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Preface

Crop simulation models integrate interdisciplinary knowledge on the effect of climatic, edaphic
and physiological factors, and biotic and abiotic stresses on crop growth, development and
yield. These have been used for optimizing water and muatrient usage in cropping systems, for
determining economic thresholds for pest management, for determining production potentials,
and for agro-ecological zoning. There is now an increasing awareness of their potential in aiding
the plant breeding process which, from selection of suitable parent lines through the release of a
superior cultivar, takes a long time, sometimes upto ten years or more, Methods that improve
the efficiency of the process will have a Jarge impact on breeding programmes and their outputs,

A workshop was organized by the SARP project in April 1994 at the International Rice
Research Institute (IRRE) to focus on the applications of crop models and other system tools in
increasing the efficiency of plant breeding programmes. Plant breeders, physiologists,
agronomists, soil scientists, statisticians, modellers and crop protection specialists of IRRI,
National Agricultural Research Systems (NARS) and Wageningen participated in this meeting,
This volume contains the papers presented at this workshop.

The papers presented are grouped into four sections. The first section provides a general
introduction to the theme of the workshop and a framework for the applications of crop models
in plant breeding. The next section documents views and expectations of breeders, statisticians
and agronomists from crop modelling, The third section describes a number of case studies
where applications of the framework are described in relation to (7)) designing new plant types
for increased yield potential, for greater weed competitiveness, and for mitigating climate
change effects, (fi) increasing the efficiency of multi-location trials and the evaluation of large
germplasm collections, and (i) assisting in determining the suitable planting dates in the hybrid
rice seed production programmes. Some papers document the level of variability available in
major crop inputs related to main physiological traits. These papers present the first results of
the on-going case studies. More complete details of these studies will become available later.
The last section summarizes the major areas and the methodologies for use in each of these
areas.

We acknowledge the invaluable help of Say Calubiran-Badrina in preparing all the figures,
and Cecilia V, Lopez assisting in finalizing several papers,

Los Bafios, Wageningen The Editors
May, 1995
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Systems approach to understanding genotype by environment
interactions

K.S. Fischer

International Rice Research Institute,
P.O. Box 933, 1099 Manila,
Philippines

The success with the approach to solving food production problems in the 1960s and the 1970s
of the International Rice Research Institute and other CGIAR centres is well known. At that time
the imperative - the goal - was to increase the pile of rice. The concept to achieve that goal was
based on a relatively simple model.

According to the fundamental model of applied genetics, the expression of phenotype - in
this case, the yield of rice - is a function of three factors:

- the genotype (G),

- the environment (E), and ’

- the interaction of the genotype and environment (G x E).

In the 1960s, the objectives were:

- toincrease the yield potential of the genotype,

- to develop host plant resistance to major pests,

- to enhance and minimize variation on the environment with water, fertilizer and chemicals

to control pests, and

- to minimize G x E and identify technologies suitable to wide areas of adaptation.
The result was the ‘green revolution’, and the unprecedented increase in rice productivity,
which resulted in adequate supplies of rice at prices affordable to the urban and rural poor.

Today, however, our goals have broadened. They include not just the well-being of present
rice farmers and consumers, but also the generations to come, and particularly those with low
income. In addition, we have a concem for the global environment.

Our simple model can still meet these new objectives, but we must change emphasis.

The genetic component

*  We must continue the search to increase basic yield-determining factors. In IRRI’s mega
project Raising the irrigated rice yield plateau, we targeted an increase in yield potential
of up to 50%. The ‘new plant type’ combined with heterosis in tropical hybrid rice
should increase irrigated rice yield potential to 15 t ha™ in the dry season in the tropics.

Fds P.K. Aggarwal, R.B. Matthews, M.J. Kropff & H.H. van Laar 1
Applications of systems approaches in plant breeding. SARP Research Proceedings,
AB-DLO, TPE-WAU, Wageningen and IRRI, Los Bafios (1993), pp. 1-4.



*  We must provide more durable tolerance to biotic stresses by broadening the genetic
base, and enhancing the diversity of the system at the level of genes, cultivars and
species.

Thus, we envisage a continuation of our effort in the genetic improvement of rice and we add to
that the use of new tools in biotechnology and the understanding of pest/host interactions. We
also see an increasing concern for biodiversity. Nowhere is that more pronounced than in pest
management, where IRRI research is concemned as much with the diversity of the biological
agents that influence the resilience of the system, as to the diversity of the “genes’ and their de-
ployment to minimize, in a durable manner, economic losses from pest damage.

The environmental component

*  We must ensure the permanency of the resource base of the intensive food systems - the
irrigated rice and the rice/fwheat systems. We were able to intensify these systems be-
cause of early maturing, high yielding varieties, extended growing season (with irriga-
tion), provision of external nutrients to support the increased demand of the cropping
systems, and increased productivity of labour and decreased ‘turnaround’ time between
crops. There are now disturbing signs about the long-term sustainability of these
systems. We must understand the effect of the intensification on the processes that
determine the capacity of the resource base to maintain the productivity of these systems.

The genotype x environment component

The wide adaptation concept - the need to minimize G x E (and maximize G) was successful for
the rapid adoption of the seed-based technology of the ‘green revolution’ of the 1960s. But is it
appropriate today? And is it appropriate for the more variable rainfed ecosystems, the rainfed
lowtands and the uplands?

If we examine the relative contribution of G, E and G x E to total variance, we see a shift
from a dominance of G in the uniform, irrigated environment, to G x E accounting for most of
the variance in the rainfed ecosystems.

Now, instead of ignoring or attempting 1o reduce the G x E variability, we have to find ways
to capture the favourable and repeatable G x E. We must not only utilize the G but also the fa-
vourable G x E which will provide for the efficient use of resources in a sustainable manner.
There is a need to measure and characterize the resources of the ecosystems, and to understand
how to maximize the capture and minimize their loss. The efficiency of use of these resources
by the genotype(s) in the system must be increased.

The key, 1 believe, is to understand the processes and the traits that determine G x E. We
must change from thinking globally and acting globally, to thinking globally (i.e. understanding



processes) and acting locally (i.e. adapting to local resources}.

This move from global to local adaptation needs a different approach - a systems approach -
to conceptualizing and conducting research. Simulation models can be instrumental in this re-
spect.

Systems approach

A new frontier in agricultural science is in the way we think, analyse, conceptualize and conduct
our research. The new model and the new objective require a new approach - a systems
perspective where the understanding of the whole is linked with the knowledge of the
component parts. In a shift to a systems approach, however, we must remember that science is
traditionatly a reductionist process, and deals with the component pieces; it requires focus on the
underlying processes and mechanisms. The systems approach will require more knowledge-
based technologies - an integration of the component parts as, for example, in integraied pest
management - than has been the experience in the past.

We can divide our research activities into four broad areas - four M’s of research: Measure-
ment, Mechanisms, Models and Methods.

1 believe that in the ‘seed-based’, wide adaptation model, we were able to move gquickly from
Measurement - {the measurement of the variation in a segregating rice population) to Method
{technique) the release of a selected cultivar. The central two components of understanding
Mechanisms and Processes, and the ability to Model and predict their impact, were not needed
for widespread adoption.

The focus on Measurement and Method has not been so successful for more complex
technologies - for example our cropping and farming systems work, or for developing varieties
for the variable environments. We need to match global knowledge with local applications. This
will require an understanding of the mechanisms and processes that influence the use of
resources and the use of models at ail levels:

*  Conceptual models as in the ideotype for higher yield - why not an ideotype for a
system, a watershed?

*  Process models that look at the interactions of processes, that ask the *what if” question.
*  Predictive models that will allow us to think globally and act locally.

Thus, in IRRI’s medium term plan, there is a shift in research activities from the Measurement
of resources, toward understanding of Mechanisms and processes and to the development of
Models. There is less emphasis on Methods (new technologies) at IRRI, because these are
being taken up by collaborating scientists in the National Agricultural Research Systems
{NARS), who also participate in various networks.



In sumnmary, the 1990s and beyond will see an extension of our model - a ‘green evolution’
where IRRI scientists are concemned as much about the environmental component of the base
model as the genetic component. We must continue only with good science, but move to
thinking globally and acting locally. There is a need for knowledge-based methods, rather than
single, ‘technology-based’ ones, requiring more interdependence and less independence in our
science.

We are pleased thai this new approach of understanding Mechanisms and using Models has
found a sound basis at the National Agricultural Research Systems as well through the
SARP project. Through this collaborative effort a *green evolution’ will not be just an IRRT
initiative, but a joint effort of the NARS, IRRI and the Wageningen systems group. It is of
great significance that modelling, breeding and understanding of G x E are becoming
integrated research activities through initiatives like this workshop.



A framework for applications of crop growth simulation models in
plant breeding

P.K. Aggarwal, R.B. Matthews and M.J. Kropif

International Rice Research Institute,
P.O. Box 933, 1099 Manila,
Philippines

Abstract

A systems framework has been developed to use crop models and other quanti-
tative tools, experiments, and data bases in plant breeding programmes in the
project Simulation and Systems Analysis for Rice Production (SARP). In this
paper, we document the specific objectives and the methodology being used in
this programme.

Introduction

Systems analysis and crop growth simulation are relatively recent techniques that offer a means
of quantitative understanding of the effects of climatic, edaphic and agronomic management
factors on crop growth and productivity in different environments, Since crop models integrate
the effects of different factors on productivity they provide a unique opportunity to supplement
results of field trials. The models can also be used to evaluate the effect of numerous combina-
tions of factors e.g. years {climatic variability) x cultivar x regions x water availability x sowing
time in a relatively short time. Such models are increasingly being used for environmental char-
acterization and agro-ecological zoning, defining research priorities, technology transfer,
estimating production potentials, evaluating the interaction effects of fertility, planting dates, soil
type and climatic variability on crop productivity, strategic and tactical decision making and for
predicting the effects of climatic change and climatic variability (Penning de Vries et al., 1993).
In the past, there have been a limited number of applications of crop models in crop improve-
ment programmes but recent studies indicated their potential in increasing the efficiency of plant
breeding.

The framework

A systems framework has been developed to use crop models and other tools, experiments, and
data bases in plant breeding programmes (Fig. 1) in the project Simulation and Systems
Analysis for Rice Production (SARP, ten Berge et al., 1994}, In this introductory paper, we
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document briefly the specific objectives, the crop simulation model ORYZA1 (Kropff et al.,
1994a), other tools and methodologies being used in the plant breeding application programme
of the SARP project.

Objectives of the SARP programme on crop breeding

The objective of the crop breeding programmes is the development of impioved breeding
lines/varieties for a specific product with a defined quality for target environments, For most
crops this breeding process invelves a time investment of 10 - 15 years. Two major activities in
this process are - (7) conceptualizing plant type design, identification of suitable parents and their
hybridization, and (#) the multi-location evaluation for determining genotype by environment
interactions (Hunt, 1993). Some kind of conceptual design has always been used in breeding
through the identification of parents with complementary traits which were expected to improve
existing cultivars when combined. An example of an improved plant type design that had a
major impact on agricultural production is the short stature design for cereals that was developed
in the 1960s.

The issue of designing idectypes now needs a fresh initiative in the context of the large
increase in food production required to feed the growing population. A systems approach may
help in optimizing local agricultural production systems. This approach will involve not only
improved crop management systems, but also new crop types. Crop ideotype designs should
then be based on sound physiological understanding of the system and its interaction with
edaphic, climatic, biotic and management factors. Donald (1962) identified the importance of

Objective

ORYZA1
and
other tools

k

Model-test | {Parameterization

experiments experiments

Figure 1. A framework for the application of crop models in plant breeding.



basic knowledge on the processes driving the production of dry matter, and economic yield
formation. This led to a design driven breeding approach (Donald, 1968). In a recent review,
however, Hunt (1993) concluded that only a few breeding programmes have adopted the
concept of a formal ideotype design as a major breeding activity. With the advancement of
ecophysiological systems modelling of crops in the past decades, the potential to integrate
physiological/morphological process level knowledge to design new plant types has emerged.
Few examples of such an approach in rice are now available (Dingkuhn et al., 1991; Penning de
Vries, 1991; Kropff et al., 1994b; Aggarwal et al., 1995).

