agro-environment. The Government of India has recently set
up database centers in each district to collect primary data on soils, weather, land use and
crop productivity besides other activities such as urban development, education, water
resources and health. These centers are connected via a satellite network, NICNET, based in
New Delhi. Such databases will be extremely useful for strategic and tactical decisions
relatingtoeco-regionaldevelopment.
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Effect ofclimate change

!•
Effect of probable increase in carbon
dioxide and temperature on wheat yields in
India

Abstract
Effect of increase in carbon dioxide and temperature on growth, yield and water use of
wheat was simulated for several locations of India using dynamic crop growth modelWTGROWS. Long term average weather and average soil properties for various agroecological zones were used.The effect of climatic change on productivity was dependent
upon the magnitude of temperature change.At 425 ppm C0 2 and no rise in temperature,
a 1°C rise in mean temperature had no significant effect on potential yields but irrigated
and rainfed yields increased at most places. An increase of 2°C in temperature reduced
potential grain yields at most places.The effect on irrigated and rainfed productivity varied
with the location. The natural climatic variability also had considerable effect on the
magnitude of responseto climatic change. Evapotranspiration was reduced in irrigated as
well as rainfed environments. The responses to climatic change were closely related to
effects of increasedtemperature oncropduration.

Introduction
Wheat is an important cereal crop of India and is grown from 15°N to 32°N, from 72°E to
92°Eandfrom sea leveltofairly highaltitudes.Wheatcrop season extendsfromlate October
toearly May. Since wheat is grown at widely varying latitudes, the crop experiences
different temperatures duringthecrop season.Themeantemperatures during cropseason are
16°C in northern region, 20°C in eastern and 23°C in central and peninsular India. Due to
intensive cropping practiced inmost irrigated areas,alargeproportion ofwheat is sown later
than the optimal time. Due to this delay, grain-filling period occurs in relatively higher
temperatures. These climatic differences associated with location together with annual
variationinclimaticparameters stronglyeffect growthandproductivity ofwheat.
Lately, there has been a serious concern about the possibilities of a climatic change. It is
projected that the ambient levels of carbon dioxide and temperature will rise significantly.
For Indian subcontinent, different Global Circulation Models predict an increase of 1to 4°C
in the ambient temperatures (Sinha and Swaminathan, 1991). The level of CO2 is likely to
rise by 2 ppm per year. CO2 is known to influence photosynthetic processes whereas
temperature influences all aspects of crop growth, development and water and nutrient use
(Baker and Allen, 1993). It can, therefore, be expected that climatic change will have
significant interactions with crop production. Both positive and negative effects of climate
change on agriculture have been projected depending upon the crop, input use and region
(Baker and Allen, 1993;Kimball 1993).

Published as: Aggarwal, P.K. and Sinha, S.K. 1993. Effect of probable increase in carbon dioxide and
temperature onwheatyields inIndia.J.Agri. Meteorol, 48:811-814.
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It is important to know how this climatic change would effect growth, development, water
use and productivity of different crops in India. Experimentation for such a study is difficult
and capital intensive. In this chapter, we have used WTGROWS to estimate the effect of
climatechangeonproductivity ofwheatinIndia.

Methodology
Climate change scenarios
Inter-Government PanelonClimateChangeofWMOhasestimated thatCO2levels arerising
by 1.8 ppmvper year (Houghton, 1991).Mean temperature increase isexpected to be 0.3 °C
per decade for India. Rainfall is assumed to remain the same during the winter season.
Therefore, for 2030 AD, it is estimated that CO2level will be 425 ppm and temperature will
increase by 1.25 °C over 1990 base values. Temperature increase may be still higher in
specific regions while maintaining an averagetemperature increase of 1.7°C within the grid
(Sinha and Swaminathan, 1991). For the present chapter, we have assumed the climate
change scenario for 2030 AD as predicted by IPCC. Since there is uncertainty about the
magnitude of temperature rise, analysis has been done assuming a uniform rise in mean
temperatureof0,1 and2°CalloverIndia.
Simulation
The methodology followed in this chapter is similar to the one described by Aggarwal
(1993). We have used a dynamic crop growth simulation model WTGROWS, developed to
describe the effect of various climatic factors and their variability, soil characteristics, agronomic management and physiological factors on wheat growth, development, water and
nitrogen use (Aggarwal et al., 1994). The model includes the effect of temperature on all
major physiological processes andassumesa30%increase intherate ofgrossphotosynthesis
and specific leaf weight for the doubling of CO2. Increase in CO2 also effects transpiration
due to increased resistance to water loss (Penning de Vries et al., 1989). The magnitude of
plant responses to higher CO2 on a long term basis is still under investigation in many
laboratories.Inthefuture, thesecouldprovidebetterdatafor useinthemodels.
Long-term average monthly weather data of 72 locations spread all over the wheat
growing regions of the country were used for the analysis. The daily weather data was
estimated by linear interpolation. In addition, daily weather data of 18years for New Delhi
wasused for estimating effect of climatic variability on grain yield and evapotranspiration in
changed climate.Rainfall duringthecropping seasonissmall (50-100mm).Arepresentative
rainfall distribution was used for the analysis. The geographical distribution of soils was
obtained from the agro-ecological zones map of India (Sehgal et al., 1990). In the present
analysis,the soil was assumed tobe 150cm deep and at 80%of field capacity atthe time of
sowing.
The effect of climate change on productivity was simulated for normally sown crops at
three levelsofproduction:
1. Potentialproductivity assuming noeffect ofwaterandnutrient stressesoncropgrowth.
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2. Irrigated productivity, assuming application of 120(80+40) kgN ha-1 and five irrigations
duringthecroppingseason.
3. Rainfed productivity,assumingnoirrigation and 50kgha"1basalN application.
Thesimulations weremadefor varietiesoftwomaturity classes-early duration (80-85days
to anthesis inNewDelhi) and medium duration (90-100 daystoanthesis).Thehighest yield
obtained from thesesimulationswasassumedtobetheproductivity inthatscenario.

Results and Discussion
Thepotentialyieldsinpresentweathervaried from 2.71ha -1to8.01ha"1dependinguponthe
region. Theirrigated andrainfed yieldswere lower andvaried from 2.01ha"1to6.01ha"1and
from 0.5 t ha"1to 4.5 t ha"1, respectively. The effect of climate change on productivity was
dependent upon the magnitude of temperature change. Figure 6.1 shows the effect of
different scenarios on grain yield of irrigated wheat. At 425 ppm CO2concentration and no
riseintemperature,grainyieldatalllevelsofproduction increased significantly atallplaces.

Irrigated Yield in Changed Climate, t/ha
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Current Irrigated Yield, t/ha
Figure 6.1.

Effect of magnitude of temperature increase on grain yields of irrigated wheat in
presentand changed climate.

A 1 °Criseinmeantemperature hadno significant effect onpotential yields.Irrigated yields,
however, showed a small increase in most places where current yields are greater than 3.5 t
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ha-1.Incentral andpeninsular India,where currentirrigated yieldsarebetween 2and41ha-1,
theresponsevariedfromasignificant decreasetoasignificant increase.
The isolines of simulated irrigated grain yields under current climate and under climate
change scenario were plotted for the country (Figure 6.2). There was almost no effect of
climate change in northern India but yields were reduced in central India by 10-15%. This
reduction in productivity under changed climate unless accompanied with suitable research
andpolicy interventionsmayreducewheatproduction options incentral India.
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Impact ofclimatechange on shift inirrigatedwheat productivity zones. Climate change
scenario was425 ppm C0 2 anda2 °C rise inmeantemperature.
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Rainfed yields, however, showed a significant increase. An increase of 2 °C in temperature
reduced potential grain yields at most places (Figure 6.3). Relatively, for all places where
current potential yields are above 5t ha-1, such as innorthern India,the reduction was much
smaller compared to places with lower potential productivity. In fact, for a few locations
there was a small increase or no significant effect. Table 6.1 shows the mean yields for
current and changed climate scenarios according to latitude. In sub-tropical (above 23°)
environments there was a small decrease in potential yields (1.5 to 5.8%) but in tropical
locations the decrease was 17 - 18%. Irrigated yields were slightly increased for latitudes
greaterthan 27°butwerereduced atall otherplaces. Thedecrease inyield wasmuch higher
atlower latitudes. Several locations,particularly wherecurrent rainfed yields aregreater than
21ha -1showed avery significant increase inrainfed yieldswith climate change (Figure 6.3).
These locations are mostly above 27°N; the mean increase here was 28.6% (Table 6.1).
Between 25 and 27°N although rainfed yields in current weather are high, there was a
significant decrease inchanged climate(Table6.1).

Grain Yield in Changed Climate, t/ha
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Figure6.3.

Effect of climate change (425 ppm C0 2 and 2 °C increase in mean temperature) on
potential, irrigated and rainfed productivity ofwheat.

Theaboveresultsarebased onmeanlongtermweather data.Theeffect of climatechange for
a location may however vary depending upon the climatic variability. The effect of an
increase in CO2to425ppm and a2°Crise inmeantemperature was studied onirrigated and
rainfed productivity and evapotranspiration for crops sown on 15November every year for
89

Chapter6

the period 1973 to 1990 using daily weather data. Mean grain yield decreased by 6.2% in
irrigated environments and increased by 31% in rainfed environments. However, depending
upon the year, irrigated yields in changed climate were higher, the same or less than the
current yields (Figure 6.4). Rainfed yields were always higher than the current yields,
irrespectiveoftheyear.
In allyears,climate changereduced evapotranspiration bothin irrigated aswell as rainfed
environments. The mean ET for irrigated and rainfed treatments were 352 and 240 mm in
current weather and 302and 221mminchanged climate.Thisreduction inET, accompanied
by CO2induced higher growthrates,resulted inconsiderable improvement in water use efficiency andhenceingrainyield.
Theabove-mentioned resultswerecloselyrelatedtotheeffects ofchanged climateoncrop
duration. Depending upon the magnitude oftemperature increase, crop duration, particularly
the period upto anthesis, was reduced. In northern India, because of this reduction in preanthesisduration, grain-filling wasoften shifted torelatively coolertemperatures of February
thus enabling the crop to maintain reasonable grain-filling duration in changed climate. In
addition, the improved WUEand growthrates helped the cropsto maintain adequate ratesof
growth. The simulations showed that if the crops are allowed to maintain the same crop
duration as in current weather, the effects of climate change are insignificant (data not
shown).
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Effect of climate change on grain yield of irrigated wheat in different years at New
Delhi.
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Table6.1.

Region

>27°N
25-27°N
23-25°N
20-23°N
<20°N

Grain yield (t ha") of wheat in current weather and percent change in response to
climatechange(425ppmC02,2°Cincreaseinmeantemperature) indifferentregions
ofIndia.

Potential
yield
Current
6.66
5.84
5.86
4.18
3.69

%change
-3.85
-1.54
-5.6
-18.4
-17.3

Irrigated
yield
Current
4.89
4.78
4.18
2.29
2.43

% change
3.7
-4.4
-10.76
-18.3
-21.4

Rainfed
yield
Current
2.95
3.34
1.17
0.51
0.97

%change
28.6
-7.2
-19.6
-11.8
-23.9

Conclusions
Theeffect of climate change onwheatproductivity is dependent upon the magnitude oftemperature change. A one degree increase in temperature throughout the crop season will have
no effect or slightly increase productivity in irrigated as well as rainfed environments,
particularly in northern India wheat belt. A two degree increase in temperature will reduce
potential yields but will have small effect on irrigated yields in northern India. ET will be
significantly reduced in changed climate. Relatively, the effect of climate change will be
morepronounced incentral Indiawhereyieldpotential isalready lowasaresultof relatively
higher temperatures. The crop responses to climate change are related to the effect of
temperature oncrop duration.
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•
Potential and water-limited wheat yields
in rice based cropping systems in South-east
Asia

Abstract
• There is a growing interest in cultivating wheat in south-east Asia for reduction of the
drain of foreign exchange and for crop diversification. A crop growth model was used to
establish potential and rainfed yields of wheat following rice in different parts of this
region. A comparison of measured and simulated yields indicated satisfactory
performance of the model.The results indicated that the yield potential of irrigated wheat
was between 3.0 and 5.0 t ha"1 between 10°S and 23°N latitude at sea level, but it was
higher at altitudes between 500-2000 m. Such yields were stable and relatively
insensitive to sowing date. Rainfed yields were lower, and have a high year-to-year
variability. The gap between potential and water-limited grain yields was small if wheat
was sown towardsthe end ofthe rainy season on adeep andwell- drained soil.

Introduction
In south-east Asia, there is no significant commercial production of wheat. The entire
regional demand (4milliontonperyear)ismetbyimportingwheatandwheatflouratahuge
cost (CIMMYT, 1985). Several countries in this region have had an annual growth in per
capita consumption of over 10% annually (Byerlee, 1985). Because of increasing
urbanization and changes in dietary habits, the demand for wheat is likely to increase. To
reduce the large drain of limited foreign exchange and to increase self-reliance, the
governments ofmost south-east Asian countrieshave agrowing interest incultivating wheat.
Several countries of south-east Asia have become surplus producers of rice and wish to
diversify their agricultural production. Since water requirement of wheat is much less than
rice, wheat is a logical choice for exploration as a potential crop for the dry season. The
national plant breeding programmes as well asthe Centro International de Mejoramiento de
Maiz yTrigo (CIMMYT) have initiated varietal improvement programmesto develop wheat
varietiesadaptedto specific environments inthisregion.
Preliminary agronomic experiments to determine the yield potential of wheat have been
conducted in Thailand, Philippines, and Indonesia. The presently available varieties yield 2
tha"1 or more in irrigated conditions (CIMMYT, 1985;Aggarwal et al., 1987). The rainfed
yields varied depending upon the region and the year. Wheat being a crop from temperate
and subtropical regions, one might wonder whether such yields were the best that can be

Published as:Aggarwal, P.K. andPenning de Vries, F.W.T.1989.Potential andwater- limited wheatyields in
rice based cropping systems inSoutheast Asia.Agricultural Systems, 30: 49-69.
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attained in a region where the environment was predominantly humid, daylengths were
always morethan 1lh, and temperatures were above optimal for wheat. Before attempting to
introduce a new crop, it is also desirable to have more knowledge about its long-term
performance. For example, is the wheat crop calendar compatible with the local cropping
systems which are predominantly rice based? Given the yearly climatic variation, what will
betheriskassociated withgrowingwheat?
Crop growth models are useful tools to quantify the environmental limits to crop
production. Their application minimizes the requirement for costly and lengthy
experimentation (Loomiset al., 1979).For this chapter, a crop growth simulation model was
used to establish the potential and rainfed yields of wheat following rice in south-east Asia
between 23°Northand Southoftheequator andbetween 94°and 145°EastofGreenwich for
elevationsupto2000m.

TheModel
The model used was WTGROWS (Chapter 2). The thermal time needed between seedling
emergence and anthesis was calibrated till the duration was similar to that of UPLW-2, a
variety released for cultivation in tropical Asia by the Philippine Seed Board. Other genetic
parameters wereassumed tobe sameasthatofastandard semi-dwarf cultivar (Chapter 2). In
tropical environments of SE Asia, heavy rainfall can cause water logged conditions that
reduce the growth of the wheat crop particularly when seeding occurs at the end of the wet
season or when the dry season brings unexpected rains. The effect of short periods of water
logging (up to 10 days) on wheat yield is small (Luxmoore et al., 1973), and this
phenomenon was not considered here. The rainfed wheat yields may be higher than our
simulations indicate when groundwater contributes to crop water uptake. This situation is
probably not uncommon in rice soils. These limitations need to be eliminated before the
model is applied to generate-detailed results for specific situations. However, we do not
expectthese limitationstohave amajor effect onyield levels,yieldtrends oryield variability
asdiscussed under 'Results' and 'Conclusions'.

Weather
The climate of south-east Asia is classified as humid tropics. The region is not climatically
homogeneous (Oldeman and Frere, 1982).Nearer to the equator, temperatures are higher, at
similarelevations,anddaylength islessvariable.
The agroclimate in this study was based on latitude and elevation. The monthly weather
data sets for 147 meteorological stations located below 200 m elevation in Indonesia,
Philippines, and Thailand, three important countries of the region, were obtained from the
IRRI agroclimatic data bank (the original source of much of the data was the World
Meteorological Organization).These stationswereclustered into sixgroupsof latitudes: 10°S
to 5°S, 5°S to equator, equator to 5°N, 5°N to 10°N, 10°N to 1 5°N, and 15°N to 20°N.
Long-term mean data for Kapurthala, India (30°N), was included for comparison. The
monthly mean solarradiation and maximum and minimum temperatures were determined for
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each group and used as the driving variables in the model. The weather variables for any
given latitude were estimated by linear interpolation. The groups up to 10°N were fairly
homogeneous butthevariability withinthe group increased withmore northerly latitudes. In
general,Philippines stationshaveslightlyhighertemperaturesthanthoseinThailand.
For climatic data at higher elevations, data sets were available for several locations in
Indonesia, but not for Philippines and Thailand. Oldeman and Frere (1982) derived a
relationship of maximum and minimum temperatures with elevation. To establish the trends
in potential yields at higher elevations, this relationship was assumed to be valid for all of
south-east Asia (although this results in small deviations from the actual data for some
locations). Solar radiation in humid south-east Asiantropics decreases with elevation due to
increasing cloud cover (Oldeman and Frere, 1982). We summarized and simplified their
results by assuming that the radiation decreased linearly with elevation by 25%between sea
level and2000m elevation.
To establish the stability of the crop, the model was run for 25 different years. In one
situation (Los Baflos) a historic weather record was available. In the other case, 25 years of
dataweregenerated onthebasisof3yearsofhistoricdata(Supit, 1986).

ResultsandDiscussion
Model evaluation
The model's performance has been evaluated in several tropical and sub-tropical regions
(Chapter 2). The irrigated, well-fertilized experiments described by Aggarwal et al. (1987)
and Aggarwal (unpublished) in Los Baflos, atypical tropical location, were used to evaluate
the changes made in the model. Crop growth under optimal conditions was simulated for
several sowing dateswithinacrop season aswell asindifferent seasons atthe samelocation.
Figure 7.1 shows that most points were on the 1:1 line or close to it, indicating that the
model'sperformance wassatisfactory for ourpurpose.Thelargestdiscrepancy (simulated 2.3
vs. observed 1.2 t ha-1) occurred in 1983 which had the highest temperature. The low
observed yield was probably due to more rapid senescence in the field crop than was
simulated,but(unplanned) water stressmightalsohavebeenpresent.
An evaluation of the crop-water balance model could not be performed for any location in
south-east Asia since no data set with detailed measurement of soil water was available. A
few experiments were done earlier at Los Baflos to study the effect of water availability on
wheat grain yield (Aggarwal et al., 1987),but no quantitative information was collected on
thesoiltexture,waterholdingcapacity orthemoisturecontentatsowingtime.Insomecases,
soil properties of the adjacent and apparently similar fields were available.To simulate these
irrigation experiments, we assumed that the field had the same soil and that it was at field
capacity at seedling emergence. Since the fields were deep-tilled before sowing, the
maximum rooting depthwasassumedtobe 1.2 m.Actual daily weather datawere employed.
In two out of four simulated experiments, the difference between predicted yields waterlimited and observed yields was lessthan 5%.Inthethird experiment, simulated yields were
lowerby 23%thantheactualyields,whereasinthefourth, yieldswerehigherby 30%.These
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discrepancies were, possibly, due to inadequate characterization of the soil of the
experimentalsites.

Simulated grain
yield, t/ha
4

1:1 Line

/

* 1981 DS; n=l
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o 1986 DS; n=2
• 1987 DS; n=10
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to/
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• /
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1

2
3
Measured grain yield, t/ha

Figure 7.1.

A comparison of measured and simulated grain yields of wheat grown at Los Banos,
Philippines. Cropswere grown on various sowing dates in 1981,1983, 1986 and 1987
dry seasons (DS).

Potential grainyields atdifferent latitudes and elevations
Thegrowth ofwheatwas simulated for the latitudes 7°S,0, 7°N, 14°N,21°N, and 28°Nat0,
500, 1000, 1500 and 2000 m elevation, respectively. The sowing date was assumed to be 25
June for 7°S, 25 December for the equator, 7°N and 14°N, and 15November for 21°N and
28°N latitudes. These were optimal planting dates,asis shown later. The simulated potential
grain yields varied between 2.8 and 11.0 t ha"1. Potential grain yield increased with the
latitude and elevation. Grain yields at southern latitudes were higher than at similar latitudes
onthenorthern sideofthe equator.
To facilitate analysis of the simulation results, the following relation between simulated
grainyields(GY,kgha-1), latitude(LAT,degree)andelevation (ELV,m)was established:
GY =3005 -66.8LAT+7.36LAT2 +2.62ELV (R2= 0.93**)

From this equation, isoquant plots were constructed (Figure 7.2). The grain yield potential in
south-east Asiaexceeded 3.01ha~' almosteverywhere.Atsealevel,grainyieldwas3.01ha"1
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between 0and 8°Nlatitude,anditincreased to5.01ha"1at21°Nand4.5tha"1at 10°S.Grain
yield potential increased with elevation at all latitudes. At 500 m elevation, the estimated
grain yieldpotential wasmorethan 5.01 ha"1 for latitudesbelow 5°S and above 15°Nofthe
equator. The potential exceeded 6.0 t ha"1 at 21 N and 5.7 t ha"1 at 10° S. At 1000m
elevation, the grain yield was 5.8 tha"1between 0 and 10°N latitudes, and it increased up to
7.6tha" 1 at21°N.
Elevation, m
2000

1500 -

lOOO

500 -

-10

Figure7.2.

10
Latitude, °N

Isoquant (equal yield) lines of simulated grain yields in Southeast Asia expressed as a
function of latitude and elevation. Shaded portion is outside Southeast Asia but is
included forcomparison. Numbers onthe linesareyields intha'1.