The second important activity in plant breeding programmes is the multi-location evaluation
of plant breeding lines. This is a laborious, time consuming and expensive process. Crop
models that are sensitive to varietal differences can be used together with historical weather data
to simulate genotype by environment interactions and thus speed up the efficiency of multi-
location evaluation,

Crop model

ORYZAL is the model used in the SARP application programme on plant breeding. The model
is based on INTERCOM (Kropff & van Laar, 1993), SUCROS (Spitters et al., 1989), and the
MACROS module L1D (Penning de Vries et al., 1989). The model framework relies on input
of detailed ecophysiological information, that is crucial for theoretical evaluation of plant types
for increased yield potential.

The general siructure of the ORYZA1 model is presented in Fig. 2. Under favourable growth
conditions, light and temperature are the main factors determining crop growth rate. From the
leaf area index, the vertical distribution of leaf area and light profile within the canopy are cal-
culated. Single leaf photosynthesis is calculated based on leaf N concentration and light inten-
sity, and the photosynthesis profile of the full canopy is obtained from the light and N canopy
profiles. The maximum rate of CO, assimilation at high radiation levels (the asymptote; A_)
depends upon the leaf N concentration. The relationship between A, and the leal N concentra-
tion is linear and shows little variation acress environments and species.

In the model, leaf N content is expressed on a leaf area basis. The vertical distribution of N
in the canopy profile is accounted for by a generic exponential distribution derived from the
detailed data sets of our recent experiments. Total daily CO, assimilation is then obtained by
integrating the instantaneous rates of CQO, assimilation over the LAI on a daily time-step. Net
daily growth rate (kg ha™ d7) is obtained after subtraction of respiration requirements and
accounting for energy losses in the conversion of carbohydrates into structural dry matter.

The accumulated dry matter is partitioned among the various plant organs. Phenological
development rate is tracked as a function of ambient mean daily air temperature. When the
canopy is not yet closed, leaf area development is calculated from mean daily temperature,
When the canopy closes, the increase in leaf area is obtained from the increase in leaf dry matter
accumulation and specific leaf weight. Calculation of net daily growth rate combines the dry
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Figure 2. A schematic representation of the model ORYZAL!. Boxes are state variables, valves
are rate variables, circles are intermediate variables. Solid lines are flows of material, dotted
lines are flows of information. Source: Kropff et al., 1994a.

weight increase of leaves, stems, and grain using partitioning cocfficients that depend on the
stage of phenological development. The number of spikelets per unit area is determined by the
crop growth rate between panicle initiation and flowering. Adverse temperature at the time of
meiosis/pollination may result in spikelet sterility. Grains accumulate dry matier if available and
until maximum grain weight (input in the model) is reached or when the crop reaches
physiological maturity.

Input requirements of the model are: geographical latitude, daily maximum and minimum
temperatures, solar radiation, and dates of seeding and transplanting. Varietal characterization is
required in the form of phenological development rates, relative Jeaf area growth rate, specific
leaf arca, spikelet formation factor, 1000- grain weight, leaf N content and fraction of stem
reserves.

Other tools

To extract crop parameters from experimental data sets, tools have been developed in the SARP
project. DRATES (Kropff et al.,, 1994a) provides the rates of crop development in different
stages. EXTRACT (Matthews, unpublished) using DSSAT input files (Tsjui et al., 1994)
extracts the complete range of input parameters from an experiment and creates input data files
for ORYZAL. To creaie random variation in input parameters such as those required for plant



type design studies, RIGAUS (Bouman & Jansen, 1993) is very useful. By specifying, the
lower and upper limits of parameter values and some information on distribution properties of
these values, one can obtain a wide array of *hypothetical varieties’ with different combinations
of parameters.

Validation and parameterization experiments

The crop model is first validated with the experimental data in the target environment, in par-
ticular, for the capability to simuiate varietal differences. ORYZA]1 has been validated using a
number of experiments conducted in several environmenis varying in climate, fertility, genotype
and management (Kropff et al., 1994a). The relative contribution of environmental variables,
varietal characteristics, and crop N status to the accuracy of model simulations was evaluated by
comparing predicted to observed rice yields when different parameter inpuls were used to
explain yield variation due 1o N treatment x variety x year effects (Kropff et al., 1994a).
Reasonable simulation results were obtained when the variety-specific coefficients for develop-
ment rate in the vegetative stage (DVRJ) and grain filling phase (DVRR), the effect of N status
on the relative growth rate of the leaf area (RGRL), and the measured specific leaf N were input
in the model. This indicates that the large differences in yield due to season, variety, year, and
N supply can be explained by the ecophysiological ORYZA] model with a relatively small
number of variables as input. It also emphasises the importance of N on leaf area development
and photosynthesis for explaining yield differences.

For using crop models for design of plant types it is important to know the range of variation
available in germplasm in critical plant parameters. Often, additional experiments need to be
done for this. Similarly, for using models in genotype by environment interaction studies, plant
input parameters need to be determined for the breeding lines.

Often the results of validation and parameterization may show linkages between parameters
and insensitivity of some paramelers and/or over-sensitivity of some others. In such cases, there
is a feedback possibility for the improvemnent of crop models and other tools.

Simulation

If model performance is satisfactory in the target environment, it can be used to predict crop
growth and development in different situations. These situations can be differences in plant
parameters {genetic variance) or variation in temperature and radiation (environmental variation),
or management (date of planting, population, N content) or a combination of all. By varying the
Plant input parameters within the range determined from parameterization experiments and using
weather data of target environments, and the desired management, one can determine the effect
of various traits on the performance of rice. Of course, this assumes that there is no correlation
between input parameters. Any such correlation should be built in the models as feedback. The



whole process can be repeated a number of times depending upon the availability of weather
data. Thus, a number of options can be evalvated in a short time and the ‘optimal’ solution
identified.

SARP Application Workshop

A workshop was organized at IRRI in April 1994, in which plant breeders, physiologists,
agronomists, meteorologists, statisticians and crop modellers participated. The purpose of this
meeting was to discuss this framework. Expectations of plant breeders from modelling were
highlighted, feasible opportunities were summarized, hands-on training was given on the model
ORYZA] and other tools, and case studies were presented to illustrate different parts of this
framework. Based upon the discussions, the SARP collaborators formulated their case studies
for future work. The subsequent papers present expectations, opportunities and case studies for
using crop models in plant breeding.
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Expectations of plant breeders from crop physiology and modelling
G.S. Khush, $.S. Virmani and P.K. Aggarwal

International Rice Research Institute,
P.O. Box 933, 1099 Manila,
Philippines

Abstract

The coming decades pose a tremendous challenge to agricultural scientists to
develop technology for higher food production. From the plant breeding per-
spective, the principal challenges are attaining higher yield potential in favour-
able environments, increasing stability and yield potential in unfavourable
environments, incorporation of durable disease and pest resistance in new
varieties, improvement in grain quality, and development of more efficient
breeding methods and selection procedures. In this paper, we have identified
areas where we look forward to contributions from crop physiology and simu-
lation modelling in meeting these challenges.

Introduction

Plant breeding has been practised since the domestication of crop plants 10,000 years ago. The
application of science to plant breeding, however, did not begin until the rediscovery of
Mendel’s law in 1901. Nevertheless, even by practising the policy of ‘crossing the best with the
best and hoping for the best’ (Marshall, 1991}, plant breeding was able to develop better varie-
ties in many crops. A typical example is the development of so-called modern varieties of major
cereals, particularly rice and wheat, which resulted in the ‘green revolution® of the sixties. This
enabled many countries, particularly in the developing world having a rapid population growth,
to meet their food demands. However, 30 years later, we are again faced with a similar crisis.
The world population is still growing rapidly and may reach 8 billion by the year 2020, Most of
these people will be in developing countries where rice is the major staple food. It is estimated
that the world’s annual rough rice production must grow from today’s 520 Mt to 880 Mt in
2025 - an increase of 70%. In many parts of the world there is still considerable yield gap,
which should be able to meet, at least partially, the increased food needs. But in other parts, in
particular, in the favourable environments of China, Korea, and south and south-east Asian
countries, rice yields are reaching close to potential yields. Eighty percent of the current rice
production of the world comes from such favourable areas. The world will continue to be
dependent on these areas for greater rice production,

At the same time, we are faced with stagnating or declining yield potential (Kropiff et al.,
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19942). The yield potential of rice has not increased above 10 ¢ ha™' ever since the release of
IR8, 30 years ago, although significant achievements have been made in attaining yield stability,
increasing per day productivity and improving grain quality. There is an urgent need to secure
the past yield gains and further increase the yield potential of rice and other major food crops in
favourable arcas.

Rainfed lowlands, uplands and deep water environments constitute a large proportion of rice
cultivation in Asia. In these unfavourable environments, crops can suffer from drought, salin-
ity, floods, weeds and other soil constraints. Few varieties and/or production technologies have
been developed for such environments. Strong genotype x environment x management interac-
tions demand that varieties tatlored to specific agro-ecosystems be developed.

Thus, there is a tremendous challenge facing agricultural scientists to develop technologies
for greater food production in the coming decades. This increase has to be achieved on less land
with less inputs such as labour, water, nitrogen and pesticides in such a way that the scarce
natural resources remain conserved. From the plant breeding perspective, the principal chal-
lenges can be summarized as follows:

- Attaining higher yield potential in favourable environments,

- Increasing stability and vield potential in variable environments,

- Incorporating durable disease and insect resistance,

- Improving grain quality, and

- Improving efficiency of breeding methods and selection procedures.

In facing these challenges, plant breeders expect scientific support from disciplines such as
genetics, pathology, entomology, physiology and more recently tissue culture and molecular bi-
ology. So far, there has been limited direct use of the physiological knowledge in plant breeding
(Rasmusson, 1987; Marshall, 1991) although Donald (1968) with his concept of plant ideotype
laid the foundation for collaborative research between breeders and plant physiologists. Avail-
ability of process-based crop models and other systems approaches has provided yet another
opportunity to accelerate the use of plant physiological knowledge in agricultural planning and
development. There have been rapid developments in the fields of crop physiology and model-
ling in the last two decades (Penning de Vries et al., 1993; Goldsworthy & Penning de Vries,
1994). Most of this research was focused on developing better understanding of crop-weather
interactions and for developing improved agronomic production technology. Use of crop mod-
elling may also be helpful in increasing the efficiency of plant breeding. In this paper, we
present our view point of where breeders would like to have the physiological and modelling
inputs for the above mentioned challenges in rice.

Higher yield potential in favourable environments
Increasing yield potential is one of the principal objective of rice breeding programmes. A major

activity in this is to conceptualize plant type designs and identification of genetic donors for the
important traits. Exploitation of heterosis is another avenue to increase rice yield potential. In the
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current scenario, there is also increasing recognition for sustainability issues. Thus, the resource
use efficiency in a rice production system is as important as increasing the yield potential.
Nitrogen is the most used fertilizer in rice fields. Direct seeding is catching up in many parts of
Asia because of labour shortages. We have, therefore, to develop rice varieties with greater
nitrogen use efficiency and competitiveness to weeds, common in a direct seeding environment.

New plant type designs

The challenge in ideotype breeding is the identification of critical traits, which on combination
will result in higher yield potential. Donald (1968) sparked off physiological research on ideo-
types, today several of them have been proposed by different scientific groups for major crops.
However, not many breeders practised ideotype breeding because of lack of convincing demon-
stration 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. The problem is 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 and other quantita-
tive traits (Bennett et al., 1994). Crop models need to identify critical traits and define breeding
goals for different ecosystems. For this, crop models should be robust, based on sound
physiological understanding and tested in targeted environments. Recently, simulation models
have been used to design new plant types in rice (Dingkubn et al., [991; Penning de Vries,
1991; Kropff et al., 1994b; Aggarwal et al., 1995). These studies have identified several traits
relating to source size and sink capacity that need to be changed to obtain a quantum increase in
yield potential, However, many of the proposed traits are not easy to measure in screening large
number of breeding lines. It would be better if traits are identified based con a teams’ decision
comprising of breeders, physiologists, agronomists, and modellers to enable the use of inter-
disciplinary knowledge.

At IRRI, one of our major goals is to develop rice varieties with 30 - 50% higher yield
potential than the existing semi-dwarf varieties for tropical environments (Khush, 1990). Based
on earlier conceptual physiological and simulation modelling research, we have identified the
following characteristics that are desirable in new plant type (IRRI, 1989; Khush, 1990; Fig. 1):

- Low tillering capacity with 3 - 4 panicles per plant when direct seeded,
- No unproductive tillers,

- 200 - 250 grain per panicle,

- 90 - 100 cm tall,

- Sturdy stems,

- Vigorous root system,

- Multiple disease and insect resistance,

- 110 - 130 days growth duration,

- Harvest index of 0.6, and

- 13- 15 tha' yield potential.
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Figure 1. The new plant type in direct-seeded irrigated
rice. Source: IRRI, 1989.

We now have breeding lines with characteristics similar to this new plant type, based on tropical
Japonicas. These lines have semi-dwarf stature, sturdy stems, dark green and thick leaves, 8 -
10 productive tillers when grown at low densities, no unproductive tillers and 150 - 200 grains
per panicle. Insect and disease resistance, and suitable grain quality still needs to be incorpo-
rated into these lines. At present, these lines are being tested in the field. Crop modelling can
assist in evalvating the suitability of this plant type and in suggesting alternate ones. Lack of
genetic variability in indica rices, which earlier limited the choice of donors to the primary gene
pool, is no more a major constraint. The availability of tissue culture techniques such as embryo
rescue, protoplast fusion which alone or in combination with genetic transformation techniques
now allows breeders to exploit genetic variability even from secondary and tertiary gene pools.
Crop models can also assist in extrapolating the performance of these lines in different regions
and rice growing seasons of Asia and in determining suitable agronomic management for them.
We also need to know if different traits would be required in some specific ecosystems.

Exploitation of heterosis

Hybrid rices, by exploiting the phenomenon of hybrid vigour, have shown a 20 - 30% increase
in yield petential in several crops. In China, hybrid rices helped increase rice production by
nearly 200 Mt from 1976 to 1991 (Yuan, 1994). However, these hybrids perform poorly in
tropical environments. Nevertheless, recent research has indicated the superiority of indica rice
hybrids over indica rice inbreds in tropical environments as well (Virmani et al., 1991; Virmani
et al., 1994). Increased yield of tropical rice hybrids was due to heterosis in total biomass, early
vegetative growth, spikelet number and to some extent heterosis for individual grain size
(Ponnuthurai et al., 1984). Hybrids between indica and tropical japonica rices may show even
greater heterosis due to the genetic diversity of the parents {(Bharaj et al., 1994).
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A major constraint in utilizing hybrid rice technology is the need to obtain fresh hybrid rice
seeds for every planting season and the high cost of hybrid rice seed production. Using the
available technology of hybrid rice seed production (Virmani & Sharma, 1993), vields of 1 - 2 ¢
ha™ of hybrid seed and 1.5 - 2.0 t ha™ of pollen parent seed have been obtained, This limited
seed production is largely due to poor outcrossing and asynchronous flowering of male and
female parents (Table 1). Environmental factors such as temperature, humidity and wind speed
at the time of pollination and fertilisation play a great role in regulating outcrossing percentage.
It is a challenge to crop modellers to develop suitable simulation medels to mimic the various
processes and their environmental regolation that affect the magnitude of outcrossing and thus
seed setting. Such models, if available, would be of great value to plant breeders in guiding
development of strategies for increasing hybrid rice seed production, sach as determining the
optimum time of sowing of the two parents. National Agricultural Research Systems and private
seed companies are making efforts to identify suitable areas and seasons for hybrid rice produc-
tion. Can crop models provide this information in a relatively shorter time frame?

Efficiency of resource use

An eco-regional approach is one of the new paradigms in agricultural research. The main guid-
ing principles of this approach for developing countries is increasing crop productivity with
efficient use of external inputs such as fertilizers, irrigation, labour and pesticides while main-
taining or increasing the natural resource base, Nitrogen is one of the key nutrients that limit
crop growth and production in many production situations. In many such systems, it should be
possible to optimize N use efficiency by changing crop management practices. For example,
recent studies conducted at IRRI have shown thal the ‘yield decline’ in rice observed in experi-
mental fields could be corrected by suitable nuirient management (Cassman et al., 1993).
Nevertheless, there are significant varietal differences in nitrogen use efficiency. Can crop
physiology and models indicate the key traits for increased N use efficiency?

The practise of direct-seeding is spreading in many parts of Asia because of the ready

Table 1. Hybrid seed production in tropics and subtropics obtained on CMS IR62829 A, 1990 -
1991.

Location Seed vield Qutcrossing
(tha™ rate (%)
IRRI 08-13 27-37
Philippines 08-12 23-43
India
Northwestern 09-1.7 34
Southern 06-19 -
Vietnam, Southern 0.7-22 19-33
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availability of herbicides and unavailability of labour. However, the greater use of pesticides
may not be environment friendly. We, therefore, need to develop varieties with greater
competitive ability against weeds. Competitive ability differs between crops and between
cultivars of the same species. Often there is a negative correlation between competitive ability
and yield potential (Moody & De Datta, 1982). Is it possible for crop models to suggest with
confidence the plant traits that will provide the rice plant greater competitive ability against
weeds and yet not compromise on yield potential?

Increased productivity and stability in unfavourable environments

Unfavourable environments are characterized by variable water regimes (drought as well as
submergence) and by soil toxicities and deficiencies. Grain yields in these environments are low
and unstable. Progress in developing improved varieties for these environments has been
extremely slow. However, some of the most disadvantaged farmers live in such environments.
We have redoubled our efforts to develop improved varieties for these variable environments.
First, we have attempted to characterize and classify the major unfavourable rice growing envi-
ronments into five major categories. Representative sites have been identified for each of these
categories for selection and evaluation of breeding materials. We have also refined our breeding
methodologies with a goal to select for traits for drought resistance, submergence tolerance,
yield stability, and wide adaptability in areas of unfavourable and erratic rainfall (Khush &
Virmani, 1991). Strategic research is needed to determine the impact of different traits on adapt-
ability and yield potential.

Crop physiology and models have a greater role to play in unfavourable environments.
Together with Geographical Information Systems, they should help in biological charac-
terization of the physical environment {(geography, soil, climate, etc.), and thus define key
environmental domains for which improved varieties are to be developed. A modelling approach
can also provide estimates of yield probability based on our understanding of genotype by envi-
ronment interactions. In addition, crop simulation should assist in fine tuning variety design and
selection procedures. A large number of trails have been propused earlier for drought prone
environments, but we need to know their real worth before spending our limited resources in
breeding for them.

Greater resistance to pests and diseases

The plant breeding efforts to incorporate insect and disease resistance into crops have been very
successful. Availability of molecular techniques has further enhanced our ability to incorporate
genes for insect and disease resistance in rice. We are now atlempting to incorporate durable
resistance to pests.

Systems approaches have been used in recent times to investigate the dynamics of pest
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population, frequency and intensity of disease pressures and to determine opportunities for
reducing indiscriminate use of pesticides. This has found applications in estimating yield losses
due to disease or insect damage and for determnining the sensitivities of crops to timing and
intensities of damage in specific environments. The development and use of pest-crop models
will provide a better understanding of the epidemiological effects that various resistance compo-
nents may have on reducing the rate of pest infection/epidemics. Such information will help in
developing better screening methods for evaluating pest resistant varieties. Through a greater
holistic understanding of crop-pest interactions, it should be possible for systems scientists to
suggest traits required in a variety under different agronomic and pest environments.

Improvement in grain quality

Cereals including rice, wheat, maize, sorghum and millets provide a large proportion of the
food intake of people in developing countries. However, they have poor amino acid profiles.
Improving the level of such limiting amino acids as lysine will greatly help in solving malnutri-
tion problem. Nutritional quality is therefore always an important objective of plant breeding
programmes. Quality varies between crops and between varieties of the same species. Breeding
for higher yield does not necessarily mean lowering grain quality. Several high yielding rice
varieties with acceptable grain quality have been bred by plant breeders around the world.

Protein content is an important trait that conventional plant breeding has not significantly
improved. We hope that biotechnology tools such as induction and selection of amino acid
overproducing mutants at cellular level will help improve the lysine content of rice. There is
considerable influence of soil nutrient management on grain nitrogen content and hence profein
content. Crop physiology and models may be able to identify agronomic and breeding opportu-
nities for increasing grain N content without sacrificing yield potential.

Scented rice is preferred in many parts of the world and fetches a higher price in the market.
The aroma content of these varieties changes with location indicating significant genotype by
environment interactions for this characteristic. However, the specific agro-climatic require-
ments of these rices are not clear, Perhaps crop physiology/bicchemistry and modelling can
identify the specific cultural requirements for combining desired aroma quality with high yield
potential.

Improving efficiency of breeding programmes

Development and release of a variety is a complex process that may extend over a period of 10 -
15 years, Assistance from other research disciplines to increase the efficiency of this process
would be very welcome. We have great expectations from tissue culture and molecular biclogy
in reducing the breeding cycle of varieties and in exercising marker-based selection. There are a
number of opportunities for plant physiologists and modellers as well, to develop methods and
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tools for increasing the efficiency of plant breeding processes.

The entire process of variety development can be divided into several steps (Fig. 2). The first
task of the plant breeder is to conceptualize a plant type design and then to identify the appropri-
ate donors for the desired traits. As discussed earlier, crop modelling can assist in defining
critical traits. Once parents have been identified, hybridization is done, and F, and F, offspring
are grown in spaced populations. Decisions are needed at this stage to reject relatively unsuitable
plants (or select few suitable plants) from a large number of segregating populations. The
breeder uses his judgement to predict the behaviour of these spaced plants when grown in a
community. This is not an easy task. Is it possible for models to predict the expected plot yield
of such spaced plants, as in F, generation, considering all inter-plant competition aspects? Or,
can physiologists and modellers suggest svitable criteria to identify best plants? Needless to say,
these criteria should be easy to measure and available to a large number of breeders and their
technicians. At present, we generally screen for casy to measure/score/observe criteria such as
early seedling vigour, canopy architecture, days to 50% flowering, crop duration, plant height,
numbers of tillers, panicles and spikelets per panicle, and grain type. Fortunately, RFLP maps
are now becoming available that can be nsed to tag genes governing various agronomic traits,
including quantitative trait loci. This would help plant breeders in marker-based selection for
complex traits which have been difficult to select through conventional approaches. In F, to
F./F, pedigree nurseries arc grown, where lines that fit the conceptual plant type and have desir-
able agronomic characters are selected. We need sound advise on optimal spacing that should be
maintained in these nurseries for obtaining the best expression of breeding lines.

Once the breeding lines have become homozygous, they are bulked and then tested in obser-
vational, replicated and multi-location yield trials. These multi-site trials are expensive to
conduct and need several crop seasons to understand genotype by environment (G x E) interac-

Plant type design and
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¥
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)
Figure 2. The plant breeding process for varety

development.
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tions. If crop models can simulate this G x E interaction, it would be possible to reduce the
number of sites/seasons and thus increase the efficiency of the whole plant breeding process of
variety development. The expeclations from crop models in analysing, interpreting and
extrapolating G x E interactions are discussed in detail elsewhere in these proceedings
(Chaudhary, 1995; McLaren, 1995).