The potential yield was calculated to exceed 8.5 t ha"1 depending upon the latitude, as the
elevation increased to 2000 m. The main cause of the large response to elevations was the
decline in temperature which more than compensated for the lower light level at higher
elevations (sensitivity analysis showed yield to be almost proportional to light level in the
conditions of this study). However, the CO2 concentration in the air at 1000 and 2000 m
elevation is 12 and 22%less,respectively, than at sea level. This leads to a reduction in the
rate of photosynthesis and consequently to a reduction in yield. This reduction was not
included in the model. Grain yields as determined with this program were, therefore,
probably 3%and 7%toohighat 1000mand2000m,respectively.
The regression equation was also used to estimate potential yield for a few locations in
India where wheat is a common crop. The estimated potential yields for Coimbatore (11°N,
409 m elevation), Indore (22.4°N, 567 m elevation) and New Delhi (28.3°N, 216 m
elevation) were 4.2, 6.7, and 7.6 t ha"1, respectively. Such yields were indeed obtained in
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well-managed experimental trials at these stations (Bhardwaj et al., 1975),providing further
confidence inthemodel.
The above simulated potential grain yields (kg ha-1) were related to the maximum (Tmax)
and minimum (Tmin) average February temperature (August temperatures for southern
latitudes)bythefollowing regression equation:
GY = 15411 -310.6 Tmax -115.38 Tmin (R2= 0.89")

The February temperature was chosen because flowering occurs generally in this month.
From this equation, isoquant plots of grain yield were constructed as shown in Figure 7.3.
When the maximum temperature was between 25 and 35 °C and the minimum temperature
between 15and 25°C,a situation common inmany lowland locations in south-east Asia, the
potential grainyieldwasbetween 1.8 and6.01ha-1.

Maximum temperature, °C

35

10

15

25

Minimum temperature, °C

Figure 7.3.

Isoquant (equal yield) lines of simulated potential wheat yields as a function of mean
maximum and minimum temperatures (August for southern latitudes). Numbers on the
linesareyields intha'1.

Effect ofdateofsowingonpotentialgrainyield
Itiscommonly observed in south-east Asiathat sowing of dry season crops isdelayed dueto
either delayed planting of rice, the most common wet season crop, or use of long duration
photosensitive rice varieties, or a long turnaround time. The effect of sowing date on wheat
growthandyieldwassimulated at7°S,0,7°N, 14°N,21°Nand28°N latitudesat sealevel for
crops sownat 15day intervals starting 15October (15April at 7°S) and until 30 January (30
July at 7°S). The grain yields calculated for the various sowing dates at different latitudes
wereshown inFigure 7.4.These dates ofsowinghadvery littleeffect on grainyield between
7°Sand 7°Nlatitudes.At 14°Naswellas21°N,grainyieldswere insensitive to sowing dates
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between 15October and 15December. Theyield decreased by 11kg ha ' day ' at 14°N and
by20kgha-1 day-1at21°Nfor latersowings.
Grain yield, t/ha
8

North Oct 15 Nov1 Nov15 Dec1 Dec15 Jan 1
South Apr 15 May 1 May15 Jun1 Jun 15 Jul 1
Date of sowing
Figure 7.4.

Jan15 Feb 1
Jul 15 Aug 1

Effect of date of sowing on simulated potential grain yields at sea level for a range of
latitudes.

By comparison, at 28°N, a sub-tropical location, the effect of date of sowing was very
pronounced. The optimal date of sowing was between 15 October and 15November and for
every day's delay in sowing, grainyield wasreduced by 50kgha-1. Such asharp decrease at
higher latitudesiswelldocumented (Bhardwaj etal., 1975; Hobbs, 1985).
Inintensive cropping systems,there is always apremium onhigh yielding and yet shorter
duration crops. The currently available wheat varieties generally mature in 75 to 90 days at
lowerelevations insouth-eastAsia,whereasathigherelevations suchas 1000m,they mature
in 100 - 110 days. These durations were comparable and often shorter than those of other
cerealcrops.
Stability ofpotential grainyield
An important aspect in evaluating the suitability of a crop is the stability of its performance
overtheyears.Inthischapter,yield stability refers tothedifference inyield levelsthat havea
probability of 75% and 25% of being exceeded in any year; the smaller the difference the
larger the stability. To quantify stability, the growth of wheat in Los Bafios (14°N) sown at
15-day intervals between 15 November and 30 January was simulated using actual daily
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weather data of 25 years. The year-to-year variations in grain yield for 15 December and 1
January sowing dateswereplotted inFigure 7.5.Thepotential grainyieldfluctuatedbetween
2.3 and 3.4 t ha"1 for both sowings. It was interesting to observe that the grain yields after
1977were,on an average, lower than before this date.Examination of weather data showed
that the recorded mean maximum temperature in the post-flowering period (February March)duringthelast 10yearswashigherthan earlier years.This illustrates againthat when
water supply was optimal, the wheat crop in the tropics was very sensitive to changes in
temperature.
Groin yield, t/ha
3.4
3.2
3.0
2.8
2.6
2.4
Sowing dot*
• Dec 15
o Jan 1

2.2
I

1

'60 '64
Figure 7.5
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1

1
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Year

1

1

'80

'84
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Year-to-year variation in simulated potential grain yield of wheat in Los Banos,
Philippines on 15December and 1January.

A frequency distribution analysis of grain yields of such a sequence of years provides the
probability of obtaining acertain grainyield for specific sowing dates.Thiswas done for the
period 1 September to 15 January for two locations: Sanpatong (18.4°N, 320 m elevation,
Thailand, a relatively cool location with moderate rainfall during wet season and no rainfall
during dry season)andLosBanos(14.1°N,20melevation, Philippines,warm,heavy rains in
wet season,limited rainfall indry season).Themaximum grainyield atalmost all probability
levels was obtained for wheat sown on 1 January in Los Banos and on 1 November in
Sanpatong (Figure 7.6). Yield variability was less in Sanpatong as compared to Los Banos
due to fewer cloudy days in the crop season in Sanpatong. The closeness of the lines for 1
December, 1 January, and 15January sowing dates inLosBanosand 1October, 1 November
and 1 Deeember in Sanpatong again indicated a period of 30 - 50 days at lower latitudes
during whichwheat yieldswerenot affected bydate of sowing.Forthe optimal sowing dates
at 75,50, and 25%probability levels, grain yields were 2.7, 2.8 and 3.1 t ha"1 in Los Banos
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and 3.9, 4.1 and 4.2 t ha"1 in Sanpatong. The small differences between these probability
levels suggest that wheat yields will be fairly stable in irrigated and well-managed field
conditions insouth-eastAsia.
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Figure 7.6.

Effect of date of sowing on cumulative yield probabilities ofwheat grown in Los Banos,
Philippines and Sanpatong, Thailand. Curves are based on 25 years of simulated
yields.

Itwas concluded thatthe yield potential of current wheat varieties was 3.0 to 5.5 t ha" in
south-east Asia, and that it was fairly stable over years. The yield potential increased with
elevation. Delayed wheat sowing will have little or no effect on the grain yield of irrigated
wheat. Since the crop duration was less than 3 months, wheat can fit very well in intensive
cropping systems. There are 4.1 M ha of dry season, irrigated rice areas in south-east Asia,
mainly north of 15°N latitude and south of 5°S latitude (Huke, 1982a). As shown in Figure
7.2,the yieldpotential ofwheat inthese areaswasabove 4.0 tha"1. From apurely agronomic
viewpoint,theseareasaresuitabletocultivatewheat.
Water-limited wheatyields
Theeffect of sowing date onrainfed wheatwassimulated for LosBanos and Sanpatong. The
comparison was made for wheat grown on a 1.2 m deep light clay soil which allows 1.0 m
rooting depth. The growth was simulated for crops planted at 15-day intervals starting 1
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September. At both locations, runs were made for 25 years. The average yield and standard
deviationsarepresented inFigure7.7.
The potential yield (no water deficit) at Sanpatong was about 4.0 t ha-1 for sowing
between 1 October and 15 November and decreased in later sowings to 2.8 t ha-1 by 15
January (Figure 7.7). The grain yield of rainfed wheat, however, was sensitive to sowing
date. The maximum rainfed yield was 2.7 t ha-1 for sowing between 1 September and 1
October. The grainyield decreased sharply subsequently. Itwas concluded that in Sanpatong
and similar locations, 2.5 t ha-1 grain yield could be obtained when sowing was completed
before 5October.

• • Sanpatong
° oLos Bonos

?

2.5

<=

2.0

Sanpatong

I Sep

Figure 7.7.

lOct

1 Nov
Sowing date

1 Dec

1 Jan

Effect of sowing date on water-limited wheat yields and its standard deviation in soils
( ) in Sanpatong (Thailand) and Los Banos (Philippines). Also shown are the potential
yields (O) and monthly rainfall.

By comparison, at LosBanos,the potential grainyield wasbetween 2.7 and 3.0 tha"1 for
sowing between 15November and 15 January (Figure 7.7). The rainfed wheat yields were
around2.01ha-1 whensownonorbefore 1December.
Although the potential grain yield was 1.0 t ha"1 higher in Sanpatong than in Los Banos,
themaximum rainfed grainyieldsdiffered byonly0.5tha"1.Dueto significant rainfall inthe
dry season in Los Banos, the delayed planting of wheat caused less reduction in grain yield
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than in Sanpatong. The dry season rainfall was common at several locations in south-east
Asia (Huke, 1982b; Oldernan and Frere, 1982). It was important to note that though the
potential grain yield at these lower latitudes was less, a large part of this could be realized
without irrigation. Itwill be essential to establish thewheat crop asearly as possible to take
advantageofthestoredsoilwater anddryseason rainfall.
Stability ofrainfed yields
Theyear-to-year variation inrainfed yieldswasdetermined for wheat sownon 1 December at
Los Banos for the 25 years. Because soil texture and rooting depth of the ricelands vary a
great deal (De Datta, 1981),three representative rice soils were considered: heavy clay, light
clay, and loam. Itwas assumed thatthe texturewasuniform for the whole profile. Maximum
rooting depthwas either 0.25,0.5,or 1.0 mtomimicthepresence ofaroot impeding layer at
different depths. The fraction extractable water was 13, 18 and 25% as was common for
heavyclay,lightclay,andloamsoils,respectively (Driessen, 1986).
Frequency distribution analysis of wheat yields showed that when the maximum rooting
depth was 0.25m, grain yields were very low and highly unstable, irrespective of the soil
texture (Figure7.8).Thisoccursinmanyricesoilswithacompacted layer.Inmanyyears,no
grain yield was produced since the crop died before flowering. When the soil allowed a
rooting depthof0.5m,therewasa50%probability ofharvesting 0.6,1.0,and 1.21 grain ha-1
in heavy clay, light clay, and loamy soils, respectively. These yields were less variable than
those at 0.25 m rooting depth (Figure 7.8). With a maximum rooting depth of 1.0 m, the
expected grainyields (50%probability) were 1.5,2.0,and 2.3 t ha for heavy clay, light clay
andloam soils,respectively.
The duration of a crop can be important in water-limited situations. It is recognized that
earlymaturity isacommonmechanism for avoidingdroughtinseveralcropplants(Beggand
Turner, 1976;Fischer and Turner, 1978).Upon decreasing thepre-anthesis duration ofwheat
crop by one week by increasing the rate ofpre-anthesis development, simulated yields were,
in general, higher by 0.2-0.3 t ha-1 (results not shown). The relative effect was more
pronounced whenthemaximum rootingdepthwasshallow.
Thismodelpredictedthatthegapbetweenpotentialyieldsandrainfed yieldswassmall when
wheat was planted on a deep soil that was at field capacity. The latter condition can be
ensured in the optimal planting period by not delaying wheat sowing once the rains have
reduced and any waterlogging has disappeared. Simultaneously, if the soils were deep,
relatively light textured and free of root restricting layers, yields were fairly high and often
close to the potential level. The irrigation requirement would not be large, at least on such
deep soils. In field experiments there was little response to more than 2-3 irrigations
(Aggarwal etal., 1987).
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Grain yield, t ha
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60
40
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Figure 7.8.

20

Effect of soil depth and texture on cumulative yield probabilities of rainfed wheat sown
on 1December at Los Banos, Philippines. Lines 1,4,7 arefor heavy clay soils;2,5,8 for
light clay; and 3,6,9 for loamy soils. Also shown are cumulative yield probabilities (line
10).

GeneralConclusions
There appearsto be apotential for growing irrigated wheat inmany parts of south-east Asia.
At low elevations potential yields of 3- 5t ha-1may be expected, and about 1.0t ha~ more
for every400mincrease inelevation (upto2000m).Success inunirrigated areaswasrelated
tothepresence ofdeep soils and dry seasonrainfall. Since wheat would be sowntowardsthe
end oftherainy season,which, inthisregion,isheavy,thewater content ofthesoilprofile at
sowing time would be close to field capacity. Depending onthe sowing date and dry season
rainfall, 30%to90%oftheyieldpotential could,therefore, berealized without irrigation.
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of optimal duration of wheat
8crops inEstimation
rice-wheat cropping systems by crop
growth simulation

Abstract
WheatinIndo-Gangeticplainsisgenerallygrownafter rice.Optimaldurationofwheatin
different locations is determined by repeated field experiments. Inthis paper, we have
usedcropgrowthsimulationtodetermineoptimaldurationofwheatatfewrepresentative
locations.Theoptimaldurationvariedwithlocationandsowingdates.Fornormalsowings
(15 November),the most suitable varieties were early maturing types in areas suchas
Punjab,mediummaturingtypesinenvironmentsofNewDelhiandUttarPradeshandlate
maturing types in West Bengal and Bihar. Depending upon year-to-year climatic
variability, optimal duration of varieties may vary. It is concluded that simulation of the
effect of climatic variability on crop growth, development and yield over a period of
several years may be helpful in supplementing field experiments to correctly determine
theoptimaldurationofwheatvarieties.

Introduction
A large proportion of wheat in India is grown after rice. In these areas sowing of wheat
generally gets delayed dueto either late planting ofrice oruse of long duration rice varieties
or long turnaround time. Since this increases the risk of exposure of wheat crop to adverse
temperatures during grain-filling, grain yields can be reduced. Most wheat area in Indogangetic plains is irrigated. Therefore, genotype * environment (GxE) interaction is caused
primarily by the differences among genotypes in their capacity to tolerate/escape adverse
temperatures. These differences are generally associated with differences in development
rates.
Determination of optimal wheat varieties in rice-wheat system is a priority research item
for All India Coordinated Wheat improvement Project. A large number of trials are
conducted every year at many locations where rice and wheat varieties of different maturity
groups are grown in different combinations to identify suitable varieties. Crop growth
simulation technique may provide an alternative method of assessing optimal crop duration
when sowings are done at different times. In this chapter, such a crop simulation model is
used to determine optimal crop duration of irrigated wheat in few typical rice-wheat areas of
India.

Published as: Aggarwal, P.K. 1991. Estimation of optimal duration of wheat crops in rice-wheat cropping
systems by cropgrowth simulation,pp 3-10.In.Simulation andsystems analysisfor riceproduction. Penning de
Vries, FWT, van Laar,HH andKropff, MJ (eds.). PUDOC, TheNetherlands,p 369.
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MaterialsandMethods
TheModel
WTGROWS was the model used (Chapter 2). It simulates daily dry mater production as a
function of radiation intensity and maximum and minimum temperatures for conditions
where biotic and abiotic stresses do not limit crop growth. The model consists of eight
sections: crop development, photosynthesis, respiration, carbohydrate partitioning,
photosynthetic area,senescence, grainformation and grain growth.Thedifferent components
of the model take into consideration the climatic variation experienced by the wheat crop in
different agro-ecological regionsofIndia.
Effect ofVariety
Inthis studytheresponse of sixearly,medium and latematuring varietieshas been analysed.
The varieties were assumed to vary in their heat units requirement for the phase, seedling
emergence to anthesis. For simulating the development of hypothetical 'early' varieties, heat
units required to reach anthesis were assumed to be 609 and 709 degree-days; for medium
duration varieties, 809 and 909 degree-days and for late maturing varieties 1009 and 1109
degree-days. The photoperiodic response was assumed to remain the same. This procedure
allowed us to test the effect of phenology on grain yield at different locations without
changing any other physiological character. This approach can be considered analogous to
use of isogenic lines for evaluating the impact of a particular character (rate of crop
development inthepresent study)oncropgrowthandyield.

RiceWheat areas
Indo-gangetic plains, i.e., areas between 24-32°N and 75-92°E have the major concentration
of the rice-wheat cropping system. This area is characterized by alluvial soils and semi-arid.
Rice is sown inJune-Julyand wheat is sown inthe months ofNovember to January. Figure
8.1 shows atypical weather pattern for a representative rice-wheat area. Both maximum and
minimum temperatures decline starting from October, reach a lowest value inJanuary before
increasing again in February. Daylength is about 12 h in October, decreases to 11 h in
January andbyApril increasesto 13h.Duringthe entirewheat season,theaverage rainfall is
50to 100mmonly.Solarradiation is 16MJm~2d"1inJanuaryand24MJm -2 d_1inMarch.
Mostofthewheatinrice-wheatbeltisirrigated.Forthisstudy,fewtypical locations,namely,
Amritsar (31.38°N, 74.52°E,234 masl),New Delhi (28.35°N, 77.12°E, 216 masl), Varanasi
(25.27°N, 82.52°E, 85 m asl), Patna (25.37°N, 85.10°E, 53 m asl) and Burdwan (23.14°N,
87.51°E, 32 m asl) were selected to represent major agro-climatic zones within rice-wheat
areas.Themeantemperatures during January atthese locations are 11.5, 14.6, 17.1,17.9and
20.2°C,respectively.
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Atypicalweather pattern duringwheat growth period inrice-wheat areas.

ResultsandDiscussion
Optimalvariety fornormal sowing
At most places in the rice-wheat belt, the earliest possible sowing date for wheat is 15
November. This is also considered the optimal sowing date (Bhardwaj et al., 1975).In order
to determine the suitable variety for this date of sowing, simulations were carried out for
early,medium and lateduration varietiesfor representative locations.Theresults showedthat
at Amritsar,the early maturing (709 degree-days to anthesis) variety had a potential yield of
7.91 tha"1compared to 6.7 t ha -1of Kalyansona (909 degree-days). AtNew Delhi,the crop
with maximum grain yield (7.29 t ha"1) required 809 degree-days (Figure 8.2). The yield of
this variety was however only marginally higher than Kalyansona. Thus, medium duration
varieties are most suitable in this environment. At Varanasi too medium duration varieties
yielded the maximum (6.3 t ha-1). By comparison, in Patna and Burdwan in eastern India,
long duration varieties (1009 and 1109 degree-days) were highest yielding (6.05 and 5.19 t
ha-1, respectively). Thus it can be concluded that depending upon the weather, choice of
variety is determined. Varieties of same phenological class are not suitable for all locations.
In Punjab and neighboring areas, short duration varieties are more suitable whereas in Delhi
and west Uttar Pradesh medium duration varieties are the highest yielding whereas in Bihar
andWestBengal longdurationvarietiesproducethemaximum grain.
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Figure 8.2.

Grain yield of early, medium and late maturing varieties of wheat sown on 15
November atdifferent locations.

Effect oflatesowing
The effect of late sowing on grain yield was studied for the same locations as above. It was
assumed that variety that yielded highest on 15November is sown at all subsequent dates.
Thesimulationsweremadefor crops sownat 15 November, 1 and 15December and 1 and 15
January.
grainyield (t ha" 1 )

15 No.

Figure 8.3.

Effect of date ofsowing ongrainyield ofwheat atdifferent locations.

Irrespective ofthe location, delay insowing decreased grainyield sharply (Figure 8.3). There
was almost a linear decrease in grain yield from 15November onwards. By 15January the
grain yield had decreased to 4.68, 3.80, 2.82, 3.68 and 2.53 t ha"1at Amritsar, New Delhi,
Varanasi, Patna and Burdwan, respectively. Assuming a linear decrease from 15 November
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to 1January, itcanbecalculated thatlatesowingdecreased grainyield atarate of 52.3,60.0,
61.9, 47.6 and 48.0 kg ha"1 d"1delay in sowing at these locations. This is 0.66, 0.82, 0.98,
0.78 and 0.92%oftheyieldon 15November.
Optimal cropduration atdifferent sowingdates
Depending upon the date of sowing,the optimal time of flowering and maturity may change
with location. The period within which flowering must occur at a site for maximum grain
yield, irrespective of the cultivar, is sometimes termed as 'flowering window' (Loss et al.,
1990). Wider flowering window suggests considerable time during which anthesis can take
place and one can be flexible in selecting the variety. The boundaries of this window were
identified by simulating phenology and grain yield of early, medium and late maturity
varieties for several sowing dates. The anthesis dates when grain yields were between 95%
and 100%ofmaximum grainyieldweretakentorepresenttheboundariesofthiswindow.
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Optimal anthesis time of irrigated wheat as a function of sowing time for different
locations.

Figure 8.4 depictsthiswindowfor different sowing dates.For comparison, the anthesis dates
of Kalyansona are also shown. At Amritsar, the desirable flowering duration was always
muchshorterthanthatofKalyansonaatall sowingdates.Thewindowwasonly 5 - 7 days in
width irrespective of the sowing time. At New Delhi and Varanasi, for sowing on 15
November, optimal anthesis time was the same as that of Kalyansona but for the sowings
done inthe month of December, it wasmuch earlier. Therefore, if sowing gets delayed early
maturity varieties that are able to build enough LAI may be able to partially compensate
some of the sharp losses in grain yield. Indeed, in practice, Sonalika, an early maturing
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variety is sown inlate sowing compared to medium maturity varieties. For January sowings,
flowering window was of 9 - 10 days duration. Kalyansona also flowered during the same
period. At Patna, irrespective of the sowing date, flowering window was generally 7 days
wide. Kalyansona's anthesis date was always within the window. At Burdwan, the window
was of 6 days duration for 15November sowing and the optimal anthesis time was 6 days
later than that of Kalyansona. But for subsequent sowing dates, the mean width of the
windowwas 8 - 9 daysandoptimalanthesisdatewassameasthatofKalyansona.
Climaticvariability andoptimalcropduration
The above analysis is based on long-term mean weather data. Year-to-year variation in
weathermay affect crop development, growth and yield and thus optimal crop duration may
be different. This was studied for New Delhi alone for which daily weather data of last 20
years was available. Simulations were made to assess grain yield of early, medium and late
maturing varieties for sowings done on 15November (normal sowing) and for 15December
(late sowing). The results are presented in Figure 8.5.The curves are cumulative probability
distribution functions of simulated grain yield and reflect the ability of different varieties to
copewithenvironmental stressesassociated withclimaticvariability.

grainyield (tha"1)
8.5
15December sowing

75

Figure 8.5.

100
O
25
cumulative probability (%)

Cumulative probability distribution of simulated grain yields of early, medium and late
maturingvarieties for normal (15 November) and latesowing (15 December).