Conclusions

Plant breeding is a complex, laborious and time consuming process. Our current physiological
knowledge has not yet been used directly in plant breeding. There are a number of opportunities
for crop physiology and modelling to assist in increasing the efficiency of plant breeding pro-
grammes. However, for these applications, crop models should be robust in their scientific
quality, sensitive to a breeders reguirements and easy to use. Case studies are needed to
demonstrate the usefulness of the systems approach in crop improvement programmes.
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Global evaluation of rice genotypes through INGER -
expectations from crop modelling
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Abstract

This paper summarizes the current status of INGER and the mechanism of
global testing of elite rice germplasm. The future focus of the programme is
illustrated. A number of issues where crop modelling could help plant breeders
and INGER have been raised. These collaborative studies and model
applications may increase the efficiency of global germplasm testing, A work
plan needs to be charted and implemented.

Introduction

Several networks have been established at international, national and regional level to test crop
germplasm over a broad range of environments, to provide opportunities for scientists to form
structured working partnerships that boost research efficiency by saving on time and reducing
costs and duplication and shorten time for varietal development and thus rapid transfer of new
genetic technology to the farmers. The benefits of such networking are tremendous, especially
in the countries with limited funds and scientific manpower.

The international network for genetic evaluation of rice

The International Network for Genetic Evaluation of Rice (INGER) has been conducting global
evaluation of rice germplasm since 1975 (it was known as International Rice Testing Program
(IRTP) until 1988) with the following main objectives:

- To make the worlds elite rice germplasm available to all rice scientists for direct use or in
crosses within breeding programines,

- To provide rice scientists with an opportunity to assess the performance of their own ad-
vanced breeding lines over a wide range of climatic, cultural, soil, disease and insect-pest
conditions,

- To identify genetic sources of resistance to major biotic stresses and tolerance for abiotic
stresses,
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- To monitor and evaluate the genetic variation of pathogens and insect-pests,

- To serve as the centre for information exchange on how varietal characteristics interact with
diverse rice growing environments, and

- To promote cooperation and interaction among rice improvement scientists.

The networking in INGER is unique with a multi-lateral flow of breeding material and informa-
tion, and a commitment of resources from participating nations. Almost 1000 rice scientists
from National Agricultural Research Systems (NARS) in about 95 countries in Asia, Africa,
and Latin America have been participating in this global network coordinated by International
Rice Research Institute (IRRI, Philippines) (Table 1). Other intemational centres (IARC) such
as Centro Internacional de Agricultural Tropical (CIAT, Columbia), International Institute of
Tropical Agriculture (IITA, Nigeria), and West Africa Rice Development Association
(WARDA) work together with IRRI. Agronomists, physiologists, plant pathologists, ento-
mologists, soil scientists of JARCs and NARS join plant breeders in germplasm evaluation. At
IRRI all divisions, centres, programmes and consortia are involved in the network,

INGER has two types of nurseries - ecosystem-oriented nurseries and stress-oriented nurs-
eries (Table 2). Ecosystem-oriented nurseries are focused towards the rainfed upland, rainfed
lowland, irrigated and submergence prone environments. There are observational nurseries
where a large number of breeding lines are evaluated and yield nurseries where a limited number
of genotypes is evaluated in replicated trials. In the stress-oriented nurseries the effect of major
biotic (pests, diseases) and abiotic (temperature, moisture, soil) stresses is determined.

Impact of INGER

INGER has been one of the most effective programmes of IRRI. It has made visible impact on
the varietal improvement programme of NARS and IARC by allowing genetic flow of rice
between countries and making available diverse germplasm (according to extensive evaluation
reports). The following are more specific facts about the impact of INGER:
L. Genetic flow within and between countries:
Since its inception in 1975 more than 38,000 breeding lines and varicties have been pro-
vided by INGER for evaluation. Out of these, 290 breeding lines originating from 31 coun-
tries have been released as 454 varieties in 57 countries in Asia, Africa, Latin America and
Caribbean countries. More than 1790 varieties developed by NARS have used INGER
provided lines as one of the parents.
2. Increased genetic diversify and enhanced sustainability:
Several thousand lines have been used to generate breeding lines in various countries. Over
38,000 breeding lines and varieties shared through INGER have helped diversify the genetic
base of farmers' varieties in various countries. These varieties with diverse genetic back-
ground for pest, disease and abiotic stress resistance result in reduced crop loss and assure
sustainability (Alluri et al., 1993).
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Table 1. Number of active INGER test locations and cooperators.

Number of Number of

Region/country locations cooperators Region/country locations  cooperators
East Asia West Asia & North Africa (cont.)

China 12 73 Morocco 1 1

Japan 2 2 Saudi Arabia 1 1

Korea ] 31 Sudan 1 1

Taiwan 4 4 Turkey 1 2
Southeast Asia Sub-Sahara Africa

Cambodia 7 8 Ivory Coast 2 3

Indonesia 16 23 Mozarbigue 3 2

Laos 1 1 Nigeria 2 3

Malaysia 4 5 Senegal 2 4

Myanmar 13 32 South Africa 1 2

Philippines 7 10 Tanzania 2 4

Thailand 21 80 Zaire 1 1

Vietham 18 36 Zambia 1 1
South Asia Latin America

Bangladesh 12 37 Argentina 2 2

Bhutan 3 1 Brazil 3 6

India 65 136 Colombia 3 5

Nepal 4 12 Costa Rica I 1

Pakistan 7 16 Guyana 1 1

Sri Lanka 4 14 Nicaragua | 1
West Asia & North Africa Europe

Afghanistan 1 2 Ttaly 1 1

Egypt 3 8

Iran 5 17 Oceania

Trag 1 1 Papua N. Guinea 3 1

3 Economic impact:

A critical analysis of the economic impact of world-wide germplasm exchange indicated that
each variety contributes US$ 2.5 million to the world economy (Evenson & Gollin, 1992).
Countries such as Vietnam and Indonesia became rice exporters by making use of these
varieties, while relatively poor countries, such as Cambodia, which had no research
infrastructure, have depended solely on INGER provided material for their varietal im-
provement programme through which recently rice production was re-established. Out of 14
varieties released and used in Cambodia, 11 came through INGER (Chaudhary & Mishra,
1993).
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Table 2. Global INGER nurseries during 1994, 1995 and 1996.

Name of Nursery Entries Countries 1994 1995 1996
Ecosystem oriented
A, Imigated:
NTRON 197 30 S0 90 90
IORYN-E 30 19 80 80 80
MRYN-M 30 12 50 50 50
IRHON 100 8 20 30 30
TRBON 77 10 8 20 20
IRTON 100 - - - 20
IRFAON 100 - - - 20
B. Rainfed Lowland:
IRLON (M, L) 50 14 60 60 60
TRILYN -M 24 8 35 30 30
IRLYN-L 20 - - - 30
C. Deepwater/Tidal:
IDRON 37 10 40 30 30
D. Upland:
[URON 79 19 60 60 60
IURYN 30 9 40 - -
Stress oriented
A. Diseases:
IRBN 306 23 100 90 80
IRBBN 80 14 - 50 -
IRTN 92 7 35 - 30
B. Insect-pests:
IRWBPHN 41 10 35 - ?
IRBPHN 75 14 - 40 40
IRSEN 50 14 - 50 -
IRGMN 50 6 - 40 -
C. Soil problems:
IRSSTN 106 16 50 - 50
IRDTN 44 12 40 - 7
IRCTN 75 26 - 50 507
Total - - 15 15 16
TIRON: Intl Irrigated Rice Observational Nursery; HRYN-EM: Inti Irrigated Rice Yield Nursery;
IRHON: Intl Rice Hybrid Observational Nursery; TRBON: Intl Rice Boro Observational Nursery;
IRTON: Intl Rice Temperate Observtnl. Nursery; [RFAON: Intl Rice Finegrain Aromatic Obsv. Nsery;
IRLON: Intl Rnfd Lowland Rice Observtnl. Nursery, IRLYN: Intl Rnfd. Lowland Rice Yield Nursery;
TDRON: Intl Deepwater Observtnl. Nursery; [URCN: Intl Upland Rice Observational Nursery;
IURYN: Intl Upland Rice Yield Nursery; IRBN: Intl Rice Blast Nursery;
IRBBN: Intl Rice Bacterial Blight Nursery; [RBPHN: Intl Rice Brown Planthopper Nursery;
IRCTN: Intl Rice Cold Tolerance Nursery IRTN: Intl Rice Tungro Nursery;
IRSBN: Intl Rice Stem Borer Nursery; IRGMN: Intl Rice Gall Midge Nursery;
TRSSTHN: Intl Rice Soil Stress Nursery; IRDTN: Intl Rice Drought Tolerance Nursery;

IRWBPHN: Intl Rice Whitebacked Planthopper Nursery;
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Emerging issues in global evaluation of germplasm

Plant breeders are interested in the identification of the'most promising breeding lines for a spe-
cific environment within a short time, with precision and with minimum manpower and funds.
The key issues can be summarized as follows:

- Can testing sites be stratified (G x E studies, biological probe modelling)?

- Can key sites be identified through ‘biological mapping’?

- Can key sites be characterized for germplasm evaluation and G x E extrapolation?

- Can the number of testing locations be reduced?

- Can the testing period of the genotypes be reduced?

- Can genotypes suited to a given agro-ecological paradigm be defined?

- Can modelling help in matching genetic diversity to ecosystem needs (targeted evaluation)?

- Are there models to match genetic diversity to pathosystems?

- What are the avenues for SARP - plant breeders - INGER interaction on above issues?

The above questions are a few major ones, answers of which may provide a basis for an
INGER - modelling workplan. It would give INGER and its cooperating NARS located in 95
countries tremendous benefit, and the modellers a tremendous opportinity of using hundreds of
test sites in these countries. As one of the oldest networks, INGER, through its cooperators,
can provide quality data and excellent support for multi-location evaluation of crop models.

INGER 2000

A new phase of INGER, ‘INGER 200{’, has been prepared recently to address these emerging
issues. The core objective of this programme is international exchange and evaluation of rice
germplasm to increase sustainable yields and broaden the genetic base of farmers' varieties. The
major components of this project will be:

- Global germplasm exchange, evaluation and use of rice genetic diversity,

- Genotype by Environment studies {G x E},

- Pre-breeding activities and technical support,

- Training and monitoring, and

- Improved linkages and management.
The second component (i.e. G x E) should provide a platform for interaction between INGER
objectives and modelling groups.

G x E interaction studies

The interaction of plant genotype with variable environments has been used for several
purposes. The type of interaction may classify the variety for its responsiveness or stability or
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unstability across a range of growing environments. The reactions of the genotypes may also
help in classifying mega-environments into sub-sub-environments. Such information helps in
identifying the suitability of a variety or group of varieties for specific sub-environments
irrespective of their location. Thus, varieties, breeding lines and segregating populations can be
developed and moved rapidly across the globe. There are a number of approaches for such
studies, and methodological developments in this area are rapid.

Evaluation of traditional germplasm and promising breeding materials in different environ-
ments is especially important for the less favourable rice ecosystems because of the strong G xE
interactions. Such G x E interactions in the less favourable ecosystems makes extrapolation of
multi-focation testing programmes extrernely difficult with the existing statistical tools. Process-
driven sirmulation models could be used to understand these G x E interactions as additional
tools to evaluate the performance of promising breeding materials, and to extrapolate results
using long-term weather records.