It was evident that for normal sowing medium duration varieties out-yielded early and late
varieties in all years. The grain yield of medium duration varieties ranged between 5.5 and
7.61ha"1dependingupontheyear.At 50%probability level,grainyield ofdifferent varieties
was 4.8 (609 degree-days), 6.2 (709), 7.0 (809), 6.7 (909), 6.3 (1009) and 5.8 (1109) t ha-1.
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This was inclose agreement withtheresultsobtained by employing long-term mean weather
data(seeFigure 8.3).
Comparison between the two medium duration varieties show that in 75%of the years,
variety with 809 degree-days requirement out-yielded the one with 909 degree-days
requirement, whereas inrest 25%years the yield of both was similar. It impliesthat in order
to correctly determine the optimal duration of wheat, a breeding programme must evaluate
lines for aminimum offive years orbe supported by growth simulation for a large umber of
yearstoaccount for theclimatic variability.
Inlate sowings,early maturity varietieswerehighestyielder followed bymedium and late
duration varieties. At 50% probability level, grain yield was 5.1 (609 degree-days), 5.24
(709),5.08 (809),4.5 (909),4.24 (1009)and3.89(1109)tha"1,respectively. Strong genotype
xenvironment interactionwasagainevident. Comparisonamongtwoearly maturing varieties
show that although variety with 709 degree-days requirement surpassed the yield of the
variety with 609 degree-days in 75%of the years, in rest ofthe years it was either equal or
less. This again supports our earlier conclusion regarding the length of a breeding
programme.

Conclusions
Crop growth simulations show that for different locations, optimal crop duration varies. For
normal sowings (15November),the most suitable varieties are early maturing types in areas
suchasPunjab, mediummaturingtypes inenvironmentsofNewDelhiandUttar Pradesh and
late maturing types in West Bengal and Bihar. Grain yields decrease sharply with late
sowing;the decrease canbepartially offset by selecting variety of optimal duration. Manyof
these results are also observed in field experiments. Depending upon year-to-year climatic
variability, optimal duration of variety may vary. Simulation of the effect of climatic
variability on crop growth, development and yield over a period of several years may be
helpful in a breeding programme to correctly determine the optimal duration of wheat
varieties.
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"•
Simulating genotypic strategies for
increasing rice yield potential in irrigated,
tropical environments

Abstract
Irrigated rice yield potential needs to be increased. A simulation model was used to
examine the opportunities for doing so in the dry season of a tropical climate by altering
durations of juvenile and panicle formation phases, specific leaf area, maximum leaf N
concentration, spikelet growth factor and potential grain weight. The study was conducted
for three levels of N management: practices followed in breeder's screening plots;
agronomic recommendations for high yield potential; and growth-rate-driven N uptake.
The results revealed that IR72, the check cultivar, has a large yield potential that can be
realized with better N management. No trait individually or in combination provides more
than 5% advantage inyield inthe level of management typically practiced by breeders. In
such environments, even though genotypes may possess traits for higher yield potential,
they will not be able to express them. The simulations predict that significantly higher
ratesof Ninputand precisetimingare requiredtoattain agrainyield potential higher than
10 t ha' 1 . If plant N status can be increased without lodging or disease problems, a
significant increase in yield requires increased sink capacity, maintenance of high leaf N
content and a longer grain-filling duration.

Introduction
Irrigated rice yield needs to increase by 60 to 70%by 2025 to meet the food demand of the
increasing population (Hossain, 1995). But, rice yield potential has remained constant at
about 10t ha-1 in the dry season of tropical environments over the past 30 years (Kropff et
al., 1994a), although the newer recent cultivars have earlier maturity and greater per-day
productivity. Designing and evaluating new plant types for higher yield potential are,
therefore, receivingincreased attention (Khush, 1990).
Incropimprovement programmes,rice breederstypically selectfor several morphological
features that affect growth, development and yielding ability. Ideotypes, however, should be
based on sound understanding of underlying physiological and biochemical processes
associated with morphological changes. A working group consisting of physiologists,
biochemists,molecular biologists, agronomists, soil scientists,geneticists and breeders shortlisted several issues related to increased biomass production and sink capacity that merit
further investigation for increasing yield potential (Cassman, 1994). The key traits were:
increased specific leaf N and rate of photosynthesis per unit specific leafN; optimization of

Published as: Aggarwal, P.K., M.J. Kropff, K.G. Cassman and H.F.M.ten Berge. 1997. Simulating genotypic
strategiesfor increasing riceyield potential inirrigated, tropical environments. Field Crops Research 51:5-17.
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light interception; strategies for reduced respiratory losses and delayed senescence during
grain-filling, independent of sink size;higher crop growth rate during reproductive stages;a
reduction of excessive tillering to increase sink size; and a slower rate of individual grainfilling toextend grain-filling duration.
Research experiments for detailed physiological and molecular investigations of such a
large number of traits and their interactions would require tremendous resources and time.
Moreover,theexpression ofdifferent planttraits andtheirimpactonyieldpotential may vary
with agronomic management. Crop simulation models can integrate knowledge of
physiological processes and morphological traits to help explain yield formation in
environments varying in physical, biological and agronomic factors. These simulations and
sensitivity analyses can therefore be used to evaluate key interactions quickly and identify
those traits with the greatest impact on yield potential. The results can then be used to
improve the efficiency of field and greenhouse experiments to test hypothesis about plant
typesfor increasedyieldpotential.
A number of studies have been conducted in recent years where simulation models were
used for determining critical traits for higher yield potential in rice (Dingkuhn et al., 1991a;
Penning de Vries, 1991;Kropff et al., 1994a; Aggarwal et al., 1996) and many other crops
(seereviewsbyBooteandTollenaar, 1994;Kropff etal., 1995).These studiesconcluded that
higher yield potential is possible only when source capacity, sink size and grain-filling
duration are increased simultaneously. Except for Dingkuhn et al. (1991a), however, the
focus of such studieswas onenvironments without growth limitations.Rice inAsiais grown
in a wide range of production environments. Many of them are suboptimal in water and
nutrient availability.N isacommonlimiting factor, eveninlargepartsofirrigated riceareas.
At the International Rice Research Institute, rice germplasm is screened by breeders in the
dry season in field plots that receive total application of 115 kg N ha-1 in three splits. In
contrast, the agronomic recommendation for higher yield potential is 145 kg N ha-1 in four
splits. Cassman et al. (1994) developed a conceptual framework on N supply and demand
relationships, indicating that high yields necessitate maintaining soil N availability in
proportion to the crop growth rate-determined minimum N uptake rate. In this chapter, our
objective was to evaluate by.crop growth simulation the importance of traits related to crop
duration, leaf area, N demand and sink capacity in irrigated, tropical lowland environments
varying intimingsandquantitiesofN availability.

MaterialsandMethods
The approach
The impact of individual traits was assessed by changing the specific crop parameters of a
deterministic crop simulation model calibrated for a common tropical rice cultivar IR72
(Kropff etal., 1994b).The impact of simultaneous change inmanytraits was assessed by the
Monte Carlo simulation technique commonly used inquantitative population genetics studies
(Crosby, 1973;Aggarwal, 1995,Chapter 3).Inthis approach, different traitswere considered
to be stochastic. This technique allows determination of the extent of divergence required
from the mean value (IR72 in our study) of different traits and their consequence on yield
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potential. A total of 500 hypothetical genotypes was 'created'. Each of these had a random
combination of values for the different traits that ranged between the specified minimum
(20% less than IR72) values and maximum (20% more than IR72) values. Values smaller
than IR72 were also used to examine if reduction in some traits might be advantageous to
other traits. The random values for different traits were generated using the program
RIGAUS (Bouman and Jansen, 1993). It was assumed that the selected values were
distributed uniformly over the specified range of values. Every simulated genotype was
unique in its trait 'makeup' thus mimicking the random segregation behavior of progeny
whentwoparentsarehybridized.
This set of random input values was used in the simulation model to compute
corresponding yield values. The generated values for different traits were not correlated
among themselves. The relative change in grain yield was calculated as the ratio of the
difference between ahypothetical genotype and IR72relative tothe simulated yield ofIR72.
This relative measure makes it easier to assess the impact independent of the yearly
variations.
Climate data for the dry season ofLosBafios, Philippines, was used inmodel simulations
torepresent atypical tropical environmentwithhighyieldpotential. Theimpact ofchangein
individual traitswas simulated using 10years ofweather data. Apreliminary study indicated
thatuseofmoreyearsofweather datadidnothavemuch effect ontheyieldvariability ofthe
dry season, irrigated rice (data isnot presented). To keep simulations to a manageable limit,
impact of simultaneous variation in different traits was studied using only 3 years of
contrasting weather data. The growthofIR72andhypothetical plant types was simulated for
the dry season with atransplanting date of 21 January. The uptake of indigenous soilN was
set to 0.6 kg N ha -1 d_1, which is typical of fields of high fertility at the IRRI farm. The
simulations assumed absence of water stress, nutrient limitations other than N, or biotic
stresses.
Three N management environments were simulated. The first mimicked germplasm
screening plots where 115 kg N ha-1 is applied in three splits: 20 kg basal; 45 kg at midtillering; and 50 kg at the panicle initiation stage. The second treatment was based on N
recommendations for highyield potential inthe dry season ofthetropics with 30,45,50and
30 kg N ha -1 applied at the time of transplanting, mid-tillering, panicle initiation and
flowering. The final treatment assumed daily supply equivalent to estimated requirement to
maintain maximumNcontentthroughout growth.
Additional simulations were done to determine the impact of different traits when thermal
time for grain-filling phase was allowed to increase by 30%,equivalent to an additional 9to
10d intropical environments. Grain growth wasterminated earlier inthe model, however, if
the sourcewasexhausted orthe sink filled.
Thecropmodel
The ORYZA1 model (Kropff et al., 1994b) was the basic model used. It describes crop
growthand development aseffected by solarradiation andtemperature withnoother external
factor affecting growth. Model input requirements were geographical latitude, daily
maximum and minimum temperatures, solar radiation, plant population, and dates of seeding
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and transplanting. Specification of cultivar characteristics is also required including
phenological development rates, relative leaf area growth rate, specific leaf area, spikelet
formation factor, potential grainweight,leafNcontent andfraction ofstemreserves.
Model modifications
The input requirement of leaf N content restricts the use of ORYZA1 to environments
without N stress or to situations where leaf N pattern is known. The model was, therefore,
modified to include prediction of N availability and crop uptake in irrigated rice fields, and
theallocation andredistributionNwithintheplant.
In the model, total N uptake by the crop was determined by the interaction of crop N
demand, the available soil N supply, and the N uptake efficiency from applied N fertilizer
using an approach that follows the earlier models, ORYZAO (Ten Berge et al., 1994) and
ORYZAN (Drenth et al., 1994). Daily crop N demand was estimated by the difference
between themaximum and actualN content oftheplant. MaximumN content was estimated
bytheN sumofdifferent organs,each aproduct ofthe organ dryweight and itsmaximumN
concentration atagivendevelopment stage.
The root zone of the soil profile was considered as one single compartment in which all
mineral N was potentially available for crop uptake. The N supply included both the
indigenous N from the soil-floodwater system and N applied from applied fertilizer. It was
assumed thataconstant amount ofindigenousNwasaddedtothe soilNpool everyday. This
wasestimated bymeasured ratesofNuptakeinfieldplotswithoutappliedN (Cassman etal.,
1994).Although uptake ofapplied N is sensitivetomanagement, soiltype,and climate, with
goodmanagementtherecovery efficiency typically increases from relatively lowvaluesfrom
basalN applications incorporated inthe soil attransplanting to much higher recoveries from
applicationsbroadcast intofloodwater atpanicle initiation (DeDatta, 1986).Inthemodel,the
N fertilizer recovery was specified to increase linearly from 35% from N applied at
transplanting to 75%atpanicle initiation and thereafter. The observed maximum value ofN
uptake.rate invarious soils and genotypes range from 3to 8kgN ha"1 d"1 (Ten Berge et al.,
1994). Because the dependence of this variable on crop development stage, roots and
environmental conditions is not fully understood, we assumed a maximum value of 8 kg N
ha-1 d_I. Total available soil N was thus the measured N uptake from field plots without
applied N plusthe amount of N fertilizer multiplied by the recovery fraction. This pool was
depleted daily dependingonthecropNuptake.
Nitrogen acquired bythecropwasallocated todifferent plantorgans inproportion totheir
relative sink strength asdetermined bypartitioning factors sensitive to stages of development
and N supply. Root-shoot ratio increased if crops experience N stress, which was defined as
the ratio of actual and potential N content. Grain N demand was met by mobilization from
vegetative organs, and N concentration of the developing grains was held between a
minimum and amaximum value.The minimum N value was determined by the total cropN
contentatanthesis stage (Drenth etal., 1994)whilethemaximum was setat 1.75% N.TheN
loss from thecropwasrestricted tothe residualN content of senescent plantparts.ThenetN
content of leavesand stemswasthe sumoftheir daily allocation,N uptake,Ntranslocated to
grains and N lost to senescence. Leaf and stem N in excess of the residual N content was
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assumed to be available for translocation to grains although the actual N translocated on a
givendaywouldnotexceed 10%oftheamountavailable.
Shading invery densecanopies accelerates senescence. Senescence inthe modified model
increased when leaf area index exceeded 4 m2 m~2 following the approach used by Van
Keulenand Seligman(1987).
Evaluation ofthecropmodel
The basic models - ORYZA1, ORYZA_0 and ORYZA_N have been validated in several
experiments that included N fertilizer treatments,different cultivars, seasons and locations in
Asia(TenBerge etal., 1994;Drenth etal., 1994;Kropff etal., 1994a).Themodels predicted
biomass and grain yields reasonably well over arange of2to 15tha"1. Two replicated field
experiments conducted at IRRI experimental farm in Los Banos (14°N), Philippines, in the
dry seasons(DS) of 1992and 1993wereused for validatingtheperformance ofthe modified
model.The 1992experiment usedIR72and includedtreatments of0, 180and 225kgN ha"1.
More details of this experiment were given by Kropff et al. (1994b).The second experiment
alsousedIR72andconsistedof 17treatmentswithNfertilizer ratesranging from 0to400kg
Nha"1withdifferent splittimings(Wopereisetal.,1994).
Thetraits simulated
The impacts of increased crop duration, source and sink capacity were assessed by altering
the crop parameters associated with them. The effect of a 20%decrease in the rate of either
juvenile period (averageincrease incropduration, 10d)orpanicle-formation period (average
increase induration, 5d)was examined, although greatervariability isknown(Vergara etal.,
1969),because existing cropping systemsmaynotallowlargeincreases incropduration. The
impact of increased LAIwas simulated by increasing specific leaf areaby 20%relativeto IR
72 based on the maximum variability among rice cultivars, as reported by Sutoro and
Makarim (1995). To simulate the effect of increased crop N demand, the maximum leaf N
concentration (which changes with crop development) of IR72 was increased by 20%for all
development stages although variability in this trait is not well established. Sink capacity in
the model depended on the number of spikelets and potential kernel weight. The number of
spikelets per unit ground area was determined by the cumulative crop growth between
panicle initiation and flowering. Grains accumulated dry matter if available and until
potential grainweight (inputinthemodel)wasreached, oruntilphysiological maturity which
depends on thermal time. The impact of increased sink size was assessed by increasing the
slopeoftherelationshipbetween spikeletnumber andcropgrowth(spikelet formation factor)
or by increasing potential grain weight. Large variation has been documented among rice
cultivars for both factors (Kropff et al., 1994a; Sutoro and Makarim, 1995). In the present
study, the default values of IR72 (64.9 spikelets per kg dry matter and 25 mg per grain at
14% moisture) were increased by 20%, respectively, to study the impact of increased sink
capacity.
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ResultsandDiscussion
Model evaluation
Ingeneral,themodelestimatedpatternsofLAIaccurately for allNfertilizer treatments inthe
1992 experiment, although there was a slight underestimation during the early growth stages
(Figure9.1).TotalNuptakewasalsosimulated accurately for 0-and 180-Ntreatments,butN
uptake after flowering wasoverestimated for the225-Ntreatment. Themodel underestimated
dry matter accumulation for all three treatments, particularly during initial stages. Perhaps
this was due to inadequate description of N effects on early growth of leaf area. Moreover,
the soilN supply model used inthis analysiswith a standard rate of 0.6 kgN ha-1 d_1,and a
maximum N uptake rate of 8 kg N ha"1 d-1, irrespective of N application rate, may not
accurately reflect theactualpattern ofN supply anduptakeinthatfield.
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Figure 9.1.
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Comparison of temporal changes in simulated and observed leaf area index, total N
uptake anddry matter of IR72grown at 0, 180and225 kg Nha"1.

Simulated grainyieldsand drymatter atmaturity werecompared withmeasured valuesofthe
1993 experiment. Measured and simulated grain yields varied between 4.4 t ha~ and 10.1 t
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ha-1 (Figure 9.2). Mean actual and simulated grain yields were 8.0 and 8.1 t ha-1,
respectively. Actual and simulated total dry matter had a similar relative magnitude of
variation. Mean measured and simulated dry matter were 17.3 and 17.6 t ha-1, respectively,
indicating good agreement between the two. For most treatments, simulated and measured
values were in close agreement except for treatments in which no N fertilizer was applied
before flowering and 150to 300 kg N ha-1 was applied at/or after flowering. It is likely in
these treatments that massive application of N to a N-deficient crop resulted in a very high
rate of N uptake, increasing the growth rate more than was simulated. In the model, the
maximumNuptakeratewasnotallowedtoexceed 8kgNha -1d_1.
Simulated totaldry matter (t ha -1 )
20

5
10
15
Measuredtotaldry matter (t ha -1 )
Simulated grainyield(t ha-1)
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Figure 9.2.
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Comparison of simulated and measured dry matter and grain yield at maturity of IR72.
Each point is a treatment varying in quantity (0 to 400 kg N ha"1) and/or schedule (1 to
7 splits) of Napplication.

Simulated impact ofindividualtraits
CurrentN managementinbreeder'splots
Without changing plant traits and with only 115 kg N ha"1 applied following practices in
breeder's plots, IR72 took 64 d to panicle initiation, another 25 d to anthesis, and 31 d for
grain-filling. The crop followed a typical pattern of LAI development with a maximum LAI
of6.Specific leafNwas2gNm"2attheseedlingstagebutdeclinedto 1.25gNnT2leafarea
byanthesisandto0.5 asthecropapproached maturity. Dry matterproduction was 14.91ha"
and mean grain yield was 7.7 t ha-1. The crop was not sink-limited because actual grain
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weight was less than the potential grain weight. Grain growth was,however, terminated due
to achievement of physiological maturity dictated by thermal time, although green LAI was
still 2.0 atthat time. Whenthe maturity restriction was removed, grain growth continued for
another 10dbutinthisadditional perioddrymatter accumulationwasonly0.61ha"1because
ofrapid senescenceandlowspecific leafN(Table9.1).

Table 9.1.

Simulated Impact of alteration in different plant traits on rice grown under current N
management practices inthe breeders plots in the dry season at Los Bafios, and with
andwithoutan increase ingrain-fillingduration.

Alteredplanttrait

Thermaltimefor GFDa

30%increase
Standard
GYb GNOc GW1 TDMe
GYb GW1 TDMe GFDa
Control (IR72)
7.7 37500 20.5
5.5
8.4 22.3
6.1
41
7.9 38200 20.8
5.6
8.5 22.4
6.2
40
Juvenilephase
Panicleformation stage
7.9 46800 16.8
5.4
8.4 18.1
5.8
40
8.4 22.6
6.2
41
LeafN concentration
7.7 37400 20.7
5.6
41
8.3
21.3
5.9
Specific leafarea
7.7 38800 19.8
5.5
41
8.4 18.6
6.1
Spikeletgrowth factor
7.7 45000 17.1
5.5
41
8.4 22.3
6.1
Potential grainweight
7.7 37500 20.5
5.5
"GFD grain-filling duration(d),meanGFDwas30-31dwithstandardthermaltime.
b
GY
weightofroughriceat 14%moisture(tha"1).
c
GNO grainnumberm~2.
d
GW individualgrainweight(nig).
e
TDM above-grounddrymatterduringgrain-filling (tha"1).
Reducing the rate of development of the juvenile phase increased the duration of the
vegetative phase by 8d. Total drymatter at anthesis was 1t ha"1 more than that of IR72 but
thisdid nottranslate into anincreaseingrainyieldduetoattainment ofthermal time limit for
grain-filling. Removal of that restriction did not increase grain yield, however, due to low
specific leaf N content during the extended period and maintenance respiration associated
with the increased dry matter accumulated before flowering. Reducing the rate of
development during panicle formation stage increased the duration of this phase by 6 d.
Consequently, dry matter and grain number increased (Table 9.1), but there was no
significant increase ingrainyieldwithorwithout extension ofgrain-filling duration.
Increase in specific leaf area or maximum leaf N concentration also had no effect on dry
matter production and grain yield (Table 9.1). The increase in specific leaf area resulted in
greater leafareaindex and lightinterception but duetoanassociated decrease inspecific leaf
N, there was no effect on growth rate. Increase in LAI during early canopy development
wouldhaveeffected growthratebut,inthemodel,early leafareadevelopment is independent
of specifie leaf area. Increased maximum leaf N concentration created an additional crop
demand for N, which resulted in faster uptake of available N and consequently an increased

122

Genotypicstrategiesforincreasingyieldpotential

specific leafN andgrossphotosynthesisrateuptopanicleinitiation.Thereafter, the crop was
N deficient, whichcausedfaster leafsenescence andnoincreaseinyield.
Increasing sink capacity by either increasing the number of spikelets or by increasing the
potential grain weight also had no effect on grain yield (Table 9.1). In both cases, crop
growthwasterminated duetoattainment ofphysiological maturity. Whenthislimitation was
removed, grain-filling duration increased by9dbuttheincreased sinkcapacity wasnot filled
due to lack of increased post-anthesis dry matter accumulation (Table 9.1). Thus, relative to
IR72,increased sinkcapacityhadnoeffect ongrainyield.
RecommendedNmanagementfor highyieldpotential
Inthistreatment, an additional 30kgN ha-1 wasapplied at flowering. This increased IR72's
specific leafN during panicleformation and grain-filling stageby 15to 20%and delayed the
senescencerate.Theincreased growthresulted inrelatively moremaintenance respiration but
the increase in gross photosynthesis was sufficient to achieve greater dry matter, individual
grainweight andyield(Table9.2).Grainyieldinthistreatmentwas 1.11ha-1 morethanwith
the N management used in breeder's plots. This increase is comparable with the increase
from N application at flowering in field conditions reported by Kropff et al. (1993). Our
simulation results alsoreveal thatby maturity, the grainshad attained 94%of their potential
weight and,therefore, whenthethermal timerestrictions were lifted, therewas anincrease of
only 5 d in grain-filling duration and 0.1 to 0.2 t ha"1 in dry matter and grain yield (Table
9.2).