‘Multi-site testing of parental lines will reveal genctic differences in different environments,
including environments differing in pest biotypes and disease pathotypes. Models for the char-
acterization of rice pathosystems would be very useful. Mapping pathosystem diversity is an
important component for deployment strategies that minimize chemical use for the management
of rice pests. That involves careful targeting of rice diversity to the diversity of the pathosys-
tems. While much can be achieved in the laboratory, or under controlled conditions in the
glasshouse, for instance, targeted field evajuation of germplasm is one of the essential elements
in crop improvement.

In the past, INGER activities were weak in this respect, and only limited genotype x envi-
ronment studies were conducted in crop-weather relations and modelling. Other than the lack of
interest in that area, difficulties of the collaborators from NARS in conducting the unsupported
trials were the main limitations. Moreover, most methods to analyse and interpret data for G < E
were then in the developmental stage. Data for multi-location and multi-year testing may be ana-
lysed using linear-regression analysis, classical cluster analysis, shifted multiplicative model
cluster analysis, pattern analysis, principal coordinate analysis and crossover interaction
analysis etc. to study the behaviour of genotypes, and to classify and to group environments.
Systems tools can assist in global evaluation of rice germplasm by addressing the following
issues:

- Identification of key sites through ‘biological mapping’,

- Characterization of key sites as a basis for the testing and extrapolation,

- Use of modelling tools to match genetic diversity to ecosystem needs,

- Developing more efficient field designs, methods for G x E studies, and environment
characterization techniques.

The process-driven simulation models may help in the understanding of these G x E interac-

tions, evaluate the performance of promising breeding materials, and extrapolate results using
long-term weather records.
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Biological mapping and modelling

A major challenge of this activity is to match genetic diversity {o the needs of farmers in the
heterogeneous and variable rice ecosystems. To date, our work has focused on the favourable,
and less variable, irrigated ecosystem. The challenge today is for the less favourable ones.

For the favourable environments, crop improvement has relied to a considerable extent on
major gene complexes that were identifiable by testing large numbers of different genotypes
through the activities of INGER. Today, our understanding of the processes involved in en-
hancing productivity and sustainability highlight the importance of quantitative genetic systems,
which are more difficult to identify in conventional testing programmes. This understanding has
led to the concept of the use of ‘probe’ genotypes that are selected for their ability to discrimi-
nate the environment. The differential response of the probe genotypes is used to ‘biologically’
characterize the diverse environments. Thus the plant, not the geographer, is the sensor of the
environment. With multi-variate analysis and GIS, maps for rice adaptation as sensed by the
rice plant can be drawn. Then traditional germplasm and promising breeding materials can be
pre-lested in targeted key sites. This biological characterization by carefully designed sets of
genotype probe entries is especially important for the less favourable rice ecosystems. The
development of this research will facilitate the selection of parental types for breeding, and the
incorporation of suitable genetic materials into INGER nurseries. Expected outputs of this
rescarch are:

- Biological characterization of variable environments,

- Analysis of genotype x environment interaction to identify key sites and ‘domains’ for
targeted testing and extrapolation, and

- Characterization of land races in different environments and identification of more stable or
widely adapted genotypes.

Characterization of key sites

The sites selected for representation of ‘domains of adaptation’ require careful characterization
of their physical and biological components, since this information is needed to calibrate the
crop simulation models now available for further assessment and extrapolation of genotype
performance. We envisage that in most cases, these key sites will be congruent with many of
the sites at which IRRI and the NARS are currently collaborating, such as the Rainfed Lowland
and the Upland Rice Research Consortium sites, and we expect to strengthen these linkages
significantly through INGER 2000. Expected outputs of this collaborative activity are:

- Uniform and reliable weather data base,

- Gene mapping of the pathosystems, and identification and verification of resistance to

diseases of rice,

- Minimum data sets on crop growth and yield,

- Genetic coefficients for the rice simulation models, and

- Defined domains of adaptation.
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Models to match diversity to ecosystem needs

Process-driven crop models are now available for rice and its pest ecosystem environments.
They provide an opportunity to ‘grow’ the plant on the computer. Their application can greatly
increase the efficiency and efficacy of germplasm evaluation. [nstead of testing a wide range of
germplasm at many sites, the new approach would be based on more rigorous targeted evalua-
tion at a few selected key sites only. This limited calibration will be used to predict the perform-
ance of diverse germplasm for adaptation to the different environments. This will help IRRI and
the NARS to focus their breeding and germplasm evaluation efforts, and to provide timely feed-
back to drive these efforts.

Through INGER, this activity will build upon the on-going Simulation and Systems
Analysis for Rice Production (SARP) network that involves 16 interdisciplinary teams from 9
countries. Expected outputs of INGER-SARP collaboration are:

- Improved rice growth model to predict performance under variable-resource environments,
- Pre-testing of unimproved and improved varieties for specific environments, and
- Prediction of genotypic adaptation to the different environments.
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Abstract

Crop performance in rainfed environments is unpredictable, due to seasonal
variability, spatial heterogeneity, and interaction between genotype and envi-
ronment. This paper examines how field experimentation and crop simulation
may be used together to enhance the likelihood of success in a crop improve-
ment programme jn such environments. Experience with sorghum in semi-arid
environments of North-Eastern Australia is used as a case study, before outlin-
ing the approach to be adopted in understanding the adaptation of rice to the
rainfed lowlands of South and South-East Asia. The paper concludes by con-
sidering the strengths and weaknesses of the approach.

Introduction

In rainfed agriculture, crop performance is highly variable and unpredictable. Yields are
strongly influenced by seasonal characteristics, and by spatial heterogeneity over soil types,
topographic sequences and agrohydrologic conditions. These variables, in turn, interact with the
cultivar chosen and the cultural practices employed. As a resuit, the interaction between geno-
type and environment is highly significant, complicating the task of identifying an improved
cultivar or a better cultural practice. In order to have a higher average yield, the desired cultivar
or practice should be more stable over a range of environments, with a reduced probability of
crop failure. This is especially important in subsistence agriculture, where the survival of the
farmer and the family is largely dependent on the season's harvest.

In order to evaluate the performance of a cultivar or practice, the researcher must replicate the
experiment over a set of sites and years, which reasonably represent the range of environments
likely to be encountered in the long-term. Careful selection of sites, judicious design of experi-
ments, balanced collection of data and appropriate use of statistical tools will enhance the
chances of success. Nevertheless, the number of environments which may be experimentally
tested is limited, due to financial and practical constraints. A suitably validated crop model could
be used to simulate the performance of a cultivar or practice over long-term weather data, thus
permitting a probability distribution of crop yield to be obtained. Likewise, the benefit of
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incorporating a particular trait may be evaluated, by changing the values of parameters in the
model, and examining the impact on yield and risk of crop failure.

This paper examines the use of field experiments and crop simulation together in crop
improvement programmes. Previous research on adaptation of grain sorghum to the semi-arid
environments of North-Eastern Australia is used as a case study. The research approach being
used 1o examine adaptation of rice to the rainfed lowlands of South and South-East Asia is then
outlined. Finally, the strengths and weaknesses of the approach are discussed.

Adaptation of grain sorghum to semi-arid environments

Sorghum is grown on heavy-textured soils in semi-arid environments of North-Eastern
Australia. Successful production is dependent on antecedent soil water, and on the highly vari-
able within-season rainfall (Wade & Hammer, 1986; Hammer & Wade, 1986). As a basis for
understanding adaptation of sorghum, ten experimental hybrids differing in maturity and genetic
background were selected and grown under irrigated and rainfed conditions in environments
ranging from temperate to tropical (Wade, 1986). Relevant cultural practices were also exam-
ined, in order to understand interactions between genotype and management. The approach
involved the use of crop models to simulate crop response over a wider range of sites and years
than could be examined experimentally (Hammer & Wade, 1985).

Over locations, mean site vields ranged from 1 to 10 t ha™', with the lowest yields obtained
for rainfed crops on the shallow cracking clays of Central Queensland (Wade et al., 1989).
Genotype by environment (G x E) Interaction was significant, and hybrids were identified
which were preferentially adapted either to low- or to high-yielding environments (Wade,
1993). Experimental results indicated that crop phenology was a crucial factor for yield stability,
and phenology also influenced the interaction with cultural practices (Wade & Douglas 1990;
Wade et al., 1993a). Analysis of variance, regression and covariate analyses were effective in
examining these multi-location data, When pattern analysis was employed in 1988, there was no
further improvernent in data interpretation.

Grain yield of sorghum had been reported to decline from temperate to tropical environments
(Miller, 1982), with preferential adaptation to tropical conditions being associated with a lower
base temperature (Thomas & Miller, 1979). When temperature response was examined for the
ten experimental hybrids, no evidence was obtained to support this assertion (Wade et al.,
1993b). Preferential adaptation either to low- or to high-yielding environments was most
strongly associated with response to water stress, Differences in phenology (Wade et al,,
1994), in transpiration efficiency (Hubick et al., 1990; Hammer & Muchow 1991; Donatelli et
al., 1992; Wade, 1993; Henderson et al., 1994), and to a lesser extent, in radiation use effi-
ciency (Hammer & Vanderlip, 1989) were the dominant factors.

These relationships for light and water use efficiency were used to develop QSORG, a
dynamic grain sorghum crop simulation model, in which conversion efficiency for the more
limiting resource (radiation or water) was used to obtain the daily increment in dry matter
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production, which in turn, was partitioned to leaf, stem, root and grain, depending on growth
stage (Hammer & Muchow, 1991). SORKAM (Rosenthal et al., 1989) and CERES (Jones &
Kiniry, 1986) are other sorghum models similar in complexity to QSORG. Carberry & Abrecht
{1991) have examined the differences between these models. Briefly, the models use similar
strategies to simulate the primary processes of crop development, assimilate accumulation and
yield in response to climate and soil parameters, but they differ for some traits and the interac-
tions between them. For example, while crop duration is determined by temperature, photope-
riod and genotype in all three models, SORKAM uses leaf number to define crop duration,
CERES calculates a number of growth stages, and QSORG simulates panicle initiation and
anthesis directly. Important differences arise in relation to interactions. Only SORKAM permits
water stress to alter crop duration, and none of the models have a capacity for nutrition to alter
crop duration. Further details are provided by Carberry & Abrecht (1991).

SORKAM was used to examine yield probabilities for alternative crop durations and cultural
practices. The model was first tested against experimental data for the genotypes and
environments considered, to check the validity of the simulations (Wade et al., 1991). Fig. 1
illustrates that the model was satisfactory in most instances. Exceptions were when extremely
long duration cultivars were used, when rainfall intensity was sufficiently high to increase run-
off and reduce soil water storage, and when row spacing was outside the range considered in
the model. Simulations were only conducted for valid combinations of input parameters (Table
1). As a consequence, the simulated results were in good agreement with experimental data. The
output was presented as cumulative distribution functions, which were used to assess the impact
of alternative crop durations or cultural practices on risk (Gerik et al., 1992; Wade et al., 1992).
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Table 1. Default settings chosen for SORKAM simulations at each site. Source: Wade et al.,
1991,

Katherine Emerald Dalby

Simulated years 59- 88 40 - 69 35-64
Planting date - first 15 Dec. 21 Dec. 28 Sept.

- last 30 Jan. 23 Feb. 1 Jan.
Available soil water,,, (cm) 12.8 11.2 22.4
Available soil water at planting {cm) 6.0 10.0 10.0
ET correction factor 1.1 1.3 1.2
Solar radiation - dry 24 21 20
(MI) - wet 22 12 15

- amplitude 5 11 7
Hydrologic curve number 78 80 91
Field slope (%) 0.5 0.5 1.0

An example of the use of the cumulative distribution function is provided in Fig. 2, for response
of sorghum to plant density and row spacing at Katherine, Emerald and Dalby in Australia
(Wade et al., 1991). Strategies are compared for three possible farmer attitudes to risk. The
‘risk taker’ who owns his property may be willing to lose a crop in a poor season, if yield and
profit can be maximised in a favourable season. High density in narrow rows would be the
strategy employed in this instance. In contrast, a ‘risk avoider’ may wish to minimise the risk of
crop failure so he can pay his debts, even if it means sacrificing yield and profit in a good sea-
son. This farmer would grow the crop in wide rows at low density, in order 1o provide a store
of soil water as a buffer against dry periods. Standard practice is a compromise between these
extremes. The yield probabilities shown in Fig. 2 quantify these concepts, so that number of
crop failures, likely yields and economic returns may all be evaluated (Wade et al., 1991).

Using SORKAM, the optimum crop duration for Central Queensland was shorter than was
reported using the QSORG model (Muchow et al., 1991). Comparison with experimental evi-
dence revealed that the difference in simulated output was mainly due to two factors (Wade et
al., 1994). At these low-yielding sites, crop duration was extended under extreme water stress.
If the model failed to adjust phenology for water stress, the resulting simulations favoured culti-
vars of longer duration. Starting conditions also greatly influenced the results from simulation.
If a full profile of soil water at planting was assumed, rather than setting the model to run con-
tinuously through the fallow period in order to calcolate soil water at planting, fewer crop fail-
ures were predicted. Thus, the adequacy with which the trait is modelled, and the assumptions
used in conducting the simulation, are critical to success (Wade et al., 1994).

Testing the SORKAM medel also indicated that further improvement was possible, by
upgrading the subroutines for several traits (Rosenthal et al., 1989; Wade et al, 1991).
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Experiments were conducted to obtain suitable data, and improved subroutines were developed
for crop phenology (Hammer et al., 1989) and seed number (Wade et al., 1992). The light
extinction coefficient used in the model was confirmed (Rosenthal et al., 1993).

Thus in the sorghum programme, experimental and simulation approaches were successtully
combined to indicate optimum crop durations and cultural practices for the water-limited envi-
ronments of North-Eastern Australia. At the same time, valnable lessons were learned about the
need to carefully consider the adequacy of the model for the stated purpose, and the relevance of
the simulation to the target environment. This is especially important when examining the
potential benefit of incorporating a particular trait into an improved genotype. Not only the trait
itself, but its interactions with other traits and with the relevant environmental parameters must
be considered.
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Adaptation of rice to rainfed lowland environments

Rainfed low]and rice encounters an environment more complex than for any other rainfed crop.
Because rainfed lowland rice is grown in bunded fields without water control, hydrologic con-
ditions may fluctuate from submergence to drought, with major consequences for root growth,
nutrient availability and weed competition {(Garrity et al., 1986). Various systems of crop
establishment are employed, from direct dry-seeding to transplanting, and seedling vigour,
weed competitiveness and capacity to withstand stress are influenced by the choice. Surveys of
constrainis to rainfed lowland rice production indicate that drought, weeds, submergence, soil
fertility, crop establishment, soil physical characteristics and socio-economics are the major
problems (Widawsky & O'Toole, 1990). In farmers' fields, the ultimate challenge is the combi-
nation of seasonal variability, spatial heterogeneity, agrohydrologic complexity, and their inter-
actions with genotype and management.

A new research project will seek to identify traits and germplasm better adapted to the con-
straints of the rainfed lowlands. Research on genotype x environment interaction will be used to
assist the development of seiection procedures and their use in breeding better culitivars. Crop
simulation modelling will be used as an integral component of these activities, because the target
environment is complex and vnpredictable, and the traits of interest are strongly interactive with
environmment. Experiments will be conducted at selected locations of the Rainfed Lowland Rice
Research Consortium, At each location in each season, one hundred advanced breeding lines
will be grown, together with five probe lines. The probe lines, chosen to differ in crop duration,
dronght resistance and weed competitiveness, will cecur more frequently in the trial design.
This will permit more detailed measurements to be taken on the probe lines, which should assist
interpretation of the simpler observations taken on the breeding lines.

For each plot, recordings will be taken on the full array of observations normally obtained in
breeding trials, including crop phenology, drought score, disease reaction, plant height, pheno-
typic acceptability and grain yield. On designated plots of the probe lines, leaf area, dry weight,
root growth, water extraction, leaf water potential, leaf relative water content and plant nutrient
uptake will also be measured. When these data are combined with daily meteorological data
(maximum and minimum temperature, radiation, rainfall and evaporation), and soil physical and
chemical characterisation (soil description, textural classes, pF, conductivity, and nutrient status
by layer) for each site, genotypic coefficients may be developed for the five probe lines. The
development, growth and yield of the probe lines may then be simulated over sites and years,
using an appropriate rice simulation model (e.g. CERES Rice, Ritchie et al., 1987; ORYZAI,
Kropff et al., 1994; ORYZA_W, Wopereis, 1993).

The models can then be used for a number of purposes. Firstly, sites may be characterized
for the expected timing and duration of water deficit. This would permit consideration of how
representative conditions are at each site in each season, relative to long-term expectations.
Selection pressure may need to be adjusted for seasonal conditions. Alternatively, effort may be
necessary to ensure suitable conditions are provided for screening purposes, for example, by
mstatling rainout shelters. Secondly, performance of the probe lines may be simulated over a
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wider range of sites and years than the main experimental programme would allow. This would
indicate the performance and stability of the probe lines in the full array of environments likely
to be encountered in the rainfed lowlands. Breeding lines with traits similar to a probe line may
be expected to perform similarly to it over environments. Finally, the effect of alternative traits
may be more thoroughly evaluated, by adjusting genotypic coefficients in the model, and ex-
amining their impact over long-term meteorological data.

Conclusions and prospects for future research

To be effective, the use of simulation models cannot be divorced from the experimental process.
Rather, crop models should be used as one of the tools at the disposal of the crop scientist.
Quality data are needed to use the model effectively, and as a resuit of conducting the simula-
tions, it may be necessary to conduct further experiments, either to test the predictions or to
further improve the model. In conducting the simulations, care must be taken to ensure that the
genotypes and traits examined are robustly modelled and suitably validated, and that the starting
conditions for the simulations are representative of the target environment. Such a multi-faceted
approach should enhance the chances of success in trying to identify ways of selecting better
genotypes or identifying improved cultural practices.
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Combining statistics and crop models for improved plant breeding
strategies

C.G. McLaren

International Rice Research Institute,
P.O. Box 933, 1099 Manila,
Philippines

Abstract

The scope for the involvement of statistical analysis of genotype by environ-
ment (G x E) interaction with crop simulation modeHing in plant breeding is
investigated. Three principle methods of statistical analysis of G xE interactions
are reviewed: traditional stability regression models, additive main effects and
multiplicative (AMMI) models and pattern analysis involving a combination of
cluster analysis and ordination.

The main challenge for the use of crop models in breeding is identified as a need
for models of sufficient sensitivity to be able to distinguish between relatively
similar breeding lines. The main constraint to their use is the need to have de-
tailed genetic parameters for breeding lines to be modelled. Statistical analysis
interacting with crop modelling of specific varieties could be used to provide a
site index in stability regressions. Pattern analysis could be used to identify rep-
resentative varieties for genotype groups. These could be simulated over
climatic and geographic variation to indicate risk assessment and adaptation of
the groups. Finally, simulation of probe genotypes, semsilive to specific
stresses could be used to aid interpretation of observed G x B interaction.

Introduction

Genotype by environment {G x E) interaction can be defined as the way in which individual
genotypes respond to differences in environment. In the statistical sense, it can be measured as a
vector of residuals from the main effects of genotype (G) and environment (E) in a two-way
classification of response measurements. Hence, the interaction is essentially a multivariate
quantity depending critically on both the set of genotypes evaluated and the set of environments.
The potential for utilization of G x E interaction in breeding programmes relies on the extent to
which these interaction deviations are heritable so that positive deviations, which represent ad-
aptation, can be utilized. G x E can be used to identify breeding domains or mega environments
more precisely than average assessment of site quality or analysis of environmental factors.
Since G x E interactions are properties of the genotypes and environments studied, domains de-
fined through them will also depend on the current pool of breeding material.

The difficulties of utilizing G x E interaction in plant breeding lie in its dependence on the
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specific genotypes and environments examined, and on the expense of covering sufficient range
of environments to effectively classify the interactions. Crop modelling can play a role in the
utilization of G x E interaction by lessening the effects of both these limitations, provided model
parameters can be efficiently estimated for breeding material and provided crop models are suf-
ficiently sensitive and environmental data are readily available so that G x E interactions can be
reliably predicted.

This in essence represents the principal challenge to the utilization of crop models in breeding
programmes: are they sufficiently sensitive to distinguish between relatively similar breeding
lines and is it possible to obtain genetic parameters for a sufficiently wide range of breeding
lines to make their simulation feasible?

Modem statistical models can help by identifying principal factors influencing interaction, by
classifying environments and genotypes into groups with similar interactive responses and by
establishing the reliability of model predictions of G x E interactions.

Statistical models for G x E interaction
Traditional statistical analysis of G x E interaction involved the development of stability pa-

rameters based on the regression of variety yields on an index of site quality (Fig. 1) and on
deviations from this regression (Finlay & Wilkinson, 1963; Eberhart & Russel, 1966).
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Problems with this analysis were the choice of site index, which was usually taken to be the
mean response of all varieties tested at a site, and the difficulty in interpreting the stability
parameters. In fact, the analysis is also limited by the fact that site quality, as measured by aver-
age yield, is very often not the main force driving interaction, and hence, the model is frequently
inadequate.

A more recent approach involves the use of AMMI models which propose multiplicative
terms for the G x E interaction. These form a much richer class of models than linear or even
polynomial models. Hence, much better fits can be achieved greatly improving precision and
predicted values (Kempton, 1984; Zobel et al., 1988).

Interaction between genotypes and environments can be graphically presented using biplots
(Bradu & Gabriel, 1978) such as in Fig. 2, where adaptation of the varieties (numbered points)
to environments, (lettered spokes) is indicated by the distance from the origin of the perpen-
dicular projection of the variety part onto the site spike.

These models have good precision in estimating variety responses, they are very flexible in
accounting for factors driving interaction effects and they provide a useful definition of breeding
domains in terms of best adapted varieties {McLaren & Chaudhary, 1994). Problems with the
AMMI models are that they have no clear theoretical relationship with breeding strategies, and
interpretation relies on the clustering ability of interaction ordination, and on the availability of
good site or genotype characterization.
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Figure 3. Biplot of the first two ordination scores for environment standardized data from
IIRYN-E (92) (the model with two axes accounts for 73% of G xE SS).

A second, but related approach to G x E analysis is Pattern Analysis, which is a combination of
hierarchical classification and principal components analysis (PCA, DeLacy & Cooper, 1990).
Pattern analysis uses hierarchical classification on environment standardized data to define
clusters of environments and genotypes which have the same pattern of interaction. This is
followed with a PCA ordination of the same standardized data leading to ordination scores
which are plotted to aid interpretation (Fig. 3). Cluster groups can be superimposed on the
biplot to stress similar inleraction patiems.

Pattern analysis explicitty exploits classification for reducing the dimensionality of the
interaction problem. The cluster groupings of genotypes and environments can be used to define
distinct response patterns indicating interaction between the two sets of clusters (Fig. 4). Pattern
analysis has a direct relationship to indirect selection strategies when specified data standardiza-
tions are used in certain experimental settings (Cooper & DeLacy, 1994).

Major problems with Pattern Analysis are the choice of data standardization and the distance
matrix to be used for cluster analysis. The classical problem of cluster definition found in all
cluster analysis applications is also present. The ordination component (PCA) of Pattern Analy-
sis is equivalent to AMMI analysis when the data are standardized by removing main effects and
applying PCA to the raw residuals.
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Crop modelling and plant breeding

The principal challenge to crop modelling for its effectiveness in plant breeding is one of sensi-
tivity of the models. For it to be an effective tool in any breeding programme, it must accurately
simulate differences in performance of genotypes of interest. This is somewhat different to the
traditional role of crop models which simulate crop production of distinct varieties over different
management levels,

Physiological parameters of the breeding lines need to be distinguishable in the crop model.
Since elite breeding lines are presumably close in physiological behaviour, this requires a very
high degree of model sensitivity and detailed measurement of the parameters on a wide range of
breeding material. .