Table 9.2.

Simulated impact of alteration in different plant traits on rice grown under
recommended N management practices for high yield potential in the dry season at
Los Bafios, andwith andwithout an increase ingrain-filling duration.

Altered planttrait

Thermaltimefor GFDa

Standard
30% increase
GYb GWd TDMe GFDa
GYb GNOc GW1 TDMe
8.8 37900 23.2
6.5
9.6
25.0 7.1
37
Control (IR72)
6.6
25.0 12
36
Juvenile phase
9.0 38600 23.4
9.7
6.4
10.1 21:3 7.2
40
Panicleformation stage
9.0 47300 19.1
36
8.8 37900 23.4
6.5
9.5
25.0 7.1
LeafN concentration
39
6.5
9.8
24.8 7.3
Specific leafarea
8.9 39400 22.6
19.4
6.5
10.0
21.9
7.5
41
Spikeletgrowth factor
8.8 45500
41
6.5
10.0 26.3 7.5
Potential grainweight
8.8 37900 23.2
a
GFD grain-filling duration(d),meanGFDwas30-31dwithstandardthermaltime.
b
weightofroughriceat 14%moisture(tha-1).
GY
2
c
GNO grainnumberm~ .
d
GW individualgrainweight(mg).
1
e
TDM above-grounddrymatterduringgrain-filling (tha" ).
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Increases in duration of the juvenile phase, specific leaf area and maximum leaf N content
had little effect on grain yield with or without increase in grain-filling duration because postanthesis dry matter did not increase due to N deficiency in the canopy (Table 9.2). Increasing
the sink capacity by either increasing the number of spikelets or by increasing potential grain
weight or by increasing the duration of panicle formation had no significant effect on grain
yield unlessthe grain-filling duration was extended (Table 9.2).

Growth-rate-driven N management
IR72 in this treatment always maintained relatively higher specific leaf N particularly during
the crucial stages of panicle development and grain-filling. Relative to the other treatments,
which lacked late applications of N, the crop had greater dry matter production in both
vegetative and grain-filling stages and a mean grain yield of 9.6 t ha -1 . This yield level is
comparable with the yield achieved in the field studies of Cassman et al. (1993) and Kropff et
al. (1994a) with N rates of 225 kg N ha -1 , which included an application of 45 kg N ha -1
during flowering. The crop maintained more LAI throughout the grain-filling period than in
the recommended management treatments of Table 9.2. Grain number was also larger and yet
the grains attained 98% of their maximum weight, indicating a sink limitation. Removal of
the thermal time restriction therefore had only a small effect.

Table 9.3.

Simulated impact of alteration indifferent planttraits on ricegrown under cropdemanddriven N management practices inthe dry season at Los Bafios, and with and without
an increase ingrain-filling duration.

Altered plant trait

Thermal time for GFD a

30°X increase
Standard
GYb GW1 TDM 6 GFD a
GYb GNO c GW" TDM 6
Control (IR72)
7.2
9.9
25.0 7.4
32
9.6 39200 24.6
7.4
Juvenile phase
10.1 40700 24.9
10.3 25.0 7.6
31
Panicle formation stage
7.3
11.9 24.4 8.8
40
10.1 48800 20.8
7.4
10.1 25.0 7.6
31
LeafN concentration
9.9 40000 24.8
7.4
33
Specific leaf area
10.0 40700 24.5
10.3 25.0 7.7
Spikelet growth factor
7.3
11.5 24.5 8.8
40
9.7 47000 20.8
11.4 29.2 8.7
40
Potential grain weight
9.7 39200 24.9
7.3
a
GFD grain-filling duration (d),meanGFDwas30-31dwith standard thermaltime.
b
GY
weight ofrough riceat 14%moisture (t ha-1).
c
GNO grain numberm~2.
d
GW individual grainweight (mg).
e
TDM above-ground drymatterduringgrain-filling (tha"1).
Increase in crop duration resulted in greater total dry weight but almost negligible
change in dry matter accumulation during grain-filling. The grains reached potential grain
weight before the thermal time limit. In contrast, increased duration of the panicle formation
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phase gave greater total growthinthat critical period and greater grain number. Grains could
not achieve potential weight due to thermal time restrictions. Without this limitation, grainfilling duration and yield increased (Table 9.3). The responses to increase in specific leaf N
and specific leaf area were similar to those in treatments with the recommended N
management.
Increasing sink capacity by either increasing the number of spikelets or by increasing
potential grain weight did not change grain yield (Table 9.4). When the thermal time
restriction was removed, the grain-filling duration was extended by 9 d and yields reached
11.51ha-1,a 16%increaseoverIR72.

Table 9.4.

Traits of selected varieties yielding 12 t ha

or more at growth rate-driven N

management andwith extendedgrain-fillingduration.

Variety

% change n
N m a xS L A

Control(IR72)

Pot.G W 1

PFP

GNO

GW

SPGF

0

0

0

22.0

25

40000

22.0

2
3
15
8
0
17
15
7
19
14
1
17
4

1
2
0
12
13
-6
5
13
-16
17
7
0
20

13
-1
17
7
-3
4
12
15
2
17
17
16
17

27.9
26.9
28.0
25.9
28.5
28.5
29.1

24
29
24
27
29
23
26
25
29
29
30
25
25

43500
45700
45100
47600
45200
38100
47900
48100
46200
53700
55100
46600
49000

24.6
23.1
24.1
22.9
23.3
27.9
22.9
22.5
23.0
20.0
19.1
23.3
22.3

Group1

31
59
87
92
126
180
313
343
375
396
419
444
488

30
28.8
26.4
27.3
26.3
24.1

Group2
24.4
52600
20.1
55
2
2
17
28
21.9
49300
21.6
100
-3
15
14
26
23.7
52300
20.9
167
12
2
14
28
29.9
45100
24.8
195
11
14 -11
30
25.7
26.9
41700
198
17 -18
0
26
28.7
29.0
37000
215
-2
12 -17
26
43300
24.6
27.0
258
-9
1
12
23
21.2
21.9
50300
286
-11
12
7
28
37600
29.3
29.4
304
16
17
-6
23
24.2
44900
1
0
5
27.0
26
308
27.4
45600
23.3
362
5 -18
10
26
20.6
27.4
52500
366
3 -11
16
28
52000
20.5
26.0
435
-3
0
14
28
1
(Potential)GW: individual grain weight(mg);PFP:duration ofpanicle formation phase(d),GNO:
grain number m~2;Nmax: maximum leaf N concentration (%); SLA: specific leaf area (m2 g-1);
SPGF:spikeletgrowthfactor (numberkg"1 drymatter).
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Simulated impact ofcombination oftraits
CurrentN managementinbreeder'splots
Of 500hypothetical genotypes, 221 yielded more than IR72,but the maximum increase was
only 4.4%.All others had either the same or lower yield than IR72.Because this increase is
not more than the impact of individual traits (Table 9.1), data for this analysis are not
presented. There was a strong negative relation between final grain number and grain weight
although both spikelet growth factor and potential grain weight were increased
simultaneously inseveralgenotypes.Thiswasduetolimited post-anthesis drymatter divided
among a large number of grains. In the field, however, staggered grain-filling within the
panicleand spikelet abortionmayhelpinmaintainingaconstant grainweight.
Several genotypes had increased specific leaf area and N concentration but these did not
produce more dry matter. Table 9.1 reveals that increasing vegetative crop duration or sink
capacity alone cannot provide an advantage inyield. When combined, the two traits did not
have any additive effect on yield because grain growth was terminated by the thermal time
limit. We conclude that different combinations of these traits will not increase yield at the
relatively low N supply of this treatment, and thus it will be hard to select cultivars with a
significant increase ingrainyieldpotential atthe current level ofN management practiced in
breeder's screeningplots.
When thermal time restrictions were removed to allow grain-filling to continue, grain
yield of IR72, with current N management and no change in any trait, increased from 7.8 to
8.3 t ha-1 (Figure 9.3A). Several simulated genotypes (185) had higher grain yield but the
maximum increase was only 4%. Larger increases were not possible due to reduced growth
rates in the extended grain-filling period, due to increased maintenance respiration and
dilution ofleafN.
RecommendedNmanagementfor highyieldpotential
A total of 177 genotypes yielded more than IR72 but the maximum increase was only 4%.
This was only marginally better than the effect of individual traits. When grain-filling
duration wasincreased, grainyieldofIR72increased to9.61ha"1. Simulated genotypeswere,
atbest, only 6.5%better than IR72(Figure 9.2).All higher-yielding genotypes had increased
sink capacity caused bydifferent combinations ofincreased duration ofthepanicle formation
phase, spikelet-growth factor or potential grain weight. Their response was similar to that
observed by changing the individual factors regulating sink capacity (Table 9.2). The results
alsorevealed thatatthislevel ofNmanagement,thereisnonecessity toincrease crop growth
rate by increasing either leaf area index or specific leaf N (data not shown). Furthermore,
reducing either of them would not have any negative effect as isevident by the performance
ofseveral hypothetical genotypes wherebothspecific leafareaandN concentration were less
thanthoseofIR72.
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Growth-rate-drivenNmanagement
With growth-rate-driven N management, IR72 yielded 10.0 t ha"1, which is 23%more than
its yield with current management in germplasm screening plots (Table 9.1). Without an
increase in grain-filling duration, a total of 246 genotypes yielded more than IR72; the
maximum yield achieved was 11.21ha"1.Sixgenotypesyielded atleast 10%morethanIR72.
A major cause of increased grain yield of these lines was a 9to 14d increase inthe growth
duration.
Grain yield (t ha- 1 )

100
Figure 9.3.

200
300
400
Genotype number

500

Simulated grain yield of 500 hypothetical genotypes characterized by different
combinations of traits grown with (A) current N management practices, (B)
recommended N management and (C) growth-rate-driven N supply. Each point
represents a genotype. The horizontal line in each figure is the yield level of check
cultivar IR72 inthat management.

When thethermal time for grain-filling was increased, grain yield of IR72 increased only by
0.2 t ha-1 because the crop attained its potential grain weight and thus had a sink limitation.
When this constraint was removed by increasing sink capacity either by increased spikelet
growth factor or potential grain weight, however, grain-filling duration increased by 9 to 10
d, substantially increasing post-anthesis dry matter accumulation and grain yield for several
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genotypes (Figure 9.3). There were 135 genotypes that yielded more than 12 t ha"1. All of
these had greater sink capacity established either by increased spikelet-growth factor, or
potential grain weight, or greater duration of the panicle formation stage. In addition, dry
matter duringgrain-filling wasincreasedby 1.3 to2.2tha-1. Table9.4 listscharacteristics of
some selectedhigh-yielding genotypes classified byduration. Group 1 consisted of genotypes
with asmall change induration. RelativetoIR72,these lines had higher specific leaf area,or
higher maximum leafN concentration, or both, resulting in increased dry matter particularly
during grain-filling, except for genotypes 31and 59,which had almost nochange ineither of
these traits. Thus, increased sink capacity and longer grain-filling duration were the main
causes of increased grain yield. There was only amarginal increase inthe total drymatter at
anthesis.
Group2consisted of genotypeswith2to8dincrease incropduration. These lineshad 1.0 to
2.0 and 1.2 to 2.0 t ha-1 increase in dry matter accumulation before and after anthesis,
respectively. Although most genotypes in these groups had larger specific leaf area or
maximum leafN concentration than IR72,therewere some with 10to 20%less specific leaf
area than IR72 (for example, nos. 118, 198, 362 and 366). It was not always necessary to
have a large compensatory increase in maximum leafN concentration in such genotypes (as
in nos. 362 and 366). Genotypes 100, 258, 286 and 435 had lower maximum leaf N
concentration than IR72. In such cases, there was no corresponding increase in specific leaf
area.

Conclusions
Sensitivity analysis of crop inputs of simulation models has often been used to determine
planttraits critical for greater yield potential. Inthis chapter, we havepresented a conceptual
approach to simulating stochastic mutations as in atypical breeding plot. Wehave also used
this methodology to mimic the consequence of agronomic management practices on
germplasm selection. This approach is likely to overcome limitations of using deterministic
simulation models in developing concepts for crop ideotypes. The success of this approach
depends, however, upon the capability of the simulation model to accurately simulate the
mode of action of traits, upon identification of natural variability in traits, and upon genetic
linkages among various traits. Incomplete understanding of the physiological processes and
databases on natural variability are inherent limitations of the simulation approach.
Nevertheless, once these limitations are overcome, the approach can provide useful
information on traits required for greater yield potential and on management practices
required fortheircomplete expression.
Thefollowing arethe specific conclusions ofthis study:
1. Thepresently available germplasm, similarto IR72,hasyield potential of 9to 101ha-1 in
irrigated,tropical,dry seasonenvironments undersuitableN management.
2. The growth rate required for greater yield potential can generally be met through better
management. Change in plant architecture may be required only when total crop N
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demand ismet.In suchascenario,increasingtheduration ofpanicleformation phaseby a
few dayswouldincreaseNuptake,and sinkcapacity,andhenceyield.
3. Increasing crop duration may increase biomass, but not grain yield, in crops grown at
suboptimalN supply.Thiswasalsoobserved infield experiments (for example, Dingkuhn
et al., 1991b). Even with abundant N supply, increased crop duration may result in
increasedyieldonlyifthatincreaseoccursinthepanicleformation phase.
4. Sink capacity can be increased by either increasing the length of the panicle formation
phase, or by increasing the spikelet growth factor, or by larger potential grain weight.
Natural variability in all three of these traits is well-known. Sink capacity has been
increased in IRRI's new plant type (Khush, 1990; Peng et al., 1994). But to fill this
increased capacity with carbohydrates, itwill benecessary to optimize N management (to
keep leaf N content reasonably high during grain-filling) and simultaneously increase
grain-filling duration. Strongvariation inricegrain-filling duration hasnotyet been found
(Yoshida, 1981; Dionora and Kropff, 1995) although it has been documented in some
othercrops(BooteandTollenaar, 1994).
Change inyield at optimal
N management (%)
30

B

20
10

-10
-20
-30

Figure9.4.

_8
_6
-A
-2
0
2
4
Change inyieldat current Nmanagement (%)

Percent change insimulated grainyieldofdifferent genotypes (relative totheyieldof
IR72 at the same management level) grown with practices followed in breeders'
germplasm screening plots (current management) plotted against percent change of
same genotypes grown with recommended and growth-rate-driven N management.
Eachpointrepresentsagenotype.

5. At the level ofN management currently practiced by IRRI breeders,the search for higher
yieldpotential maybeimpossible eventhoughthe germplasm being screened may possess
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appropriate traits. These traits need better N supply to express their potential. This is
illustrated inFigure 9.4 where the relative change in simulated grain yield of hypothetical
genotypes (analogous to breeding lines in a screening plot) grown under current
management is plotted against relative change in yield in an environment where crop N
demand is met moderately well. All genotypes in quadrant A have substantially greater
yield potential than IR72 but would never be selected because they would yield less than
the check cultivar under current N-management practices. Genotypes in quadrant B are
high-yielding at both levels ofmanagement but itwould be difficult to identify them with
current management due to a relatively small increase in grain yield (<5%) in that
environment. Genotypes in quadrant C would yield more with current management but
less with improved management. Genotypes in quadrant D would perform poorly in all
environments andwouldinvariablybediscarded.
6. Simulation analysis indicated that the interactions between source availability, sink
capacity and thermal time-determined physiological maturity are very critical and merit
greaterresearch attention.
7. Lodging and pest and disease incidence increase intropical environments whenN supply
is increased. Current recommendations for N application have been adopted to minimize
these constraints, and optimize yield and yield stability. There is a need to examine the
'trade-off trap' between yield loss and variability due to pests and lodging and the
increased yieldpotential duetohigherN application todetermine if greater yield potential
ispossible infield environments.

References
Aggarwal, P.K. 1995. Uncertainties in crop, soil and weather inputs used in growth models: Implications for
simulated outputs andtheir applications. Agric. Syst.48:361-384.
Aggarwal, P.K., Kropff, M.J., Matthews,R.B.and McLaren, C.G. 1996.Using simulation models to design new
plant types and to analyse genotype and environment interactions. Pages 403-418. In: Cooper, M. and
Hammer, G.L. (Eds.).PlantAdaptation and Crop Improvement. CAB International, Oxford.
Ten Berge, H.F.M., Wopereis, M.C.S., Riethoven, J.J.M., Thiyagarajan, T.M. and Sivasamy, R. 1994.
ORYZA0 model applied to optimize N use in rice. Pages 235-253. In: Ten Berge, H.F.M., Wopereis,
M.C.S. and Shin, J.C. (Eds.).N Economy of Irrigated Rice: Field and Simulation Studies. SARP Research
Proceedings. IRRI,Los Bafios, Philippines andAB-DLO, Wageningen.
Boote, K.J. and Tollenaar, M. 1994. Modeling genetic yield potential. Pages 533-565. In: Physiology and
Determination ofCrop Yield. American Society ofAgronomy, Madison, Wisconsin.
Bouman, B.A.M. and Jansen, M.J.W. 1993.RIGAUS:Random input generator for the analysis of uncertainty in
simulation, Simulation ReportNo. 34.CABO-TPE,Wageningen, 26pp.
Cassman, K..G. (Ed.) 1994. Breaking the Yield Barrier. International Rice Research Institute, Los Bafios,
Philippines, 141pp.
Cassman, K.G., Kropff, M.J., Gaunt, J. and Peng, S. 1993.N use efficiency of rice reconsidered: What are the
key constraints? Plant Soil 155/156:359-362.
Cassman, K.G., Kropff, M.J. and Yan Zhen-De. 1994.A conceptual framework for N management of irrigated
rice in high yield environments. Pages 81-96. In: Virmani, S.S. (Ed.). Hybrid Rice Technology: New
Developments and Future Prospects. International Rice Research Institute, Los Bafios, Philippines.
Crosby, J.L. 1973.Computer Simulation inGenetics.John Wiley, London, 477pp.
De Datta, S.K. 1986.ImprovingN fertilizer efficiency in lowland rice intropical Asia. Fert. Res.9: 171-186.
Dingkuhn, M., Penning de Vries, F.W.T., De Datta, S.K. and Van Laar H.H. 1991a. Concept for a new plant
type for direct seeded flooded tropical rice. Pages 17-38. In: Direct Seeded Flooded Rice in the Tropics.
International RiceResearch Institute,Los Bafios, Philippines.

130

Genotypicstrategies for increasingyield potential

Dingkuhn, M., Schnier, H.F., De Datta, S.K., Dorffling, K. and Javellana, C. 1991b. Relationship between
ripening-phase productivity and crop duration, canopy photosynthesis and senescence in transplanted and
direct-seeded lowland rice.Field Crops Res.26:327-345.
Dionora, M.J.A. and Kropff, M.J. 1995. Variation in the rate and duration of grain filing in rice genotypes.
Pages 123-128. In: Aggarwal, P.K., Kropff, M.J., Matthews, R.B. and Van Laar, H.H. (Eds.). Applications
of Systems Approaches in Plant Breeding. SARP Research Proceedings, IRRI, Los Bafios, Philippines and
AB-DLO, Wageningen.
Drenth, H., Ten Berge, H.F.M. and Riethoven, J.J.M. (Eds.) 1994. ORYZA simulation modules for potential
and N limited rice production. SARP Research Proceedings. IRRI, Los Bafios, Philippines and AB-DLO,
Wageningen, 223pp.
Hossain, M. 1995. Sustaining food security for fragile environments in Asia: achievements, challenges and
implications for rice research. Pages 3-23. In: Fragile Lives in Fragile Ecosystems. International Rice
Research Institute, LosBafios, Philippines.
Khush, G.S. 1990. Varietal needs for environments and breeding strategies. Pages 68-75. In: Murlidharan, K.
and Sidiq, E.A. (Eds.).New Frontiers inRice Research. Directorate ofRice Research, Hyderabad, India.
Kropff, M.J., Cassman, K.G., Van Laar, H.H. and Peng, S. 1993.N and yield potential of irrigated rice. Plant
Soil 155/156:391-394.
Kropff, M.J., Cassman, K.G., Peng, S., Matthews, R.B. and Setter, T.L. 1994a. Quantitative understanding of
rice yield potential. Pages 21-38. In: Cassman, K.G. (Ed.). Breaking the yield barrier. International Rice
Research Institute, Philippines.
Kropff, M.J., Van Laar, H.H. and Matthews, R.B. 1994b. ORYZA1: An ecophysiological model for irrigated
riceproduction. SARPResearch Proceedings. IRRI,LosBafios, Philippines andAB-DLO, Wageningen, 110
pp.
Kropff, M.J., Haverkort, A.J., Aggarwal, P.K. and Kooman, P.L. 1995.Using systems approaches to design and
evaluate ideotypes for specific environments. Pages 417-435. In: Bouma J., Kuyvenhoven, A., Bouman,
B.A.M., Luyten, J.C. and Zandstra, H.G. (Eds.). Eco-regional approaches for sustainable land use and food
production. Kluwer Academic Publishers,TheNetherlands.
Peng., S., Khush, G.S. and Cassman, K.G. 1994. Evolution of the new plant ideotype for increased yield
potential. Pages 5-20. In: Cassman, K.G. (Ed.). Breaking the yield barrier. International Rice Research
Institute, Los Bafios, Philippines.
Penning de Vries,F.W.T. 1991.Improving yields: designing and testing VHYVs. In: Penning deVries, F.W.T.,
Kropff, M.J., Teng, P.S.andKirk, G.J.D. (Eds.). Systems Simulation atIRRI. IRRIRes.Pap. Series 151: 1319.
Sutoro and Makarim, A.K. 1995. Variability in crop physiological inputs used in simulation models of rice.
Pages 107-112. In: Aggarwal, P.K., Kropff.M.J., Matthews, R.B.and Van Laar, H.H. (Eds.).Applications of
Systems Approaches in Plant Breeding. SARP Research Proceedings, IRRI,Los Bafios, Philippines andABDLO, Wageningen.
Van Keulen, H. and Seligman, N.G. 1987. Simulation of water use, N and growth of a spring wheat crop.
Simulation Monographs, Pudoc, Wageningen, 310pp.
Vergara, B.S., Chang, T.T. and Lilis, R. 1969. The Flowering Response of the Rice Plant to Photoperiod. Tech.
Bull. 8.International Rice Research Institute, Los Bafios, Philippines.
Wopereis, M.C.S., Ten Berge, H.F.M., Maligaya, A.R., Kropff, M.J., Aquino, S.T. and Kirk, G.J.D. 1994. N
uptake capacity of irrigated lowland rice at different growth stages. Pages 108-129. In: Ten Berge, H.F.M.,
Wopereis, M.C.S. and Shin, J.C. (Eds.).N Economy of Irrigated Rice: Field and Simulation Studies. SARP
Research Proceedings. IRRI,Los Bafios, Philippines andAB-DLO, Wageningen.
Yoshida, S. 1981. Fundamentals of Rice Crop Science. International Rice Research Institute, Los Bafios,
Philippines, 269pp.

131

Genotype byenvironment interactions

10.
plant

Using simulation models to design new
types and to analyse genotype by
environment interactions inrice

Abstract
Crop simulation models may be able to assist in plant breeding improvement
programmes through the identification and evaluation of critical traits needed to develop
new plant types for different regions and for management systems. In addition, models
may facilitate the useof quantitative understanding of physiology to interpret genotype by
environment interactions. The crop simulation model ORYZA1was used to identify useful
physiological traits ofa plant type with increased yield potential.The results demonstrated
that the relative importance of different traits may change with season and a20% change
in any one individual traits could only provide a small increase in yield potential. For a
quantum gain in rice yield potential, it is important that leaf area, leaf N, spikelet number,
potential grain weight and grain filling duration are increased simultaneously. With such
changes, grain yields higher than 10t ha -1 could besimulated consistently over 32 years
inthe dry season in Philippines. Various plant types with combination of changes in these
traits were simulated to increase yield potential by 15 - 40% over existing plant types.
Once a genotype is characterized in terms of its critical physiological traits, crop models
may be able to predict its performance intarget environments. Examples are presented to
demonstrate that crop simulation models are able to produce GxE interactions similar to
those observed in experimental data. A framework is described for using crop simulation
models and statistical analysis together to increase the efficiency of multi-environment
genotype testing. Experiments are now in progress incollaboration with regional, national
and international germplasm evaluation networks toexplore these opportunities further.

Introduction
Theyieldpotential of current ricevarieties inthe dry season oftropical environments suchas
those in the Philippines is about 10 t ha-1. This has not changed significantly since the
introduction of IR8 30years ago (Kropff et al., 1994a).Major achievements have been made
by shortening the growth duration from 130 days (IR8) to less than 110 days, along with
incorporation of resistance against pests and diseases. At many places in Asia, actual
production of rice will be reaching its yield potential in coming decades (Penning de Vries,
1993). Therefore, it is necessary to increase our efforts to raise the yield potential of rice in
thetropics.
Breeders spend considerable time and effort in conceptualizing plant types (Hunt, 1993).
The largest challenge in ideotype breeding is deciding which traits to combine. Considering
the climatic variability where tropical rice is grown and the diverse level of management
practices in different regions, different plant types may be needed for the different agro-

Published as: Aggarwal, P.K., Kropff, M.J., Matthews, R.B. and Mclaren, G. 1996. Usingsimulation models to
design newplant types and toanalyzegenotype by environment interactions inrice. Pages 403-418. In: Cooper,
M andHammer, G.L. (eds.).Analysis and interpretation ofgenotype by'environment interactions, CAB,Oxford.
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ecologicalzones.Conceptualphysiological modelsofplanttypesfor increasedyield potential
have beenproposed, but progresshasbeen limited duetothe difficulty of identifying critical
traits, feedback among physiological processes, evaluation of these traits in specific
environments,andlackofgeneticvariability (Marshall, 1991).Simulation modelsmayprove
useful for examining hypotheses and setting breeding goals for different traits by examining
historical weather data and applying techniques of risk analysis. Sensitivity analysis of the
model parameters isanalogous tothe creation of genetic isolines since only oneparameter is
changed whilekeeping the rest oftheplant characteristics constant. They havebeenused for
designing plant types in rice (Dingkuhn et al., 1991;Penning de Vries, 1991;Kropff et al.,
1994a) and in other crops (Jordan et al., 1983; Hammer and Vanderlip, 1989; Aggarwal,
1991;MuchowandCarberry, 1993).
Apart from conceptualizing plant types and selecting appropriate parents, line evaluation
and release is another major activity consuming considerable resources of plant breeders
(Hunt, 1993). Adaptation of newly developed genotypes to different environments is
evaluated over several seasons. Simulation models can be used to assist in evaluating and
extrapolating the performance of a genotype from one site to another (Dua et al., 1990;
Palanisamy et al., 1993). Agroclimatic analysis provides valuable information to breeders
about occurrence, severity and frequency ofmajor environmental stresses.Choice of sites for
multi-environment testing isoften based on suchconsiderations. Crop models canbe used to
relate environmental variability to plant growth and productivity at different locations and
over different seasons and thus help in biological characterization of physical environments.
The objectives of this chapter are to examine opportunities for using crop models : a) in
identifying critical traits that would result in increased rice yield potential in irrigated,
tropical environments and b) in multi-location evaluation of rice genotypes and in
interpretation ofgenotype-by-environment interactions.

DesignofPlantTypeforIncreasedYieldPotential
Themodel ORYZA1 (Kropff et al., 1994b)was used inthis study.Under favourable growth
conditions solarradiation andtemperature arethemainfactors determining thegrowthrateof
the crop. In the model, the maximum rate of CO2assimilation at high solar radiation levels
dependsupontheleafNconcentration. ThetotaldailyrateofCO2assimilation isobtained by
integrating theinstantaneous ratesofCO2assimilation overthe canopy leaf areaand over the
day. Phenological development rate is a function of ambient mean daily air temperature and
photoperiod. Transplanting shock delays crop development and increase in leaf area. Before
canopy closure, leaf area development is calculated asa function of mean daily temperature.
When the canopy closes, the increase in leaf area is obtained from the increase in weight of
leavesmultiplied byspecific leafarea.Partitioning ofdrymatterto leaves,stems,and grainis
based on a partitioning coefficient that depends on the stage of phenological development.
Thenumber of spikelets per unit area isdetermined bythe crop growth rate between panicle
initiation and flowering. Adverse temperature at time of meiosis/pollination may result in
spikelet sterility. Grains accumulate carbohydrates if available and until potential grain
weight (inputinthemodel)isreachedorwhenthecropreachesphysiological maturity.
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Inputrequirementsofthemodelare:latitude,dailymaximum andminimumtemperatures,
solarradiation, and datesof seeding andtransplanting. Varietal characterization isrequired in
the form of phenological development rates,relative leaf area growth rate, specific leaf area,
spikelet formation factor, 1000grainweight,leafNcontent andfraction ofstemreserves.
The model has been evaluated from several experiments varying in N input, genotype,
time and season of planting (Kropff et al., 1994b). The model predicted potential yields
ranging from 6to 15tha-1 inarangeofcontrastingenvironmentsreasonably accurately.
Importance ofindividualtraits
The importance of various traits was determined for the dry season and the wet season
environments using ORYZA1. Crop parameters for IR72 (Kropff et al., 1994b) and weather
dataof Los Banos,Philippines for last 32yearswereused. The critical model inputs of IR72
were varied by 20%to simulate the effect of an increase in leaf area development, sink size,
leaf N content, fraction of stem reserves, shoot:root ratio, leaf:stem ratio, and reduction in
maintenance respiration of leaves and crop development rates (increased duration) during
juvenilephaseand grainfillingperiod. Itwasassumedthat a20%change inmodel input will
represent extremes of variation available in most plant parameters. Recent data collected at
IRRI onrice varietal differences in model inputs suggests that the variation in most of these
traitsmaybecloseto20%(Aggarwaletal.,unpublished).
Grainyieldofthe standard crop(IR72)variedbetween 5.2 and 8.5 tha-1 inthewet season
and between 7.6 and 10.5tha"1 inthe dry season. Fifty percent of yields exceeded 6.8 t ha"1
inthewetseasonand9.01ha"1inthedry season. Simulated yieldswerehigherthan generally
observed experimental yields for the wet season. This was partly be due to higher leaf N
contentused inthepresentanalysis. Simulated grainyieldsfor thedry seasonweresimilar to
thoseobtained inwellmanaged experiments.
Theresultsofvarying traitsby 20%showedthatthe cropresponse varied withthe season.
Table 10.1presents summary results of minimum, maximum and median level of changes in
the wet season and the dry season. A 20%reduction in the rate of development during basic
vegetative period (consequently increase in crop duration to anthesis) decreased yields in
some years and increase in some others. Increased crop duration to anthesis often resulted in
reduced grain filling duration, increased spikelet sterility and sink limitation depending upon
the weather, which resulted in lower grain yields in some years. Increased duration
nevertheless resulted in higher LAI and growth. There was a 50%probability that the grain
yieldswouldincreaseby 5%inbothseasons(Table10.1).
Reduction incropdevelopmentrateduringgrainfilling allowslongergrainfilling duration
provided there is sufficient sink capacity and source availability. A 20% reduction in
development rateincreased grain filling duration inmost years for the wet season and only in
fewyearsinthedry season.Inmostcases,theincrease ingrainfilling duration wasonly 1-4
days since grains reached their potential grain weight by that time. In the model, the crop
growth isterminated whenthe grains reachtheir maximum weight or when the carbohydrate
supply isfinished orwhenthecropreachesphenological maturity.
Increase inLAI early inthe season associated with increase inrelative growth rate of leaf
areagenerally had apositive effect ongrainyield inboth seasons (Table 10.1).Increased LAI
resulted in greater interception of radiation. The consequent increase in growth resulted in
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slightly higher grain number and hence grain yield. Larger increases were not possible in
most cases because crop growth was terminated with the achievement of potential weight of
individual grain.Increased leaf areaduring later stagescaused by increased specific leaf area
increased yields up to a maximum of 11 - 12%.In 50%of the years, this increase was less
than or equal to 8%. ORYZA1 assumes that that when LAI is increased, more nitrogen will
bemadeavailabletotheplanttomaintain leafnitrogen content atthesame level asincontrol
crop. However, it is possible that increased leaf area may not have the same N content as in
controlcrops.
A20%increase in leafN content resulted in 2 - 12%increase in grain yield while a20%
reduction in maintenance respiration rate of leaves led to a.O - 5% increase in grain yield
(Table 10.1).An increase in shoot:root ratio caused by decreased allocation of carbohydrates
to roots increased yields inboth seasons.In 50%of the years,the yield increase was 16%or
less in the wet season and 8% in the dry season (Table 10.1). Crops with greater leafstem
ratio caused by relatively increased allocation of carbohydrates to leaves also had higher
yields although the increase was always less than 7.2% (Table 10.1). Increase in stem
reservesfraction atanthesis increased yieldsbyamaximum of4%only.
Table 10.1.

Effect of a 20%change (decrease in crop development and respiration rates, increase
in all others) in input parameters of IR72 on change in simulated grain yield.
Simulations were made using 32 years of weather data for Los Bafios, Philippines.
Only the minimum, median and maximum levelofchanges areshown.

Parameter

Change in simulated grain yield (%)
Wet season
Dry season
Min.

Development rate during
juvenile period (°Cd_1)
Development rate during grain
filling (°Cd_1)
Relative growth rate of leaf
area(0Cd_1)
Specific leafarea,
(ha leafkg"1 leaf)
LeafN content
(gN m"2leaf)
Maintenance respiration of
leaves(kgCH 2 0 kg"1 DM d"')
Shoot:root ratio
Leafstem ratio
Fraction of stem reserves
Spikelet growth factor
(number kg"1DM)
1000grainweight, (g)
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Median

5.6

Max.
23.5

Min.

-8.7

Median

-24.3

4.9

Max.
18.3

0

9.5

23.4

0

2.0

14.8

0

7.2

19.3

0

4.0

14.5

3.7

8.0

11.6

2.3

7.5

11.2

3.4

8.2

5.5

3.7

7.3

10.2

0

2.3

4.8

0

2.2

4.6

0.24
0.9

16.0
4.3

0
0

1.9
0

32.5
7.2
4.1

7.9
5.6
1.7

23.9
6.8
2.2

21.0

1.6
1.5
0
0

0

11.4

0

0

21.6

0

0

11.4
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Increase insinksizedueeithertoanincreaseinnumberofspikeletsor 1000grainweightdid
notresult inanyincrease ingrainyield in 50%oftheyearsirrespective ofthe crop season.In
otheryears,ayield increaseupto21.6%wasobtained inthewet seasonand 11.4%inthedry
season.Yield increased onlyinthoseseasonswhere grainweightofcontrol cropshad already
reached the level of potential grain weight and source was still active. In other years, crop
growthwasterminatedduetothermaltimelimitationsoncropduration.
Overall, these results indicate that the relative importance of different traits may change
with seasonand a20%change inindividual traitscanprovide amaximum of 16%increase in
yield potential in 50% of the years. Greater increase may also be possible in some other
years. The magnitude of response to input change varies depending upon the interaction of
different traitsparticularlythoserelatedtosource-sinkbalanceindifferent seasons.
Multipletraits
Tofurther examinetheopportunities for increasingriceyield potential,anadditional analysis
was done using additional 'hypothetical' plant types (Table 10.2) for which, more than one
model input was varied by 20% simultaneously. Input parameters of IR72 (Kropff et al.,
1994b)weremodified toobtainthefollowing 'hypothetical' planttypes:
1. Increased sourcecapacity (achievedbyincreaseinleafNcontentandspecific leafarea).
2. Increased source (as in plant type 1) and spikelets (achieved by increasing the spikelet
formation efficiency).
3. Increased number of spikelets (as in plant type 2), longer grain filling duration (achieved
by reducing crop development rate during grain filling) and higher 1000 grain weight (30
gcomparedto25gofIR72).
4. Greater source (asinplanttype 1)andlongergrainfilling duration (asinplanttype3).
5. Greater source (as inplant type 1),increased number of spikelets (as inplant type 2) and
longer grainfillingduration (asinplanttype3).
6. Greater source (as in plant type 1), higher 1000 grain weight and longer grain filling
duration (asinplanttype3).
7. Greater source (as in plant type 1), increased number of spikelets (as in plant type 2),
increased 1000grainweight andlongergrainfillingduration(asinplanttype3).
The performance of these plant types was examined by simulating potential growth of rice
crops transplanted in the wet season (date of transplanting was 1July) and the dry season
(date of transplanting was 21 January). The simulations were conducted using daily weather
datafor thelast32yearsinLosBaflos,Philippines.
Theresults(Table 10.2,Figure 10.1) showedthattherewereimportant differences inyield
depending upon the plant type, crop season and the year of planting. All hypothetical plant
typesyieldedhigherthan IR72.Increased source availability (planttype 1)increasedyieldby
1.0 to 1.4 t ha-1 irrespective of the season (Figures 10.1A and B). This plant type also had
larger sink size (grain number) because spikelet formation inthe model is dependent on crop
growth rate between panicle initiation (PI) and flowering, which was increased by the leaf
changes assumed in this plant type. When the number of spikelets increased simultaneously
with LAI and leaf N content (plant type 2), median yields exceeded 10.9 t ha-1 in the dry
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seasonand8.11ha"1inthewetseason.Thisrepresented ayield increaseofmorethan 11ha-1
irrespective of the season (Figures 10.1A and B).Itisthus evident that increasing number of
spikelets (sink) alone would not result in greater yield unless accompanied by simultaneous
increase in leaf area and leaf N content (source). Considerable gains in yield potential can
alsobeobtained byincreasingthenumberofspikeletstogetherwithhigher 1000grain weight
and longer grain filling duration (plant type 3). Almost similar yields were obtained with
plant type4 inthe wet season where source capacity and crop development rate during grain
filling were changed by 20%. In the dry season, in 75%of the years, relatively more yield
was obtained with plant type 3 suggesting that increase in sink size is also essential.
Nevertheless, it is clearthat grain filling duration definitely needs to be increased to achieve
significant increase in grain yield. Simultaneous increase in sink size, source capacity and
grain filling duration (plant types 5, 6 and 7) was the best option for quantum increase of
yield. Comparison ofplant types 5and 6indicatesthat it wasnot critical whether increase in
sink sizewas achieved through more spikelets orhigher 1000grain weight. Thus, alternative
plant types can achieve similar increases in yield potential. Fifty percent of the yields
exceeded 9.6 t ha-1 in the wet season and 13t ha-1 inthe dry season when leaf area, leaf N
content, number of spikelets,potential grain weight and grain filling duration were increased
simultaneously by20%(planttype7,Figures 10.1AandB).

Table 10.2.

Characteristics of hypothetical plant types for simulation analysis to compare
performance with the standard variety IR72. Also shown are the simulated median
yields (t ha"1) obtained inthewet anddry season at Los Bafios.

Plant
type

IR72
1
2
3
4
5
6
7

Specific
leafarea
0
+20
+20
0
+20
+20
+20
+20

Changeininputparameter (%)
LeafN
Spikelet
1000
Development
content
growth
grain
rateduring
grain-filling
factor
wt
0
0
0
0
+20
0
0
0
+20
+20
0
0
0
+20
+20
-20
+20
0
0
-20
+20
+20
0
-20
+20
0
+20
-20
+20
+20
+20
-20

Simulated grainyield
Wet
Dry
season
season
6.9
8.0
8.1
8.6
8.7
9.5
9.5
9.6

Is it possible to obtain such a combination of physiological traits in reality? Increased
number of spikelets per unit area has already been achieved through introduction of genes
from tropicaljaponicas (Peng et al., 1994).Simultaneously, an increase in 1000 grain weight
should also be possible by selecting for high density grains. Grain density, related to 1000
grain weight, is a heritable character (Venkateswarlu et al., 1986).The well-known negative
relation between spikelet (grain) number and 1000grain weight observed in current varieties
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may not be easy to break unless source capacity is increased. An increased source as
simulated in these plant types was achieved through increased leaf N content and leaf area
during panicle formation and grain filling stages. In other words, there is a requirement for
large green leaves that senesce slowly during grain-filling and yet meet grain N and C
demand. Our unpublished results of a recent experiment involving 4 rice varieties and 4
nitrogen fertilizer treatments showed that it is possible to have thinner leaves with relatively
higherN content duringreproductive stages.Post-anthesis senescence can also bedelayed by
suitableN management. Increased yieldsbythis approach were demonstrated by Cassman et
al.(1993).

Grain yield(tha*1)

Figure 10.1.

Cumulative probability distributions of simulated grain yield for various rice plant types
in (A) the wet season and (B) the dry season at Los Bafios, Philippines. Plant type
details aredescribed inTable 10.2.
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The analysis so far has assumed that each of the relevant parameters was changed by 20%
from its standard value and each model parameter can be varied independently of the other
parameters. In reality, rice germplasm may have much less or much more variation for
individual parametersthan20%.Forexample,simulation resultssuggestthatincreasing grain
filling duration is essential for a quantum gain in yield potential. But in many rice varieties,
theperiod from flowering to maturity isrelatively constant suggesting that there isnot much
genetic variation available for selection. Although some studies indicate variation in grain
filling duration (SenadhiraandLi, 1984),critical examination ofmethodology and sourceand
sink balance is needed. Thus, even if final yield predicted by the model is sensitive to
variations intheseparameters,their lackofvariability places a limitation ontheprogress that
would be made by selecting for these characteristics. Often it ispossible to create additional
genetic variation in traits. Whether increased variation can be created in the critical model
inputsproviding yield advantage isnot clear atthis stage.Otherparameters, such asthe time
from sowing to panicle initiation are much more variable (Vergara et al., 1969) and greater
progress would be expected in selecting for such characteristics. But increasing total crop
duration may notbe practical from acropping system viewpoint. In addition, the simulation
results do not indicate major yield gains by changing duration alone. Increasing total crop
duration mayresult inadecrease inleafnitrogencontent (gNm"2 leafarea)andthus growth
andyield,unlesstotal leafNcontent isincreased simultaneously.
The results would also be greatly influenced by the temporal availability of nutrients and
water, other management and biotic factors and GxE interactions. Many rice production
systems have constraints of nutrients, irrigation and labour. Weeds, insects and diseases
reduce yield in most rice environments. There is a need to determine the importance of
different physiological traits in region specific agro-environments (Kropff et al., 1995).
Lodginghasahighprobability intropical environments,particularly inthewetseason.Many
of these aspects are not considered in crop models. Nevertheless, provided the negative
linkages among traits and physiological processes are adequately included in crop models, a
systems approach to plant type design can give useful indications asto which characteristics
breeders may be able to select for higher yield potential. In the Simulation and Systems
Analysisfor RiceProduction(SARP)Project (TenBerge etal., 1994),greater efforts arenow
being made to identify critical plant traits in regional agro-environments and to collect
information ongeneticvariability inthesetraits.

AssistingMulti-EnvironmentTesting
Breeding lines are generally evaluated across several locations and seasonstodetermine their
adaptation and stability over environments. Rice evaluation trials are conducted in hundreds
of locations by the International Network for Genetic Evaluation of Rice (INGER). For
example, inthe state of Tamilnadu in India, multi-location evaluation of rice is done over a
period of 10 years at 100 locations and a variety may be evaluated in as many as 288
experimentsbefore itisreleased (Palanisamy etal., 1993).Despitesuchextensivetesting itis
impossible to cover the whole range of environments. It may often happen that a specific
environmental challenge may not be available in natural environments to enable effective
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discrimination among breeding lines. Simulation models, well characterized in terms of
critical physiological traits, together with historical weather data and techniques of risk
analysismay be abletobeused for environmental characterization ofsites and for evaluating
G*Einteraction (Muchowetal., 1996).
Identification of superior genotypes is generally done by ranking yields of breeding lines
and their quality andpestresistance scoresrelativeto control checks.Simulation models can
beusedtoassesstherelativeperformance ofbreeding lines.Thenecessary cropinputscanbe
measured at a few carefully selected sites and the GxE interactions quantified over other
sites. Programs such as GENCALC (Hunt et al., 1993) are also available to determine the
model input parameters from experimental observations. The methodology can be used to
assess the performance of various genotypes across a much wider range of management
options than would be possible by experimentation. Palanisamy et al. (1993) used the
MACROS model to determine the relative performance of pre-release rice genotypes across
the state of Tamilnadu, India. The average simulated ranking of genotypes across locations
showed a reasonable agreement with measured values. Out of three best lines identified by
simulation two were also selected by the experimentation. Although this experience is
encouraging, small differences between lines (say less than 500 kg ha~'), as commonly
observed inmany well conducted multi-environment trials,aredifficult to simulatewith crop
models because of inaccuracies in measurement of model inputs and the fact that this is
approaching limits of model resolution. While such differences may not be statistically
significant they nevertheless lead to breeding lines being assigned different ranks.
Conventional field trials also encounter stresses such as pests and other management
problems which may affect expression of full yield potential. The decision to identify a
variety is dependent upon pest resistance score and quality as well. These aspects are not
considered in the current modelling effort and may cause differences among observed and
predicted genotyperankings.