For crop modelling to be effective in breeding strategies which aim to use G x E interaction,
the situation is even more complicated because the refevant range of environmental parameters
need to be sensitively measured in addition to the genotypic parameters.

A very simple role for crop modelling would be the provision of an index of site quality for
use in traditional G x E analysis. This could be achieved by simulating performance of number
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of check varieties over a wide range of weather conditions at each site. Regression of observed
test variety lines on the simulated index would give an idea of stability. Regression of the same
check variety vields on the simulated index would give an idea of the effect of specific weather
conditions.

Definition of breeding environments could also be achieved by crop models by modelling a
set of probe genotypes known to discriminate between breeding environments. A targel region
could be divided into breeding domains in which different sets of germplasm could be tested.

By modelling a range of probe genotypes and selected environments known to discriminate
between the genotypes, it is possible that the crop parameters determining the specific interac-
tion could be identified. Hypothetical varieties could then be modelled combining the crop
parameters conferring most advantage as an indication of suitable traits and breeding targets.

The impossible task of accurately modelling a rapidly changing set of breeding lines implies a
limited role for modelling in selection strategies. However, an interesting combination of
modelling, pattern analysis and AMMI prediction could be vsed to extend the geographical
range of selection programmes. If pattern analysis is used to define principal groups of
genotypes with similar patterns of interaction, one member from each group could be simulated
at a wide range of environments. Then, the AMMI model could be used to impute the yields of
the other entries at these environments and the resulting prediction used to limit the number of
entries tried at all sites,

Conclusions

The role of crop modelling in plant breeding strategies depends critically on the ability of the
models to distinguish between breeding lines and their interactions with environments.

Because of the large task of calibrating models for specific genotypes and because of the
rapidly changing genotypes in breeding programmes, it would appear that the best approach is
to identify probe genotypes and place a concerted effort on modelling these varieties and their
interaction. Outputs from such an exercise could include:

- Better identification of breeding domains,

- Understanding of the physiological basis of G xE,

- Identification of important traits for utilization of G x E interaction, and

- Exirapolation of variety testing to a wider range of environments than is possible by direct
trials,
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Abstract

Extensive multi-locational and multi-seasonal evaluation is traditionally needed
to assess plant characteristics. However, because of limited resources, this
procedure can not be applied to large germplasm collections, and therefore, an
efficient method is required that allows assessment of plant characteristics of
large numbers of accessions under various environmental conditions, utilizing a
limited number of evaluation results. Among the many techniques that have
been developed to analyse genotype x environmental interaction, explanatory
crop growth models can account for part of the genotype x environment inter-
action on the basis of quantitative knowledge on the relations between plant
genotypic and environmental characteristics. Current crop growth simulation
models are generally better suited for explanation of the effects of environmental
variation than for analysis of small genetic differences between crops. They
can, therefore, best be applied to analyse the consequences of proncunced
variation in genetic characters, with well-established relations with environ-
mental characters, and which have a relatively high heritability. If applied to
early generations in the selection process, this may increase selection efficiency.

Introduction

The key role of germplasm collections in plant breeding, and their frequent use, puts high
demands on thetr evaluation. This generally comprises two steps: a preliminary evaluation by
the gene bank's crop curator, in which a limited number of traits of interest to the majority of
users is recorded, followed by a more specific evaluation of promising material on the basis of
specifications employed by breeders.

Plant germplasm collections typically consist of large numbers of accessions. For example,
the gene bank of the International Rice Research Institute (IRRI} comprises about 75,700 rice
accessions (IRRI, 1993), and the gene bank of the International Center for Agricultural
Research in the Dry Areas (ICARDA) comprises about 51,000, 20,000 and 22,000 accessions
of cereals, food legumes and forages, respectively (ICARDA, 1993). As the institutes' mandate
regions include many distinct environments, extensive multi-locational or multi-seasonal
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evaluation would be needed to assess plant characteristics. However, this expensive procedure
cannot be applied to such large collections, and, therefore, preliminary evaluations are generally
restricted to one replication in time and space. Considerable genotype x environment (G x E)
interaction makes extrapolation of single-evaluation results impossible, if location x year inter-
action is sigpificant (Lin & Binns, 1988). Therefore, evaluation results have often limited
applicability. Moreover, extensive evaluations may still not lead to unequivocal results. Conse-
quently, if germplasm centres are forced to limit their evaluation programmes because of
financial constraints (Giles, 1990), assessment of the potentials of germplasm for cultivation
under different climatic conditions comes under pressure, so that initial selections have to be
made on the basis of preliminary characterization and evaluation covering only one or very few
seasons, often at a single location. This involves the risk that part of the useful germplasm may
not be recognized as such, and thus not be utilized.

Therefore, an efficient method is required that allows assessment of plant characteristics of
large numbers of accessions under various environmental conditions, utilizing a limited number
of evaluation results.

Genotype x environment interactions

The complexity of G x E interactions during the processes of collection, evaluation, breeding
and cultivation is illustrated in Table 1. Evolution, domestication and cultivation have resulted in
a certain genotype A, which is adapted to environment 1 and manifests itself as phenotype Al.
The plant germpiasm collector is for some reason interested in phenotype Al, and deposits a
sample of genotype A in the gene bank. Genotype A is evaluated in environment 2, which gen-
erally differs from that at the collection site, with the result that phenotype A2 is described. If
the original germplasm is distributed, then genotype A is grown as phenotype A2 or A3,
dependent upon the environment of cultivation, which may be similar to or different from the
environment of evaluation. I the germplasm is subjected to selection pressure during breeding,
then genotype B is selected on the basis of its phenotype B2, If selection takes place in the fu-
ture environment of cultivation, then the result will be genotype C, grown as phenotype C3.
Many other forms of breeding exist, which only adds more genotypes and phenotypes. As
opinions vary on the best selection environment for a given environment of cultivation
(Ceccarelli et al., 1993; Ceccarelli & Grando, 1991; Zavala-Garcia et al., 1992), genotypes B
and C may even be cultivated in a fourth environment. Plant genetic resources and plant
breeding therefore have to deal with at least three environments: the environment of origin, of
evaluation and selection, and one or more of cultivation.

In all cases it remains difficult to determine a plant genotype, as there is always a surround-
ing environment, and observations are generally phenotypic. Plant characteristics, that are the
result of many underlying processes (e.g. grain yield), are particularly difficult to determine
genotypically. Unequivocal quantification of more fundamental plant characteristics (e.g.
temperatore sum to anthesis and characteristics of the light response curve} is usually easier.
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Table 1. Plant genotypes and phenotypes evolution and domestication, via collection and
breeding, to modern cultivation.

Activity Plant Environment  Plant
genotype phenotype

Evolution,

Domestication, A 1 Al

Cultivation

Collection A 1 Al

Characterization, A 2 A2

Evaluation

Breeding A®B 2 A2®B2

or or

A®C 3 AI®C3

Cultivation A 2 AZor A3
B or B2 or B4
C 3 ClorC4

Resolving G x E interactions

Various techniques have been developed to address G x E interaction, and to analyse the effects
of environmental factors on plant characteristics.

Environmental characterization of the collection region may be used in assessing plant geno-
typic characteristics and forecasting growth under different climatic conditions. Provided that
the germplasm originates {rom the collection region (i.c. has not been recently introduced),
agronomic practices and ecological characteristics during domestication and cultivation have in-
fluenced its genotypic constitution. Hence, a relation exists between the agro-ecological condi-
tions of the region of provenance and the morpho-physiological make-up of the plant. Tt may be
expected also, that the former can be related to phenotypic plant characteristics at locations with
different environmental conditions, although the relation with the genotype is stronger. Such
relations are used, for instance, when a breeder requests seeds from ‘a dry region” in search for
drought tolerance. An other example is tolerance to late season frosts in Syrian durum wheat
landraces (Elings & Nachit, 1993). Encidation of such relations may contribute to understand-
ing of plant performance in different environments, which otherwise can only be obtained
through evaluations that are relatively expensive. However, establishment of unequivocal rela-
tions is likely to be hampered by G x E interactions, and by the lack of information on the
environment of origin,
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Analysis of variance (ANOVA) tests the significance of the effects of factors and their inter-
actions, and establishes experimental error (Bowman, 1989; Sokal & Rohlf, 1981}, This
technique analyses effects of population, year, location, fertilizer application and other envi-
ronmental factors. An ANOVA provides a qualitative indication of the relative importance of
factors, and is therewith a first step in analysis of experiments. However, it does not provide
insight in the mechanisms underlying variation, and therefore, it offers little scope for under-
standing and predicting crop growth under different environmental conditions.

Westcott (1986) distinguishes six additional techniques: linear regression and related stability
parameters, cluster analysis, principal component analysis, use of environmental variables,
geometrical methods, and stochastic dominance procedure. All techniques appear to fail with re-
spect to using environmental variables, as was already noted by Eberhart & Russell (1966):
‘Until we can measure such (environmental) factors in order to formulate a mathematical relation
with yield, the average yield of the varieties in a particular environment must suffice’. Recently,
Eskridge (1990) advocated the use of a decision-theory concept known as safety-first. This is a
decision-making tool which explicitly quantifies how a plant breeder weighs the importance of
yield relative to stability.

Regression models are used particularly frequently by breeders. However, the technique was
developed to provide stability parameters (Eberhart & Russell, 1966; Finlay & Wilkinson,
1963) that can be used in germplasm selection, nat to offer a tool for yield prediction in specific
environments. It is a data-based descriptive model, and not a predictive model based on external
variables (Lin et al., 1986). Analyses using stability statistics provide some insight in G x E
interaction, but remain descriptive, and do not explain plant growth and development. There-
fore, their predictive capacity is limited.

The additive main effects and multiplicative interaction (AMMI) model {Zobel et al., 1988)
has gained popularity in recent years (e.g. van Beuwijk & Elgersma, 1992). This technique
combines analysis of additive main effects (genotype, environment) with analysis of multiplica-
tive interaction effects (see also McLaren, 1993).

Crop growth simulation

Crop growth simulation models dynamically describe dry matter production and phenological
development, incorporating plant genetic and environmental characteristics. Explanatory crop
growth models allow the understanding of larger systemns on the basis of the knowledge gained
by experimentation on smaller systems (de Wit, 1982}, and can account for part of G x E inter-
action on the basis of quantitative knowledge on the relations between plant genotypic and
environmental characteristics. They allow extrapolation of effects at the level of single plant or-
gans to the growth of a complete canopy in a continuously changing field environment (Spitters
& Schapendonk, 1990) and, therefore, G x E interactions and the consequences for yield are
reproduced on a daily basis.
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Integration of crop growth simulation in evaluation

Fig. 1 presents a possible selection and evaluation scenario in which simulation of crop growth
is vsed to acquire knowledge with respect to agronomic performance of the germplasm in dif-
ferent environments. Especially if a large collection is evaluated, division of this collection in
relatively homogeneous sub-collections can be considered. Such classification could be based
on, for instance, regions of origin, morphological or physiological characteristics, or colloguial
naming (Elings & Nachit, 1991), as in the case of Syrian durum wheat landraces. However, in
case of other crops and other regions, a different classification system may be required. Divid-
ing a large collection in smaller ones has the advantage that it is easier to select a limited number
of genotypes which are representative for the larger group of genotypes they are selected from
(which is, in this case, the sub-sample, instead of the much larger entire collection). This limited
number of genotypes is evaluated multi-locationally and/or multi-seasonally, and the evaluation
results are used in simulation studies that explore crop growth and production in different envi-
ronments. In case of the example given in Fig. 1, four sets of genotypes, each representing one
sub-sample of the large germplasm collection, are studied through evaluation and simulation.
The simulation studies can be extended to other genotypes, which are to a limited exient charac-
terized in the separate characterization experiments. This can provide a broader assessment of
the collection, Only if the evaluation and simulation results are promising, the particular sub-
sample of genotypes is considered for further detailed evaluation. In the example in Fig. 1, sub-
samples 1, 3 and 4 are discarded. Evaluation or simulation performance of the genotypes of

[ large germplasm collection |

sub-sample 2

| Few representative genotypes ’

[ Multi-lccation evaluation |

I
| Exploration studies through simula1i0n|

sub-sample 2'

| Further evaluation 1

|suh-sample 3' |subasamp[e 4|

sub-sample 1

Figure 1. An example of a selection and evaluation programme that makes use of crop growth
simulation to explore crop growth and production in different environments.
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of sub-sample 2 justify its further evaluation. This further evaluation may follow any desirable
design, including further application of simulation techniques. Alternatively, it may be
preferable to proceed with only part of sub-sample 2, and incorporate some genotypes of the
other sub-samples as well.