Interaction ofcropmodels and statistical analysis:
Stability analysis techniques (Finlay and Wilkinson, 1963; Eberhart and Russell, 1966) are
used in many breeding programmes to describe the response of genotypes in multienvironment trials.The assumption in these trials isthat response of genotypes to change in
environment is linearly dependent on site quality.New statistical tools which do not require
this assumption, such as additive main effects and multiplicative interaction models (AMMI)
(Gauch, 1992)andpattern analysis (Delacy and Cooper, 1990)arebeingused to discriminate
among genotypes andtoexplainGxEinteraction.
It would be useful to see whether crop simulation models are able to replicate GxE
interactions asdetermined by statistical analysis ofexperimental data.Atthis stage,however,
no multi-environment trials are available for rice where crop input parameters necessary to
usecropsimulation modelsaremeasured. Therefore, inthischapter,wedescribe an approach
to get an idea of the magnitude and complexity of GXE interaction generated by the
simulation models.Irrigated grainyield of 26 genotypes was simulated using ORYZA1 over
ten locations in Asia (Joydebpur in Bangladesh, two sitesat LosBaflos in Philippines, Yezin
in Mynmar, Pingtung in Taiwan, Nanjing in China, Pattambi, Hyderabad, Cuttack and
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Kapurthala in India). The genotypes were 'created' by random combinations of eight crop
parameters (leaf N content, fraction of stem reserves, leaf:stem ratio, relative growth rateof
leaf area, specific leaf area, spikelet growth factor, and crop development rates during
juvenile phase andgrain-filling period) (Table 10.3).These parameters were varied withina
narrow range to simulate theextent ofvariation expected inanadvanced multi-environment
trial.

Table 10.3.

Percent change ininput parameters in26 hypothetical genotypes relative to IR72 used
to 'represent' physiological variation inanadvanced multi-environment trial.

Genotype

IR72
1
2
3
4
5
6

Change inInput Parameter (%)
LeafN
content
1.0
0
-10.8
8
-8
11

7
8
9
10
11

-6.8
9
11
5
3
8

12
13
14

-8
8
14

15
16
17

Stem
reserves
0.2
0
-47
-37
45
-16
-29

Leaf:stem Dev.rate Dev.rate Rel. growth Specific leaf
ratio
juvenile pan. dev. rate ofLAI
area
1.0
0.000773 0.000784
0.008
1.0
0
0
0
0
0
0
0
-4.2
-3.1
11
-14.1
-19
12
10
-21.4
3
3.4
-8.3
-21.1
-2.7
-2.5
6
-30.7
-19.1
4
1
1.9
3.5
3.5
-3.8
-7.8
3.7
-11.4
2.4
-14.8
-30.5
-4

-19.5

3.1
3.2
0
-15.7
-5.2

-7.1
-9.8
-7.3
1

43.5
-4.5

12.8
14.8

-14.1
9

-8.9
5
1

33.5
-0.5
11
29.5

15.3
-16.9
-21
-19.7

13
2
-2.3
-10.2

18

10

20.5

-14.8

19

-4.3

-19.3

20
21
22

15

-13.5
-14

-7.4
4

-27
-10.5
17
-18

-8.5
6
-7.7
10.3
12.9

23
24

13
1
-6.2

25

3
6

26

10
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-50
-21
36.5
-22

Spikelet
factor
64900

-4.5
7

-21.3

-7.1

-9.8
7
-3.3
-9.3
-15
-5.9
-1.7

3.9
-7
-13.6
-13.8
-12.3
-1.6
-28.3
-9.7
-15.3
-7.8
12.9
4.5
^1.3
-10.5
5
-7.1
6
-2.1
-21.3
-8.2

-14.7
-10.3
-25.1
-24.6
-32.5

-3.4
6.7
5.6
14.7
-10.6

-23.5
-21.3
-18.1
6.1

2.4
-7.4

-6.6
-5.6
-10.7

1.6
-11.5
-3.4

-6.1
-12.4

-7.8

-25.6
-16.1
-12.6
-14.3
-10.2
-30.9

-6.5
-0.4

4.2
6.1
13.5
20.4
-17.8
-24
-6.3

-8.5
1
-7.3
7
-5.2
2
-2.1
1
-9
-3.6
-5.6
-11.4
9
2
-2.1
1
0
-11.2
-2.5
2
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Figure10.2.

Interaction biplot for the AMMI2 analysis of simulated GxE data for 26 hypothetical
genotypes simulated over 10 environments (numbered points refer to genotypes
described in Table 10.3 and spokes join environmental scores to the origin. IPCA
scoresarethemultiplicativeinteractionscoresforgenotypesintheAMMI2model).

Environmental and GxE effects were of similar magnitude to that of many irrigated INGER
multi-environment trials (56% and 14% of total SS). Two multiplicative components
accounted for 76% of the GxE interaction. This low dimensionality is not usually seen in
experimental data where four or more axes are often needed to account for 50 - 60% of the
GxE SS. The AMMI biplot for the first two multiplicative interaction scores displays the
genotype and environment interaction scores on the same axes so that relationships can be
detected. This is shown in Figure 10.2.Itcanbe seenthat genotypes 1,2, 3,5, 12, 15, 16,17
and 22 are well adapted to sites Los Bafios, Yezin, Pingtung, Cuttack and Joydebpur while
genotypes 9, 13 and 26 are well adapted to sites Hyderabad and Kapurthaia at the opposite
end of the first axis. These two groups of genotypes only differ significantly with respect to
crop development rate duringjuvenile phase. The major difference between Hyderabad and
Kapurthaia and the opposite group of sites is that they have more radiation and a greater
change in temperature over season. Hence, we can deduce that genotypes 9, 13 and 26 with
lowdevelopment ratescouldtake advantage ofthese conditions atHyderabad and Kapurthaia
byextending grain filling period incoolertemperature.Onthe second axis,itcanbe seenthat
the interaction is caused by genotypes 19, 23, 20, 14, 8, 24 and 21 being well adapted to
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Pattambi and genotypes 25, 10,6,11 and 4 being adapted to Nanjing. These two groups of
genotypes again only differ significantly in the values of crop development rate during
juvenilephase,withthegroupadapted toNanjing havingthelowervalues.Thesites Pattambi
andNanjing differ significantly in latitude and temperature withNanjing, the higher yielding
sitehavinglowertemperature.
Takingtheaboveresultsasapositive indicationthatuseful aspects ofGxEinteraction can
be simulated by crop models and identified by statistical analysis, we have proposed the
strategy shown in Figure 10.3 for increasing the efficiency of METs at IRRI. This strategy
useslimited METsdatatoestimate genotype interaction scoresbyAMMI analysisfor all test
genotypes on one hand and to identify groups of genotypes with similar interactions via
pattern analysisontheother. Representative genotypes for each groupare identified andtheir
performance simulated over awider range of target environments. The interaction scores for
these new environments are estimated from the simulated responses and combined with the
genotype scores from the original MET to extrapolate GxE effects over the wider range of
environments. Again,because experimental data isnot yet available totestthisframework,a
simulation approach is described here to gauge its usefulness. The simulation results for the
26genotypes and 10sites asdiscussed abovewere regarded asexperimental data.They were
subjected topattern analysisusing rawresiduals from the additive genotype and environment
model as input data. Six genotype groups were identified, these are shown by the ovals in
Figure 10.2.One genotype from eachgroupwaschosenfromthecenter oftheovalstobethe
reference genotype representing that group. These reference genotypes were 5, 6, 7, 13, 15
and 23. Datafor eightnewenvironments werethen generated with ORYZA1for the same 26
genotypes.Thesewereusedto obtain hypothetical GxE effects asresiduals from the additive
model applied to this new data. The simulated interaction effects for the new sites are taken
to represent the unknown interaction effects we would like to estimate by simulation of the
reference genotypes. Hence an AMMI analysis with two interaction axes was fitted to the
newly generated data for the reference genotypes only. This was used to estimate
environment scores for the eight new sites. These scores were combined with the genotype
scores from the original 10-site simulation to provide estimates of the interaction effects in
the new sites. A highly significant positive correlation of 0.51 was observed between the
estimated and simulated interaction effects for the new sites indicating the potential for this
type of combination of statistical analysis and crop modelling to extend the range of GxE
information. Factors which will affect the quality of estimation of interaction effects are the
number of genotype groups in the original data set and the number of reference genotypes
used in the modelled data set as well as the degree to which the GxE effects of the new
environments arerepresented intherangeoftheoriginal setofenvironments.
These simulations and AMMI analysis results indicate that the crop model is generating
meaningful GXE interaction which can be detected and estimated by statistical analysis.
Clearly, it cannot generate interactions with factors not included in the model such as
diseases and pests and nutrient interactions. This may account for low dimensionality of
interactionin the simulated data. The next investigation of interaction between crop models
and statistical analysisistocomparetheanalysisofexperimental datawithdata simulated for
the same genotypes and environments. Work is now in progress in the SARP project, in
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collaboration with regional, national and international germplasm evaluation networks, to
evaluate the usefulness of this approach in analysing and interpreting G*E interaction (see
also Wade et al., 1996). If we find that simulation is generating the dominant interaction
effects, then the potential is indicated for the use of simulation to extend experimental
observationsofGxEinteractions overmultipleyearsorwidergeographical conditions.
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Figure 10.3. A framework for using crop growth simulation models and statistical analysis together
to increasetheefficiency ofmulti-environment genotypetesting.

Conclusions
Our results show that for breeding for increased yield potential, different approaches may be
taken. Changes in individual traits may not provide large increase in yield potential. An
optimal combination ofsourceand sinkcapacitytogetherwithincreased grainfilling duration
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is needed. Further evaluation is in progress to identify the optimal combinations of traits
related to phenology, leaf area development, sink size and their crop management
requirementsthatwillresultinhigheryieldinvarioustropical agro-environments.
Crop simulation models provide useful opportunities to extend detailed physiological
knowledge to plant breeding programmes. Together with statistical techniques they provide
an integrated system for design of plant types, understanding the causes of GxE interaction
andforextrapolatingperformance ofbreedinglines.
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The rapid increase in population during last few decades has reduced the availability of
cropland per person drastically in several developing countries. A larger increase in crop
productivity during lastthreedecades ensuredthattherewerenolarge-scale food problemsin
these regions.Theincreasing trend ofpopulation still continues inmany regions,particularly
in South Asia, which maythreaten their food security. Theworld asawholemaybeableto
produce enough food formeeting everyone's need, butdue tosocial, economic andpolitical
reasons, most food will need tobeproduced intheregions where needed (Rabbinge, 1999).
Understanding the yield potential of different regions, quantification of yield gaps and
strategiestoincreaseyieldpotential are,therefore, important issues.Systems simulation tools
help usinacquiring insights into these issues. Intheprevious chapters, applications ofcrop
models in understanding the wheat yield potential in different agro-ecological regions of
India andSoutheast Asia andindetermining strategies to increase rice yield potential have
been illustrated. Inthis chapter, major points emerging from these chapters arereviewedand
further discussed. Opportunitiesforfuture directionofresearcharealso elaborated.

Yieldpotentialofwheatin India
The results presented in Chapters 4 and5 have shown that inmost regions of India where
wheat iscurrently produced, climatic factors allowayield potential that ismuch higher than
actual yields.Thispotential increases with latitude andisrelated totemperatures during crop
season. Regions with greater potential for yield increase with agiven amount ofinput were
also identified. Forexample,results indicatethat optimal economicyieldsinPunjab and U.P.
state aresimilar andlarger yield gaps inmost districts ofU.P. state aredueto sub-optimal
input useandlateplantings. Based on 1990-91 statistics, fully irrigated districts (constituting
1/3 ofthe total wheat area ofthe country) alone showed anaverage yield gapof 1.96tha"1
andaproduction gapof16.2Mtons.Ifweconsiderthemostrecentproduction statistics,this
gapisalready reducedtolessthan onetha"1innorth-western regions andthustoabout 8 Mt
tonsinproduction. Further increase inyield inthesedistrictswill,therefore, beonly marginal
and slow.Theseestimatesofpotentialyield andproduction canhaveamaximum biasof10%
due to uncertainties in crop, soil andweather input parameters used inthe crop simulation
model.Research forthese regionsmustnowfocus onincreasing yield potential andinputuse
efficiency. In other regions, such asineastern India, there is still a large untapped potential
for wheatproduction. Greater focus ontheseregionsinfuture willhelp sustainfood security.
Although wheat in India is grown in the post-rainy season with very few cloudy days,
potential yields show considerable variance duetoyearly trendsinclimaticvariability. Delay
insowingresultsinsharpdecrease ingrainyield.Ingeneral,the highertheyieldpotentialthe
higher is the loss per day delay in sowing. A large fraction of this could be attributed to
delayed sowing time. Statistics show that inHaryana 40% ofthe wheat is sown much later
than the optimal sowing date which is about 15November (Sinha et al., 1998). Upto 10149
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15% area is sown even later than a month from optimal time. Similarly in Punjab, almost
25% wheat is sown in December. These sowings result in exposure of grain filing period to
relatively highertemperatures,resulting inreduced grainfilling duration andyield.
Results based on single commodity analysis however may have limitations. In Indogangetic plains,most wheat is grown after rice.The latter fetches higher price and thus even
if wheat sowings get delayed farmers make more profits per year. There is a need to analyse
cropproduction andprofits overthewholefarming systemwhichfarmers trytomaximize.
It is said that yields of rice and wheat have declined over last few years in some parts of
north-western India (Sinha et al., 1998).These areas witnessed a large increase inrice-wheat
system in the seventies. Because rice generally vacates fields late, particularly basmati rice,
wheat sowings get delayed which reduces yields.Comparison ofwheat grain yields over the
last three decades from such areas, therefore, often gives the impression that yields have
decreased.
Our recent unpublished simulation studies have shown that indeed the potential yields of
wheat show a small decline even for normal time planted crops (Aggarwal, 1999;
unpublished). A significant part of this decline could be ascribed to weather. The data
revealed that solar radiation in north-western India over last three decades has declined by
about 10%. Similarly, there is an increasing trend of about 0.5-1.5 °C in minimum
temperature during the same period at many places. These changes in weather reduce net
crop growth and productivity. Perhaps these are artifacts or related to deteriorating
performance of weather recording instruments. At the same time, it is also possible that
aerosol concentration hascontinuously increased inurbanareaswheretheseobservatories are
located. Suchan increase isknownto reduce solar radiation and maximum temperatures and
increase minimum temperatures. Such changes can possibly explain yield stagnation/decline
in experiments conducted in agricultural research institutions in north-western India, which
overtimehave got surrounded byurbanareas.There isaneed toanalyse if yields of rice and
wheatcropshave shownanydeclineinfarmer's fields inruralareas.
The magnitude of global warming remains uncertain. Based on the scenarios of IPCC
1990,we have estimated that yield potential of wheat will not be affected in northern wheat
belt of India but will be reduced in already warm central regions. Unless, new varieties that
aremoretoleranttoheatevolve,thismayresultingradual shifting ofwheattowards northern
areas or inreduction inareaunderwheatcultivation. This mayhave serious consequences on
the food security of the region. Even when the uncertainty in climate change scenarios for
Indiaisconsidered,theresults showthatcentralregionswillbemore effected irrespective of
themagnitude ofglobalwarming (Aggarwal etal., 1999;unpublished studies).
Crop simulation with different amounts of nitrogen and irrigation showed significant
effects of the interaction between water and N availability on grain yield particularly at low
levels ofinputsusage. Inorderto achieve higher yieldsthere isaneedto maintain crops free
from water stress a few weeks before flowering and grain filling phases.Application of three
irrigations during cropping season produced at least 90% of yield achieved by still more
number of irrigations in 75% years. The agronomic recommendation of applying 5 - 6
irrigations inwheat innorth-western India (Singh etal., 1985)appears,therefore tobe onthe
high side.Farmers,in general,apply alotmorewaterbecause it isfree orvery cheap inmost
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regions.Thisresultsinseveral ecologicalproblemsrelatingtoincreasedpests,nutrient losses
and salinity. Considerable savings in water can result if water-pricing policy is revised and
rationalized.

Yieldpotentialofwheatinnon-traditionalwarmareas
Crop simulation models basically deal withgenotype-by-environment interactions and hence
areveryuseful toolfor assessingtheopportunitiesfor introducing acropinaregionwhereits
performance is not well understood. They can assist inprioritizing the goals of the research
programmes in such regions. Applications of such a model helped us in quantifying the
potential yields of the available varieties in diverse agro-environments of south-east Asia.
The model was validated in south Asia and with certain preliminary experiments conducted
insouth-east Asia. Theresultspresented inChapter 7indicated thatpotential yields exceed 3
t ha-1 at all places and increased further with latitude and elevation. At sea level, between
equator and 8°N latitude,potential grainyieldwas31ha-1.Itincreasedto 5tha~'at21°N and
4.51ha_1at 10°Slatitudes.At500melevation,thepotentialwasmorethan5tha -1below5°S
and 15°Nequator.
In intensive cropping systems, there is always a premium on high-yielding, yet shorterduration crops.The simulation results indicated thatthe duration of wheat in south-east Asia
is 70 to 100 days, comparable with (or often shorter than) those of other competing crops,
indicatingthatitcanfit verywell inintensivecroppingsystems.
While the estimates of potential grain yield are important as a yardstick, the predictions
assume all conditions for crop growth to be optimal throughout the entire growth cycle. For
example, it is assumed that the crop was timely sown; that there was no water and nutrient
stress; and that pests and diseases were absent. Such situations are rare. Realization of the
yield potential of the presently available varieties may be limited because of several
agronomic constraints. There are many regions in south-east Asia where only limited
irrigation or rainfall is available during the dry season. Most of the 30 M ha of rainfed
lowland rice remains fallow during the dry season due to lack of irrigation water. Wheat
grown in these areas on residual moisture will have limited growth and yield. On the other
hand, the majority of areas between 5°S and 5°N latitudes have fewer than two dry months.
Since such heavy rainfall is likely to result in waterlogging in most rice soils, wheat in this
regionwillhaveverypoor growthandyield.Nevertheless,therearelargetractsofland inthe
lower latitudes, which have moderate rainfall during the dry season. Here,though the grain
yield potential is less, a large part of this could he realized without irrigation. This was also
observed in field experiments done inPhilippines and Thailand (CIMMYT, 1985).It will be
necessary, however, to establish the wheatcrop asearly aspossible under rainfed conditions
to take advantage of the stored soil water and growing-season rainfall. Simultaneously,
adequate drainage will be required to prevent waterlogging. Converting the puddled, clayey
rice soils from anaerobic to aerobic condition is a major and time-consuming undertaking.
Establishing agoodcropstand inthesesoilsisaserious limitation.
Planting of crops after rice often getsdelayed duetothedelayed planting of rice (themost
common wet-season crop); the use of longer duration, photosensitive varieties; or the
existence of a longturnaround time. Sucha delay reduces grain yield ofwheat in south Asia
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by almost 50 kg ha-1 d"1. This, however, may not greatly affect wheat under irrigated and
well-managed conditions in south-east Asia due to relatively small changes in temperatures
duringtheseason.
The relatively high humidity and temperature in south-east Asia is favourable for the
spread of many diseases. The most common diseases observed inwheat grown inthis region
aredamping-off and foot rot causedbySclerotiarolfsiiandRhizoctoniasolani,and leaf spot
caused by Helminthosporium species. S. rolfsii is omnivorous, soil-borne, and widely
distributed and can survive in the soil for long periods. Its control has been difficult. Rusts
and smuts may also be a serious threat if wheat is grown on a larger scale. Several insect
pests such as semilooper, pink stemborer, corn earworm, and aphids have been observed to
affect wheat growth in the tropics. Unless effective control methods integrating resistance
breeding, suitable agronomicpractices,and chemical controls aredeveloped, wheatyields on
farm willremainlow.
Despite reasonable yield potentials, the cost:benefit analysis of growing wheat will
ultimately decide the fate of locally produced wheat. The analysis has to be both at the
individual farm level and at the country level. Continued interest in domestic wheat
production is dependent upon the growing consumption of wheat and wheat products. The
policies of the national government can be modified to decrease consumption. At the farm
level, the cost of inputs (including labour and land) and expected breakeven yield levels are
very important. At the national level, one has to look at the comparative advantage of
growingwheatwithpartiallyimported inputs(suchasfertilizers) vis-a-viswheatimports.
No crop production programme can be successful and sustainable without local
government support. Progress in wheat and rice production during the last two decades in
Asia and Latin America has been due to the availability of symphonic packages not only of
technology, but also of services such asprovision of inputs and government support policies
of pricing and marketing (Swaminathan, 1986). Similar packages will have to be made
availabletothesouth-eastAsianfarmer inordertopopularize wheat.
Besides production potential, a number of other factors such as global wheat stocks and
prices, policies of exporting countries, food aid, trade and tariffs, subsidies, and food
marketingpolicieswilldecidewhetherwheatwillbegrownatcommercial levelin south-east
Asia. Policies of local government, food aid donors, and exporting countries, for example,
have generally favoured investment inmarketing, storage, and processing of imported wheat
in several tropical countries. This situation in Nigeria (where annual wheat imports exceed
1.5 Mton and where there has been 10%annual growth in consumption of wheat products)
was incisively labelled as the 'wheat trap' (Andrae and Beckman, 1983). It will be a long
struggle before south-east Asia becomes free of a similar trap and is able to produce
indigenous wheat.

Higheryieldpotential: Designandevaluation ofnewplanttypes
Increasing yield potential is one of the principal objectives of crop breeding programmes.
This is very important in several Asian regions because the irrigated regions on which their
food security has been somuch dependent are now showing only small yield gaps. A major
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activity in this is to conceptualize plant type designs and identification of genetic donors for
the important traits. Breeders spend considerable time and effort in conceptualizing plant
types (Hunt, 1993). Donald (1968) sparked off physiological research on ideotypes, today
several of them have been proposed by different scientific groups for major crops. But, not
many breeders practiced ideotype breeding because of lack of convincing demonstration of
the importance of a specific trait, large number of traits (as against one trait-yield), limited
genetic variability in suitable donors and pleiotropic effects (Marshall, 1991). The problem
gets confounded with the difficulty in screening methods for some of these traits. Molecular
approaches may gradually become available for marker-aided selection for yield components
andother quantitativetraits (Bennetetal, 1994).Theavailability oftissueculture techniques
such as embryo rescue, protoplasm fusion, which alone or in combination with genetic
transformation techniques now allows breeders to exploit genetic variability even from
secondary andtertiary genepools.
Crop breeders have always selected for several morphological features that effect growth,
development andyield. However, ideotypesalthough exploiting uponmorphological features
should be based on sound understanding of underlying physiological and biochemical
processes associated with morphological changes. An inter-disciplinary group of scientists
short-listed several key traits for increasing yield potential in cereals (Cassman, 1994). The
key ones are: increased specific leaf nitrogen (SLN), rate of photosynthesis per unit SLN,
optimization of light interception, reduced respiratory losses and delayed senescence during
grainfilling, greatercropgrowthrateduringreproductive stages,reducedwasteful tillering to
increase sink size, and a slower rate of individual grain filling to extend filling duration.
Research experiments for detailed physiological and molecular investigations of these traits
having feedback and inter-relationships would be complex, expensive and take long time to
deliver. Crop simulation models integrate detailed physiological and morphological
knowledge inexplaining yield formation inenvironments varying inphysical, biological and
agronomic factors and, therefore, offer opportunities to extrapolate the current knowledge of
eco-physiologytodeterminetheoptimal levelofcomplextraits for increasingyield potential.
The models may also be useful for examining hypotheses and for setting breeding goals for
different traits using historical weather data and techniques of risk analysis. Sensitivity
analysis of the model parameters is analogous to the creation of genetic isolines since only
oneparameterischangedwhilekeepingtherestoftheplantcharacteristics constant.
A methodological framework for using crop models inthe design and evaluation of plant
types has been proposed in this thesis (Chapters 8-10). This approach requires a crop
simulation model that has been well evaluated in the target environment. The critical crop
parameters are determined by means of a sensitivity analysis of traits. When tried in rice, it
indicated that any individual trait can not provide large advantage in increasing yield
potential and simultaneous increase in specific leaf nitrogen particularly during grain filling
(stay green), sink capacity and most importantly, grain filling duration are important for
increasing rice grain yield potential. The results also indicated that relative importance of
traitschangeswith seasonandyear.Byusinghistoricalweather dataof30yearsfor thetarget
environment, it was also possible to simulate the probability of higher yields in climatically
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variable tropical environments andtodetermine alternate options for similar increase in yield
potential.
An alternate simulation approach can be used to construct hypothetical varieties with
variation in one or many traits. Monte Carlo simulation technique, commonly used in
quantitative population genetics studies (Crosby, 1973) is applied for creating suchvarieties.
Inthis approach, different traits are considered to be stochastic in nature. A large number of
varieties can be constructed, each of which is unique in its trait 'makeup'. These varieties
thus mimic the random segregation behavior of progeny for different characters when two
parents are hybridized. The yield of such hypothetical varieties is simulated for the target
environment. The results then indicate the importance of different traits in a specific
environment aswellassetthebreeding goalsfor individualtraits.
Application of such a methodology in rice showed that IR72,the check variety, has large
yield potential that can be realized with better N management alone.No trait individually or
in combination with others provides more than 5% advantage in yield in the level of
management practiced by breeders. Another important conclusion of this simulation study
has considerable implications for the breeding methodology. At the level of management
practiced currently in breeders plots, search for higher yield potential may remain elusive
even though the germplasm being screened may possess traits for higher yield potential.
These traits need a better N environment in order to express their full potential. In such
environments, increasing sink capacity is necessary and this can be obtained by either
increasing the length of the panicle formation phase or by increasing the spikelet growth
factor or by higher potential grain weight. Variability in all three of them is well known. In
addition, there is a need to increase sink capacity (already achieved in IRRI's new plant
type),maintainhighleafNcontent andgrainfilling duration.
IRRI is now concentrating efforts on developing 'super rice' varieties with 13- 15t ha"1
yield potential (IRRI, 1989).This ideotype has lowtillering capacity with 3 - 4 panicles per
plant, no unproductive tillers, 200 - 250 grain per panicle, 90-100 cm tall, sturdy stems,
vigorous root system, multiple disease and insect resistance, 110- 130days growth duration
and a harvest index of 0.6. Breeding lines with characteristics similar to these are now
available.These lines,based onthetropicaljaponicas,have semi-dwarf stature,sturdy stems,
dark green and thick leaves, 8 - 1 0 productive tillers when grown at low densities, no
unproductive tillers and 150 - 200 grains per panicle. Greater sink capacity has been
established in these plant types by increased spikelet number. There is, however, a need to
build up strategy to increase harvest index to 60% in the new plant type. Greater harvest
index is generally a result of higher grain filling duration and leaf N concentration during
filling (stay green), and of course, sink capacity. Boote and Tollenaar (1994) concluded that
the filling duration is the most likely trait to account for past, present and future increase in
harvest index and yieldpotential. Variation inrice grain filling duration isnot well known in
rice (Yoshida, 1981; Dionora and Kropff, 1995) although is documented in several other
crops (Boote and Tollenaar, 1994). Greater efforts are now being made to determine
variability in this trait in rice as well (Khush, personal communication). Insect and disease
resistance,and suitablegrainquality stillneedstobebuilt intheselines.

154

General discussion

Our simulation results, however, indicate that unless the agronomic management is
optimized, time available for grain filling duration is extended and leafN is maintained at a
relatively higher level during filling period, it is hard to expect increase in yield potential.
Preliminary agronomic experiments done with these new lines are confounded by pest
problems, therefore, it is difficult to draw conclusions about the success of the ideotype
strategy adopted aswellastotestthevalidityofsimulationresultsinfield environment.
Multi-environment trials to evaluate the performance of a genotype are expensive and
need several crop seasons, sites and years to understand genotype by environment (GxE)
interactions. Despite extensive testing done with new genotypes using the conventional
approach, it is impossible to cover the whole range of environments. A specific
environmental challenge may not be available in natural environments in specific years to
enable effective discrimination among breeding lines. Since the systems approach integrates
different components of agro-ecosystems, itcanplay agreat role in increasing the efficiency
of plant breeding process, in particular understanding and extrapolating G*E interactions.
Crop models together with GIS can facilitate biological characterization of the physical
environment andthus define key environmental domains for which improved varieties are to
be developed. Alternatively, the same methodology can be used to determine the adaptation
domains of genotypes. Amodelling approach can also provide estimates ofyield probability
intargetenvironmentsbasedonourunderstanding ofGxEinteractions. Suchstudiescanhelp
in reducing the number of sites/seasons required for field evaluation and thus increase the
efficiency of the whole process of variety development. Often there is some uncertainty in
model input parameters, which affects the reliability of simulated absolute yields. However,
crop models adequately describe therelativetrends caused by environmental variations. This
isof considerable use inthe process of cultivar selection where ranking of grain yields is the
method used to determine therelative superiority ofagenotype rather thanthe absolute yield
values.Examples oftheseapproaches areprovided inChapter 10.
It can be concluded that simulation models can greatly assist in evaluating the suitability
of the plant types for higher yield potential and in suggesting alternate ones. They can also
help at the same time in fine tuning the required management practices for the best
expression of desired traits,thus increasing the efficiency of crop improvement programmes.
In these simulation studies, the level of genetic variation available inthe germplasm for the
sensitive parameters is determined from the literature or measured in available germplasm.
Alternatively, options to increase variability by genetic means need to be assessed. It is
important to determine the range and the boundaries of this variation, in particular in the
parents used in the crossing programmes. Simultaneously, it must be assessed if such traits
are heritable and if there are associated pleiotropic effects. Lodging, and pests and diseases
increase severally in tropical environments when N application is increased. It is likely that
current management practices of moderate N application have been adopted to overcome
these constraints. There is a need to examine the 'trade-off trap' between yield loss due to
pests and lodging, and the increased yieldpotential due tohigher N application to determine
ifhigheryieldpotential isreally possible infield environments.
While it seems that the current models are not able to accurately explain fully genotypic
differences due to inadequate considerations of all traits and their feedbacks, it must be
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highlighted that such an endeavor would also lead to the requirement of measuring much
larger number of traits. There is a trade off between simplicity in model's structure and
parameters versus the detail in the model and the associated number of parameters. Crop
physiologists and geneticists need to define and measure minimum number of efficiently
measurablegeneticparameterstocharacterize agenotype.
Many of the earlier limitations in greater application of physiology in plant breeding
process still exist. The issue of physiological methodology needed for precision and useful
simulations versus the requirements of an efficient screening methodology for large number
of genotypes remains unresolved. There is a need to link many of the physiological criteria
for yield potential/adaptation with easy to measure/score characteristics. For example,
chlorophyll meters can be used to rapidly determine the leaf nitrogen content, generally
difficult to estimate in a large number of varieties. Simulation models should also be made
more robust in structure to account for existing knowledge and feedbacks. Pilot studies are
alsoneededinconventional field trialstoverify theresultsof simulation studies,to determine
the extent of genetic variation, heritability, pleiotropy, andthe cost of altering a desired trait.
It is this lack of complete physiological understanding that may restrict progress.
Nevertheless, provided this information is made available and the negative linkages among
traits and physiological processes are adequately included in crop models, a systems
simulation approachcan giveuseful indicationstowhichcharacteristicsbreedersmay be able
toselectfor higheryieldpotential andstability indifferent agro-environments.

Futureperspectives
Food security involves access at all times to the food required by every individual and
household for a healthy and productive life. Thus, by definition it has both biophysical and
socio-economic connotation. First, there should be biophysical capability of the land to
produce food of the quality and quantity required by the people and then they should have
purchasing power to access this. Estimates of food demand and supply for the entire
population of different regions have long been made. These estimates differ depending upon
methodology used by the author. Most of these studies point out that the world has a whole
can produce enough for everyone, yet several regions particularly south Asia will face
shortages starting soon (Brown and Kane, 1994; Penning de Vries et al., 1995). The results
presented in this thesis, however, indicate that there are large tracts of land, for example in
eastern and central India,wherepotential yields and yield gaps arehigh which can betapped
to supplement food supply. If we assume an average potential yield of 6 t ha" for vast
majority of Indian wheat producing region, it is obviousthat the total food grain production
could more or less be doubled. Thepessimistic estimates of food deficit may not be correct
also due to recent surge in economic growth in several developing countries, particularly
India and China, freer trade, and possible technological breakthroughs such as due to
biotechnological applications and integrated pestmanagement in future.
Limits to food production may, however, reach much earlier than indicated by the
biophysical studies such as ours due to socio-economic or political constraints. Increased
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food production without increase inareawould need intensification andthus greater resource
use.Aretheseresources available?Availability ofwater supply for irrigation may be a major
constraint for increasing food production in several regions of the world. Our recent studies
have shown, for example, that the Haryana state in northwestern India although capable of
theoretically producing 68 M tons of cereals can not produce more than 16 M tons due to
constraint of irrigation water (Aggarwal et al., 2000).Additional issue is the availability of
other purchased inputs such asquality seeds, inorganic fertilizers and pesticides, which need
capital. Even if resources were to become available, highly intensive agriculture may lead to
problems ofenvironmental degradation (Sinhaetal.,1998).
Food security also needs to be considered at different scales- global, national, regional,
household andthenindividuals.Foodavailability atanyone scaleisnotaguarantee for food
security at another scale.In order to correctly estimate such balances/imbalances at different
scales, it is necessary that our simulations are further expanded and an integrated and
validated methodology involving both biophysical and socio-economics be used. The
simulation analysis reported in this thesis was done at field as well as regional scale. While
validation ofthecropmodel wasdoneatthe experimental field scale,novalidation could be
done in farmers fields or any large region. This is largely because the input data needed at
these scales in terms of crop coefficients, soil and weather were not available. The
extrapolation of results from field scale to the region was done with simplistic assumptions
on spatial variability of soil characteristics, sowing dates, and costs of grain and N in
different regions. Recently, we have attempted to validate WTGROWS in farmers fields as
well as for different regions across India (Kalra et al., unpublished) based on inputs derived
from published soil maps, irrigation intensity, sample surveys of sowing dates and actual
fertilizer use by district. These simulations have shown that the crop model was capable of
simulating yield trends over past 15 years for most agro-climatic regions of India. The
absolute simulated values were, however, generally higher by 10 - 20% than actual yields
because spatial and temporal availability of irrigation, biotic constraints, problem soils,
harvesting and processing losses and costs were not considered inthe analysis. Attempts are
nowbeingmadetoprepare suchadatabasethatwill enableustodetermine realistically yield
andproductionpotential ofthewholecountry.
Agricultural stakeholders such as farmers and policy makers are interested to find optimal
agricultural land use plans that can meet the goal of maximising food production as well as
maximise employment and income from agriculture while minimising biocide residues, N
losses and ground water withdrawal. Information, therefore, needs to be generated to
determine the consequences andtrade-offs ofdifferent setsofpolicy aims onagriculture.The
economically viableoptimal solutions shouldbebasedontheconsideration ofthe biophysical
potential of the resources available and the socio-economic constraints. Thus, a systems
approach is needed where it is possible to translate policy goals into objective functions
integrated into a biophysical land evaluation model. We have recently started developing a
methodology based on symphonic use of simulation models, GIS, remote sensing and
interactive multiple goal linear programming to deal with most issues encompassing food
security inacomprehensive manner (Aggarwaletal.,2000).

157

Chapter 11

It can be concluded that crop simulation models are important tools for estimating food
security of a region. In many Asian environments, soils are relatively poor, nutrient use is
low, pest control is inadequate and harvesting and processing losses are significant. Under
such stresses,itisgenerally difficult toquantify thegeneticyieldpotential aswell astoknow
the precise and relative importance of various yield-reducing and -limiting factors. To
correctly estimate the opportunities for production, these estimates need to be supplemented
by a more detailed analysis of other factors not yet included inthe simulation models. There
is an urgent need to develop high quality databases relating to different aspects of the agroenvironment. TheGovernment of Indiahasrecently setupdatabase centers ineach districtto
collect primary data on soils,weather, land use and cropproductivity besides other activities
such as urban development, education, water resources and health. These centers are
connected via a satellite network, NICNET, based in New Delhi. Such databases will be
extremely useful for strategic andtactical decisions relating to eco-regionaldevelopment and
for theassessment offood security.
Uncertainties associated with systems tools and their consequence is generally raised asa
major limitation to wider application. Efforts are definitely needed to improve precision.
However, atthe sametime,wemustrememberthatdecision-making processesbased on field
experiments often haveuncertainties duetoinadequate understanding and lack of appropriate
data (where the so-called systems simulation is not used). And yet still have to make
decisions. We need to understand and evaluate if the application of systems approaches
increases, or decreases or does not effect uncertainty in our decisions. We do not have a
perfect understanding of agricultural systems now and perhaps may not ever have. With
current emphasis on sustainable eco-regional development and the free market economy,
breeding objectives would rapidly be changing. Raising the yield potential may not be the
key question; rather, economic and environmental costs associated with different levels of
yield potential may be asked. The systems approach, with its well-developed analytical
framework,databases, and powerful simulation models,will be handy to provide answers to
manyofthequeriesinarelatively shortertimeframe.
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Increase in cereal production during last three decades made most of the Asian region selfsufficient and contributed tremendously to their food security. The later, however, is now at
riskduetoincreased demandofcontinuously increasingpopulation.Itis,therefore, important
toknowhowmuchadditionalcereals,particularly the staplericeandwheat, canbe produced
by different regions of Asia to meet the increasing demand. In case of population rich and
low income regions of Asia, it is also important to know where and at what cost this can be
produced with current technology and what alternatetechnologies willbeneeded to meet the
desired production targets. In this thesis, the goal is to document the applications of crop
simulationmodelsfor quantifying yieldpotential ofwheatandriceinselectedpartsoftropics
and sub-tropical regions of Asia as affected by climatic factors, genotype, inputs and
management practices atfieldaswell asregional scale.The more specific objectives were a)
to simulate the wheat yield potential and gaps indiverse agro-climatic regions ofIndia, b)to
use systems simulation to explore opportunities for growing wheat in south-east Asian
tropics, and c) to develop a crop simulation based framework for design of plant types for
increasingyieldpotential.
Amechanistic cropgrowth simulation model -WTGROWS (WheaT GROWth Simulatorwas developed to evaluate the effects of climatic variables, genotype, agronomic
management including water and nitrogen availability on crop growth, development, water
and nitrogen use, and productivity of wheat. The model written in PCSMP simulates daily
drymatter production asa function of solarradiation, maximum and minimum temperatures,
and water and nitrogen stresses. Crop aspects of the model are arranged in submodels
covering development, photosynthesis, respiration, carbohydrate partitioning, dry matter
production, leaf area, grain growth andtranspiration. A soil water balance model is attached
to simulate water uptake and to determine water stress. Another submodel determines
nitrogen uptake,distribution andnitrogen stress.Variouscropprocesses areaffected by water
andnitrogen stresses.Thismodelisdescribed inChapter2.
The performance of WTGROWS was tested against a large number of independent data
setscollected by several authors over alargeperiod oftime.In general,modelpredicted crop
duration, leaf area index and grain yield realistically in potential production environments.
Standard error of grain yield prediction was 11.3% of the observed mean grain yield. The
agreement between simulated and measured yield, dry matter production, evapotranspiration
and N uptake established the model's robustness in predicting climatically potential crop
growthandyield.
Deterministic crop growth models require several inputs relating to crop/variety, soil
physical properties, weather and crop management. The input values used could be
significantly uncertain due to random and systematic measurement errors and spatial and
temporal variation observed in many of these inputs. Often soil and weather data are
approximated using GIS and/or weather generators. In Chapter 3, total uncertainty in
simulated yield, evapotranspiration and crop N uptake has been quantified considering
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uncertainties in crop, soil and weather inputs, Theuncertainty in each input was represented
by a statistical distribution of values based on literature review, actual measurement and
subjective expertjudgment. The Monte Carlo simulation technique was used to analyse total
uncertainty. The results showedthat uncertainties in crop,soil and weather inputs resulted in
uncertainty in simulated grain yield, ET and N uptake which varied depending upon the
production environment. Uncertainties inoutputs increased astheproduction system changed
from a potential production level to a level where crop growth was constrained by limited
availability of water and nitrogen. There was an 80% probability that the bias in the
deterministic model outputs was always less than 10% in potential and irrigated production
systems. Inrainfed environments this biaswas larger. Thebias in simulated outputs was less
than or equal to model error. Most oftheuncertainty inoutputs caused by variable soil, crop
and weather inputs could be represented if the outputs were determined using fixed soil and
crop data, and a large series of weather data. In potential and irrigated production systems,
inputs relating to crop photosynthesis and leaf area estimation had a large 'uncertainty
importance'. Uncertainties insoilNinputs andvapourpressurewerealsoof large importance
in irrigated environments. In rainfed environments, uncertainties in soil and weather inputs
were dominant and crop parameters had only limited 'uncertainty importance'. The
implications of these results in estimates of potential and rainfed productivity, database
development andinguidingrefinement ofmodelsarediscussed inChapter3.
Crop simulation with different amounts of nitrogen and irrigation showed significant
effect ofinteraction betweenwater and nitrogen availability ongrainyieldparticularly at low
levels of input usage. In order to achieve higher yieldsthere is a need to maintain crops free
from water stress few weeks before flowering and grain filling phases. Application of three
irrigations during crop season produces at least 90% of yield achieved by still more number
of irrigation in 75%years. The amount of N fertilizer applied to crops should have a close
linktotheamount ofirrigation and should consider climaticvariation aswell.The significant
interaction effects of irrigation and nitrogen on wheat productivity and substitution of each
other to a certain extent as indicated by crop simulation is also suggested by field
experiments. This demonstrates the capability of the simulation approach in replicating
qualitative as well as quantitative results offieldexperiments. These results are described in
Chapter4.
The model was applied to simulate potential growth of wheat in different regions.
Simulated potential grain yield varied between 2.56 and 8.25 tha-1 depending upon location.
In a large number of districts spread over the states of Punjab, Uttar Pradesh (U.P.), Bihar,
Assam, Rajasthan, and MadhyaPradesh (M.P.),potential wheatyieldswere 7tha-1 or more.
Most districts in U.P. have a yield potential between 6to 6.5 t ha - '. The potential yield was
between 5and 6t ha-1 inmiddle latitudes and states of West Bengal and M.P. Economically
optimal levels of N fertilizer application in irrigated environments were estimated for all
locations based oncurrent price ratios ofN fertilizer and grain, native soil fertility, simulated
cropresponsetoNfertilizer andothercostsrelatedtotransport,harvesting andmarket forces.
A comparison of optimal and actual N applications showed that in Ludhiana district of
Punjab, N application ismorethanthe simulated optimal whereas inother districts itisatpar
or lower. The estimated yields corresponding to the profit-maximizing amount of N
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application were generally 200 to 500 kg ha-1 lower than the potential yield irrespective of
the location. The small difference between potential and optimal economic yield is due to
distorted but favourable price ratios at present. In rainfed environments, optimal economic
yieldswouldbestill lower.
At most locations,there wasa largeyield gap.Inirrigated regions of north-western India,
themainwheatbelt,themeanyield gapwasbetween 1 and21ha-1. Itwasmorethan 21ha"1
inremaining wheat growing areas.Almost 35 - 50%of the gap could be ascribed to delayed
sowing, common in a number of districts. Factors such as limited and timely availability of
irrigation and fertilizers, cropping pattern and accessto credit and other services are some of
the other principal causes of yield gaps. The results on potential yields and yield gaps are
described inChapter 5.
Anassessmentoftheimpactofclimaticchangeonproductivity ofIndianwheatwasmade
in Chapter 6. A one degree increase intemperature throughout the crop season will have no
effect or slightly increase productivity in irrigated as well as rainfed environments,
particularly in northern India wheat belt. A two degree increase in temperature will reduce
potential yields but will have small effect on irrigated yields in northern India.
Evapotranspiration will be significantly reduced inchanged climate. Relatively, the effect of
climate changewillbemorepronounced incentral Indiawhereyieldpotential isalready low.
The crop responses to climate change are related to the effect of temperature on crop
duration.
In south-east Asiawheat is currently not produced. The entire domestic demand ismet by
importation at a huge cost. The Governments of this region are very keen to know if wheat
can be grown in this region and at what locations. Traditional agronomic trials will take
several yearstodetermine this.Using asimple cropgrowth simulation model,the production
potential of wheat for various regions of south-east Asia has been determined. These results
are described in Chapter 7. The locations that will meet the water requirement of the crop
solely by rainfall were also identified. Whether wheat can fit in the existing rice based
cropping systemhasbeen evaluated.
Increasing yield potential is one ofthe principal objectives of crop breeding programmes.
This is very important in several Asian regions because the irrigated regions on which their
food security has been so much dependent are now showing only small yield gaps. Crop
simulation models integrate detailed physiological and morphological knowledge in
explaining yield formation in environments varying in physical, biological and agronomic
factors and, therefore, offer opportunities to extrapolate the current knowledge of ecophysiology todeterminetheoptimal levelofcomplextraits for increasing yieldpotential.The
models may also be useful for examining hypotheses and for setting breeding goals for
different traits using historical weather data and techniques of risk analysis. Sensitivity
analysis of the model parameters is analogous to the creation of genetic isolines since only
oneparameter ischangedwhilekeepingtherestoftheplantcharacteristics constant.
A large number of trials are conducted every year at many locations in India where rice
and wheat varieties of different maturity groups are grown in different combinations to
identify suitable varieties. We used WTGROWS to determine optimal crop duration and
flowering time of irrigated wheat in few typical rice-wheat areas of India (Chapter 8). The
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response ofsixearly,mediumand latematuringvarieties,assumedtovary intheir heat units
requirement for the phase- seedling emergence to anthesis was studied. The anthesis dates
when grain yields were between 95% and 100% of maximum grain yield were taken to
represent theoptimal dates.Theresults showed that for normal sowing dates (15November),
themostsuitablevarietiesareearlymaturingtypesinareassuchasPunjab, medium maturing
types in environments of New Delhi and Uttar Pradesh and late maturing types in West
Bengal and Bihar. The optimal duration of variety varied with year-to-year climatic
variability.
A methodological framework for using crop models in the design and evaluation of plant
types has been proposed in this thesis (Chapters 9-10). This approach requires a crop
simulation model that has been well evaluated in the target environment. The critical crop
parameters aredetermined bymeansofasensitivity analysis oftraits.The approach has been
illustrated for rice in Chapter 9. It indicated that any individual trait can not provide large
advantage in increasing yield potential and simultaneous increase in specific leaf nitrogen
particularly during grain-filling (stay green),sinkcapacity and mostimportantly, grain filling
duration are important for increasingricegrainyield potential.Theresults also indicated that
relative importance of traits changes with season and year. By using historical weather data
of 30 years for the target environment, it was also possible to simulate the probability of
higher yieldsinclimatically variabletropical environments andtodetermine alternate options
for similar increase inyieldpotential.
An alternate simulation approach can be used to construct hypothetical varieties with
variation in one or many traits. Monte Carlo simulation technique, commonly used in
quantitative population genetics studies is applied for creating such varieties. In this
approach,different traitsareconsidered tobestochastic innature.Alargenumberof varieties
can be constructed, each of which isunique in itstrait 'makeup'. These varieties thus mimic
the random segregation behavior of progeny for different characters when two parents are
hybridized. The yield of such hypothetical varieties is simulated for the target environment.
Theresultsthenindicatetheimportanceofdifferent traitsinaspecific environment aswellas
set the breeding goals for individual traits. Application of this methodology in rice showed
that IR72, the check variety, has large yield potential that can be realized with better N
management alone(Chapter 10).Notrait individually or incombination with others provides
more than 5%advantage inyield inthe level of management practiced by breeders. Another
important conclusion of this simulation study has considerable implications for the breeding
methodology. At the level of management practiced currently in breeders plots, search for
higher yield potential may remain elusive even though the germplasm being screened may
possess traits for higher yield potential. These traits need a better N environment in order to
express their full potential. In such environments, increasing sink capacity is necessary and
this can be obtained by either increasing the length of the panicle formation phase or by
increasing the spikelet growth factor or by higher potential grain weight. Variability in all
three of them is well known. In addition, there is a need to increase sink capacity, maintain
high leafN content and grain-filling duration.
Multi-environment trials to evaluate the performance of a genotype are expensive and
need several crop seasons, sites and years to understand genotype by environment (GxE)
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interactions. Despite extensive testing done with new genotypes using the conventional
approach, it isimpossibleto coverthewholerangeofenvironments.Cropmodels adequately
describethe relativetrends causedbyenvironmental variations.This isofconsiderable usein
the process of cultivar selection where ranking of grain yields is the method used to
determine the relative superiority of a genotype rather than the absolute yield values. A
modelling framework is described in Chapter 10 for using crop simulation models and
statistical analysis together to increase the efficiency of multi-environment genotype testing.
Detailed multi-environment trials are not available where input parameters necessary to use
crop simulation models are measured. Irrigated grain yield of 26 genotypes was simulated
using ORYZA1overten locations inAsiatomimic aMET.Thegenotypeswere 'created' by
random combinations of eight crop parameters, which were varied within a narrow range to
simulate the extent of variation expected in an advanced multi-environment trial.
Environmental and G><E effects were of similar magnitude to that of many irrigated INGER
multi-environment trials. The simulations and AMMI analysis results indicate that the crop
model is generating meaningful GxE interaction, which can be detected and estimated by
statistical analysis. The next investigation of interaction between crop models and statistical
analysis is to compare the analysis of experimental data with data simulated for the same
genotypes andenvironments.
In Chapter 11,the results presented inprevious chapters are integrated inrelation to three
major objectives of this thesis. The limitations of the study and future opportunities are
discussed.
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Door de sterke toename van de graanproductie in de afgelopen decennia is het grootste deel
van Azie zelfvoorzienend geworden. Echter, door de sterke bevolkingsgroei in Azie nemen
risico's met betrekking tot de voedselzekerheid toch toe. Daarom is het belangrijk te weten
hoeveel extra rijst entarwe er in de verschillende regio's in Azie, geproduceerd zou kunnen
worden om aan deze toenemende vraag naar voedsel te kunnen voldoen. Omdat in veel
regio's de inkomens laag zijn en debevolkingsdichtheid hoog, ishetnodig te berekenen wat
dekostprijs is van de graanproductie gebaseerd opdehuidigetechnologie en ook op alternatieve technologieen dienodig zullen zijn omdeproductiedoelstellingen te kunnen realiseren.
De algemene doelstelling van dit proefschrift is het kwantificeren van potentiele opbrengst
van tarwe en rijst voor een aantal regio's in Azie (tropen en subtropen) op grond van de
effecten van klimaatsfactoren, genetische eigenschappen en teeltmaatregelen op veldschaal
enregionale schaal metbehulpvan simulatiemodellen.Despecifieke doestellingen zijn a)het
simuleren van de potentiele opbrengst van tarwe voor verschillende agro-klimatologische
zones in India b) het toepassen van systeemanalyse en simulatie om na te gaan wat de
mogelijkheden zijn om tarwe te produceren in Zuidoost-Azie en c) het ontwikkelen van een
kader omnieuwerassenmeteenhogerepotentieleopbrengstte ontwerpen.
Het gewasgroeisimulatiemodel WTGROWS (WheaT GROWth Simulator) werd ontwikkeld
om de effecten te simuleren van klimatologische variabelen, raseigenschappen en teeltmaatregelen opde ontwikkeling, het water- en stikstofgebruik en deproductiviteit vantarwe. Het
model is geschreven inPCSMP en simuleert dedagelijkse drogestofproductie alseen functie
van straling, maximum en minimum temperatuur en water- en stikstof als beperkende
factoren. Het gewasgroeimodel bestaat uit submodellen voor de ontwikkeling, de fotosynthese, de respiratie, de verdeling van assimilaten, de drogestofproductie, de toename van het
bladoppervlak, de korrelgroei, de verdamping van het gewas, de bodemwaterbalans en
bodemstikstofbalans. Verschillende gewasprocessen worden door N- en watertekort
bei'nvloed.Hetmodel isbeschreven inHoofdstuk 2.
Het model WTGROWS werd getoetst met vele onafhankelijke datasets. De fenologische
ontwikkeling, LAI en korrelopbrengst onder potentiele productieomstandigheden werden
goed gesimuleerd door het model. De gemiddelde afwijking van de voorspelde korrelopbrengstwas 11,3%vandewaargenomen korrelopbrengst.
Deterministische gewasgroeimodellen hebben inputs nodig met betrekking tot
gewas/raskenmerken, bodemeigenschappen, weersgegevens en teeltmaatregelen. Meetfouten
(random en systematisch) en ruimtelijke en temporele variatie in veel inputgegevens leiden
tot onzekerheid in de waarden van de inputvariabelen van het model. Vaak worden bodemen weersgegevens geschat met behulp van GIS en/of weergeneratoren wat leidt tot extra
onzekerheid. InHoofdstuk 3wordt het effect van deze onzekerheden ininputgegevens op de
gesimuleerde opbrengst, evapotranspiratie enN-opname door het gewas gekwantificeerd. De
onzekerheid voor elke inputvariabele werd gekarakteriseerd door een statistische verdeling
van waarden die zijn gebaseerd op literatuurgegevens, metingen en subjectieve expertschat167

tingen. De Monte Carlo simulatietechniek werd gebruikt om de onzekerheid in de
gesimuleerde opbrengst te schatten. De onzekerheid ingesimuleerde korrelopbrengst, evapotranspiratie enN-opname varieerde afhankelijk van deproductiesituatie. Onzekerheden in de
outputs namen toe als het productieniveau afnam van potentieel naar water- en/of Ngelimiteerd. De kans op een afwijking in het modelresultaat van minder dan 10% in
potentiele groeisituaties was80%.Inregenafhankelijke systemenwasdeafwijking groter.De
variabiliteit in outputs door variabiliteit in gewas-, bodem- en weersgegevens werd ook
gesimuleerd met vaste bodem- en gewasgegevens voor een lange tijdreeks aan weersgegevens. In potentiele groeisituaties hadden parameters gerelateerd aan gewasfotosynthese
en bladoppervlakteontwikkeling het grootste effect op de variabiliteit. Onzekerheden in Ninputs en luchtvochtigheid waren ook van belang in ge'irrigeerde systemen. In regenafhankelijke systemen waren bodem- en weersgegevens het meest belangrijk.
Gewasparameters hadden in deze situatie minder invloed. In Hoofdstuk 3 worden de
implicaties van deze resultaten voor het berekenen van potentiele productie en watergelimiteerde productie, databaseontwikkeling en het aansturen van modelverfijning en
modelverbetering besproken.
Gewasgroeisimulaties met verschillende hoeveelheden N en irrigatiewater lieten vooral bij
lage inputniveaus een significant interactie-effect van N en water op de opbrengst zien. Om
hogeopbrengstenterealiserenwashetnodigomhet gewasvanafenkelewekenvoordebloei
tot afrijping vrij van watertekort te houden. Met 3 irrigaties werd, in 75% van de jaren,
minstens 90%van de potentiele opbrengst gerealiseerd. De hoeveelheid toegediende N moet
aangepast zijn aandehoeveelheid irrigatiewater enzouook aangepast moetenworden aan de
weerssituatie. De door het model gesimuleerde significante interactie-effecten van irrigatiewaterenN opdeproductiviteit vantarwe endeuitwisselbaarheid vandeverschillende inputs
is ook gevonden in veldexperimenten. Dit geeft aan dat het model resultaten van veldexperimenten zowel kwalitatief als kwantitatief kan simuleren. Deze resultaten zijn
beschreven inHoofdstuk 4.
Het model werd gebruikt voor simulatie van de potentiele opbrengst van tarwe in verschillenderegio's.De gesimuleerde potentiele tarweopbrengst varieerde tussende 2,56 ende 8,25
t korrels ha-1 afhankelijk van de locatie. In veel districten van de staten Punjab, Uttar
Pradesh,Bihar, Assam,Rajasthan enMadhya Pradeshwasdepotentiele opbrengst 71ha-1 of
meer. De meeste districten in Uttar Pradesh hadden een potentiele opbrengst van 6 tot 6,5 t
ha-1. De potentiele opbrengst lag in centraal India en in de staten West Bengal en Madhya
Pradesh tussen de 5 en 6 t ha-1. Vervolgens werden de economisch optimale N-giften voor
gei'rrigeerde systemen voor alle situaties geschat op grand van de huidige prijsverhoudingen
van N-meststoffen en graan, natuurlijke bodemvruchtbaarheid, de aangenomen gewasreactie
op N-bemesting en kosten zoals transport, oogsthandelingen en marktfactoren. Uit de vergelijking van optimale en werkelijke N-giften bleekdat inhet Ludhiana district in de Punjab
de werkelijke N-giften hoger zijn dan de optimale terwijl het in andere districten overeen
kwam of lager was. De geschatte opbrengsten die overeenkwamen met de op winstmaximalisatie gebaseerde N-gift waren over het algemeen 200 tot 500 kg ha-1 lager dan de
potentiele opbrengst. Het kleine verschil tussen potentiele en economisch optimale
opbrengstniveaus was het gevolg van verstoorde, maar gunstige, prijsverhoudingen op het
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moment van de studie. In regenafhankelijke systemen waar irrigatie moeilijk is of erg duur,
zoudeneconomisch optimale opbrengsten lagerzijn dandenugepresenteerde waarden.
Opdemeestelocatiesisereengrootverschiltussendeactueleendepotentieleopbrengst. In
de gei'rrigeerde gebieden van Noordwest India, de belangrijkste graanproducerende regio, is
het verschil 1 tot 2 t ha-1. In de rest van de gebieden is het verschil meer dan 2 t ha-1.
Ongeveer 35 - 50% van het verschil kon worden toegeschreven aan een te late zaaidatum.
Factoren zoals beperkte hoeveelheden en niet tijdig beschikbare meststoffen, gangbare
gewassystemen en slechte beschikbaarheid van krediet en andere diensten zijn de andere
belangrijkste oorzaken van het verschil tussen potentiele en actuele opbrengsten. Deze
resultatenzijnbeschreveninHoofdstuk5.
In Hoofdstuk 6 zijn de effecten van klimaatsverandering op de productiviteit van tarwe in
India beschreven. Een toename van de temperatuur met 1 °C gedurende het gehele seizoen
heeft nauwelijks effect. Slechts een kleine toename van de productiviteit werd gesimuleerd
voor gei'rrigeerde en regenafhankelijke systemen in Noord India. Een temperatuurstoename
van2 °Czal depotentiele opbrengsten reduceren. Maar,het effect opde opbrengsten in gei'rrigeerde gebieden inNoord Indiazoukleinzijn. Deevaporatie zalsignificant verminderen bij
een veranderd klimaat. Het effect van klimaatsverandering zal relatief het sterkst zijn in
Centraal India waar de potentiele opbrengst al laag is. De gewasreactie op klimaatsverandering ishetgevolgvanheteffect vantemperatuur opdegroeiduurvanhetgewas.
InZuidoost-Azie wordt momenteel geentarwe geproduceerd.De volledige vraag naar tarwe
wordt gedekt door tegen hoge kosten graan te importeren. De regeringen in deze landen
willen graag de mogelijkheden verkennen om tarwe in die regio te verbouwen. Traditionele
agronomische experimenten duren vele jaren. Daarom is een eenvoudig gewasgroeimodel
gebruikt om de potentiele opbrengst van tarwe voor verschillende regio's van Zuidoost-Azie
teberekenen (Hoofdstuk 7).De locatieswaarderegenvaltoereikend isvoorde waterbehoefte
van het gewas werden eerst gei'dentificeerd. Vervolgens werd vastgesteld of tarwe past
binnendeoprijst gebaseerde gewassystemen.
Het verhogen van depotentiele opbrengst iseen vande belangrijkste doelstellingen van veredelingsprogramma's. Dat is erg belangrijk voor verschillende Aziatische regio's omdat er
slechts een klein verschil is tussen potentiele en actuele opbrengsten in de gei'rrigeerde
regio's. Gewasgroeisimulatiemodellen integreren gedetailleerde fysiologische en morfologische kennis om opbrengstvorming in milieus die verschillen in fysische, biologische en
agronomische factoren te verklaren. Deze modellenhebben daardoor de mogelijkheid om de
bestecombinatie vanplanteigenschappen vastte stellendienodigisvoorhetverhogenvande
potentiele opbrengst. De modellen kunnen ook worden toegepast om verschillende
hypotheses te onderzoeken en om ideotypen te ontwikkelen waarmee de doelstellingen voor
de veredeling kunnen worden bepaald. Gevoeligheidsanalyse voor de parameters is
vergelijkbaar met het creeren van genetische isolijnen omdat slechts een eigenschap wordt
veranderd.
Diverse experimenten worden jaarlijks in India op vele locaties uitgevoerd met rijst- en
tarwevarieteiten met eenverschillende groeiduur. WTGROWS werd gebruikt omde optimale
groeiduur en het optimale bloeitijdstip voor gei'rrigeerde tarwe in sommige typische rijsttarwe systemen in India vast te stellen (Hoofdstuk 8).De reactie werd geanalyseerd van zes
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vroege,gemiddeldeen latevarieteiten, dieverschillen indetemperatunrsombehoefte voor de
fase van opkomst tot bloei. De waarde waarbij de opbrengst tussen de 90 en 100%van het
maximum was, werd als optimale groeiduur vastgesteld. De resultaten lieten zien dat voor
normale zaaidata (15 November) vroege varieteiten het meest geschikt zijn voor de Punjab,
varieteiten meteengemiddelde groeiduur hetmeestgeschikt zijn voordeomgeving vanNew
Delhi en Uttar Pradesh en late varieteiten het best zijn in West Bengalen en Bihar. Klimatologischeverschillen leiddentotvariatieindeoptimale groeiduur.
Eenmethodologischraamwerkvoorhet gebruik vangewasgroeimodellenvoorhet ontwerpen
en evalueren van planttypen werd ontwikkeld (Hoofdstukken 9 en 10). Deze benadering
vereist het gebruik van modellen die goed zijn geevalueerd in de specifieke milieus. De
kritische gewasparameters werden vastgesteld met behulp van gevoeligheidsanalyse. De
benadering isgeillustreeerd voor rijst inHoofdstuk 9.Modelanalyse lietzien dat geen enkele
individuele eigenschap de potentiele opbrengst sterk kan verhogen. Een gecombineerde toename van 'sink'sterkte, en vooral, korrelvullingsperiode zijn belangrijk voor het verhogen
van de potentiele opbrengst. De resultaten lieten ook zien dat het relatieve belang van de
verschillende eigenschappen verschilde per seizoen. Door 30jaar historische weersgegevens
te gebruiken voor een specifieke locatie was het mogelijk de kans op hogere opbrengsten in
variabele tropische milieus te simuleren en alternatieve opties voor een vergelijkbare
opbrengstverhoging teverkennen.
DeMonte Carlo simulatiebenadering werd gebruikt omhypothetische varieteiten met variatie
in een of meerdere eigenschappen te evalueren. In deze benadering worden verschillende
planteigenschappen verondersteld stochastisch verdeeld tezijn. Veelverschillende varieteiten
kunnen worden samengesteld die elk een unieke eigenschappencombinatie hebben. Deze
varieteiten bootsen nakomelingen na van een kruising voor verschillende eigenschappen. De
opbrengst van deze hypothetische varieteiten werd gesimuleerd voor de verschillende relevante productiesituaties. De resultaten geven dan aan wat het belang is van de verschillende
eigenschappen in de verschillende situaties en geven tevens aan wat de doelstellingen m.b.t.
verschillende eigenschappen zijn voor de veredeling. Deze analyse liet zien dat de testvarieteit IR72 (rijst) een hoge potentiele opbrengst heeft die alleen gerealiseerd kan worden
met een verbeterd N-management (Hoofdstuk 10). Geen enkele individuele eigenschap of
combinatie van eigenschappen leidde tot een opbrengstverhoging van meer dan 5% op het
management niveaudatwordttoegepast doordeveredelaars.Devolgende conclusie van deze
studiehadbelangrijke gevolgenvoordeveredelingsmethodologie.Ophet managementniveau
dat momenteel wordt toegepast door de veredelaars is het niet mogelijk varieteiten met een
verhoogde potentiele opbrengst te vinden, zelfs als het genetisch materiaal eigenschappen
voor een verhoogde potentiele opbrengst heeft. Deze eigenschappen hebben een betere Nvoorziening nodig om tot expressie te komen. In dergelijke productiesituaties is een
verhoogde 'sink'capaciteit nodig die verkregen kan worden door de lengte van de aarvormingsperiode te verlengen, door de factor die de toename van de pakjes aangeeft te
verhogen of door het maximale korrelgewicht te verhogen. Variabiliteit in alle drie de factoren is aangetoond. Naast de verhoogde 'sink'capaciteit is het noodzakelijk dat het blad Ngehaltehoogblijft endekorrelvullingsfase wordt verlengd.
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Experimenten omrassentetesteninveelverschillendeproductiesituaties zijn duurenmoeten
gedurende verschillende groeiseizoenen en op verschillende locaties worden uitgevoerd om
inzicht te krijgen in genotype x milieu (G * E) interacties. Ondanks het feit dat intensieve
evaluatieprogramma's met nieuwe genotypes worden uitgevoerd is het niet mogelijk om de
volledige range van milieus te bestrijken. Gewasgroeimodellen beschrijven relatieve trends
als gevolg van milieuvariatie goed. Dat komt zeer goed van pas bij de selectie van cultivars
waar de relatieve korrelopbrengst wordt toegepast als criterium in plaats van de absolute
opbrengst. In Hoofdstuk 10 is een modelraamwerk beschreven om gewasgroeimodellen en
statistische technieken in samenhang toe te passen om de efficientie van experimenten,
waarin genotypes in verschillende milieus worden getest, te verbeteren. Gedetailleerde
experimenten opverschillende locaties,waartevens gedetailleerde metingen zijn verricht om
modelparameters te schatten, zijn niet beschikbaar. Daarom werd de korrelopbrengst van 26
cultivars in gei'rrigeerde productiesituaties gesimuleerd met het model ORYZA1 voor 10
locaties gedurende meerdere jaren. De genotypen werden gecreeerd door random combinaties te gebruiken van 8 modelparameters die binnen een kleine marge werden gevarieerd
omdevariatie die ineenexperiment opverschillende locatiesinverschillendejaren verwacht
zou kunnen worden te simuleren. Milieu-effecten en G x E interacties hadden dezelfde orde
van grootte als de interacties diewaargenomenzijn ingei'rrigeerdeINGERexperimenten. De
simulaties en de AMMI analyse resultaten gaven aan dat het model realistische G * E
interacties genereert die geanalyseerd en geschat kunnen worden met behulp van statistische
technieken. Een vervolgstap is de modelmatige en statistische analyse van experimentele
gegevensvanverschillende genotypen indiversemilieus.
In Hoofdstuk 11 worden de resultaten van de voorgaande hoofdstukken ge'fntegreerd besproken in relatie tot de doelstellingen van dit proefschrift. Deze algemene discussie gaat in
opdebeperkingen vandestudieenuitdagingenvoortoekomstig onderzoek.
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