Evaluation efficiency is increased, as resources are focused on crop growth and production
of a few genotypes that are considered representative for a larger group of genotypes. The other
genotypes are considered for evaluation only if their representatives provide reason for this.
Evaluation efficiency is further increased through a substantial reduction of the number of
evaluation environments and/or seasons, and replacement with exploration studies with simula-
tion models.

Integration of crop growth simulation in selection

It is difficult to apply a simulation model to an F1 population, as crop growth and development
of the selected Fn may be very different, due to change in genetic constitution of the plant mate-
rial. While moving from an F1 to an Fn generation, yield increases, and other plant characteris-
tics, such as disease resistance, change as well. Most crop growth models assume a constant
morpho-physiological make-up of the plant, and do not allow a change as a consequence of se-
lection pressure. Models that simulate change in allele frequency incorporate as yet a limited set
of alleles, and are, therefore, not suitable to simulate the drift in the entire genetic constitution of
acomplete plant.

Evaluation of large germplasm collections

As a consequence of the large amounts of accessions they contain, plant germplasm collections
cannot be evaluated multi-locationally and -seasonally, which restricts the quantity and quality
of information on plant characteristics (see Introduction). To increase the efficiency of use of
scarce resources, alternative selection methods should be followed. Also Kresovich & McFer-
son (1992) argue that filling every cell in a data base matrix may not be the wisest use of limited
resources, and that some resolution may be sacrificed if an initial analysis of fragmentary data
sets provides the curator with guidelines for more detailed evaluation.

In addition to the information supplied by traditional analytical techniques, crop growth
simulation accounts for the effects of environmental factors on plant characteristics, so that G x
E interactions and the consequences for yields are reproduced on a daily basis. Such an ex-
planatory approach stands in contrast with descriptive techniques as regression analysis. Also,
regression models may be difficult to parameterize for other genotypes, which is easier in case
of simulation models.

A breeding programme must efficiently select genotypes that are suitable for cultivation in
certain environments. As long as a sufficient number of genotypes is selected, it is acceptable,
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from a breeder's point of view, that other good germplasm is discarded during selection. There
is a delicate balance between available genetic diversity, selection pressure, selection efficiency,
and number of selected genotypes. In addition, preliminary evaluations of plant genetic re-
sources are primarily aimed at establishing a general overview of the properties of an entire col-
lection, and the relative values of individual accessions, which relaxes the demands on absolute
accuracy in evaluation results, if it provides broad knowledge over diverse environments
(Elings & van Keulen, 1993). In this preliminary phase of evaluation and selection, it is not
necessary o determine accurately all potentially important plant characteristics. Generally, full
accuracy is not obtained with crop growth simulation, and it is unlikely that estimates obtained
with crop growth simulation are similar to actual yields that would have been obtained in field
evaluations. However, for the above-mentioned reasons, this does not necessarily result in re-
duced selection efficiency.

Data on plant characters for which model performance is sensitive are required. Partly, these
can easily be recorded in customary routine evaluations, such as date of anthesis and the related
temperature sum. In these routine evaluations with one replication, all genotypes are sown any-
way to obtain morphological descriptions, and therefore few additional plant characteristics can
be obtained with little extra input (these characterization experiments are separate from the agro-
nomic evaluation experiments). The plant characters that are selected for genotype description
must, first of all, be easy to observe, such as flowering date, grain yield and particular mor-
phological characters. A high heritability, or high stability over generations and environments,
gives observations a wider value than only to the observed genotype in the particular environ-
ment of evaluation. Also, for food crops, a stable relation with dry matter production and grain
yield is important. Additionally, basic information on, for instance, physiological characters is
required. These may be determined experimentally on a limited number of selected genotypes,
and then be applied more broadly. Environmental input may be long-term weather characteris-
tics and preferably specific soil characteristics, if necessary complemented by specific weather
or soil data representing more favourable or adverse growing conditions.

The evaluation of G x E interactions may be complicated by intra-population genetic hetero-
geneity, as in the case of landraces. Assessment of diversity forms an essential part of plant
germplasm evaluation, since it indicates the breeding value of observed plant characteristics.
The complex interplant relations within a landrace population are balanced towards long-term
yield stability in the environment of origin. Intra-population variation can be quantified with
ANOVA, however, this is of little predictive value for different environmental conditions. Also,
regression analyses and crop growth simulation models at the population level, do not incorpo-
rate intra-population variation and do not explain, therefore, the consequences of heterogeneity
in different environments. Possibly, application of competition models (e.g. Kropff & van
Laar, 1993}, which simulate growth and production of competing plants in a mixed stand, offer
a solution.

Crop growth simulation has so far concentrated on explanation of environmental variation,
and has been applied to only a few genotypes, which were in most cases genetically closely re-
lated, such as rice varieties IRG4 and TR72, This has allowed extensive genotypic characteriza-
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tion of these genotypes. Comprehensive analysis of G x E interaction requires more attention for
the genetic component of the variation in grain yield. As not all genotypes of a large collection
can be characterized extensively, a balance has to be found between the number of genotypes
and the number of relevant characters, such, that the analysis of genetic variation is not jeop-
ardized. Simulation models can best be used to simulate the consequences of large genetic
differences, such as the consequences of variation in date of anthesis for grain yield, in an early
phase of the evaluation programme. The consequences of small genetic differences for crop
growth can be evaluated by model studies, provided that the relevant plant characteristics are
included in the model. However, it may appear difficult to explain small differences that are
observed in a field experiment, if the model’s own errors are relatively large, This may partly be
solved by increasing the number of plant characteristics observed in the experiments, which
supply data that reduce model error. For example, small variation in harvest index (dry matter
partitioning) may fall in this category.

Conclusieons

Simnulation models for crop growth are generally better suited for explanation of the effects of
environmental variation than for analysis of small genetic differences between crops. Current
models can, therefore, best be applied to analyse the consequences of pronounced variation in
genetic characters, with well-established reiations with environmental characters, and which
have a relatively high heritability. If applied to early generations in the selection process, this
may increase selection efficiency.
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Plant type designs for increased yield potential of irrigated rice -
a simulation analysis
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Abstract

A methodological framework is presented for the applications of crop models in
the design and evaluation of plant types for higher yield potential in specific
environments. The framework is illustrated with a case study on irrigated rice in
northern India. The results showed that for a large increase in yield potential, it
is important that leaf area, above ground growth, spikelet number, potential
grain weight and grainfilling duration are increased simultaneously. More work
is needed to determine the genetic variation available in the germplasm for criti-
cal inputs for crop traits in the simulation models.

Introduction

Due to increasing food demand in the future, rice yield in the irrigated ecosystems must double
by the year 2025 (Hossain, 1995). In order to achieve such a target, it is necessary to increase
our effort to design new plant types for higher yield potential. Physiologists have earlier pro-
posed several such designs for different crops (Donald, 1968; Hunt 1993) but they have
generally not been used directly in breeding programmes. Major limitations for their use is the
inconclusive evidence of the importance of a trail in increasing yield potential in different envi-
ronments. Crop simulation models are tools that integrate the physiological knowledge and the
effect of the edaphic, climatic and management environment on these traits. They are, therefore,
suitable for determining critical traits for a desired yield potential in a specific environment.
They have been recently used for such applications in wheat (Aggarwal, 1991), sorghum
{(Muchow et al., 1993), rce (Dingkuhn et al.,, 1989; Penning de Vries, 1991; Kropff et al.,
1994b) and some other crops. In this paper, a framework is presented to use crop models in
designing and evaluating new plant types for specific environments,

Material and methods

The various steps involved in the methodology are illustrated in Fig. 1. ORYZA1 (Kropff et al.,
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1994a) was the crop model used for this case study.

Input requirements of the model are: geographical latitude, daily maximum and minimum
temperatures, solar radiation, and dates of seeding and transplanting. Varietal characterization is
required in the form of phenclogical development rates, relative leaf area growth rate, specific
leaf area, spikelet formation factor, 1000 grain weight, leaf N content and fraction of stem
Teserves.

The performance of the model has been evaluated for several experiments varying in N input,
variety, time and season of planting (Kropff et al., 1994a). The model predicted potential yields
ranging from 6 to 15 t ha™' in a range of contrasting environments reasonably accurately.

The critical inputs relating to leaf area, growth and development and sink size were varied in
steps of 10% in the range of +50% to -50% to determine the major sensitive parameters of rice
in a well irrigated and fertilized, disease-free environment of New Delhi, The later has a sub-
tropical climate with rainfall during the rice growing season varying from 400 to 700 mm. The
basic crop inputs were those determined for IR72 by Kropff et al. (1994a). Because only one
parameter was varied at a time, this exercise is analogous to the field study of importance of dif-
ferent traits using near-isogenic lines.

To further examine the opportunities for increased yield potential, hypothetical plant types
were generated in which several input parameters were varied simultaneously. This was
achieved by using a random pumber gencrator programme - RIGAUS (Bouman & Jansen,

! ¢
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l Determine sensitive parametsrsl

Varianca in trait parameters
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| Input-output relations |
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Table 1. Model input parameters that were varied to create hypothetical plant types. Also shown
is the range in which these parameters were varied. SLA, NFLV, FSH and FLV are develop-
ment stage dependent functions. These were multiplied by the values shown in this table.

Name Explanation Standard value Lower Upper
lirnit limit
DVRJ Duration of basic vegetative period  .000773 000550 .000900
DVRR Duration of grainfilling period 001783 001600 .001800
RGRL Relative leaf area growth during .008 006 012
early periods
SLA Specific leaf area I. .8 1.2
NFLV Leaf N content I. .8 1.2
FSH Root:shoot ratio I .8 1.2
FLV Leaf:shoot ratio L 8 1.2
SPGF Spikelet formation factor 64900 50000 90000
WGRMX 1000 grain weight 24.9 20 30

16993) for the sensitive input parameters (Table 1). It was assumed that afl inputs are uniform in
distribution and vary within the limits shown in Table 1. The variation in some of the parame-
ters is not very well known and therefore was assumed to be £20% of the IR72 value. Inputs
such as FSH, FLV, NFLV and SLA vary in the model as a function of the crop development
stage (Kropff et al., 1994a). Tt was assumed that in hypothetical plant types this pattemn of
change with crop development remains the same. The value at any given development stage was
obtained by multiplying with a constant (between 0.8 and 1.2) to get the appropriate value for
the hypothetical variety. In practice, however, this range may be different.

One hundred hypothetical varicties were created with a random mix of different parameters
within the specified range. The grain yield obtained by these vasieties was determined using
1991 weather data of New Delhi. The plant types vielding at least 23% more than IR72 were
identified from this anafysis. Their performance was further tested for another 20 years by using
the daily weather data of New Delhi from 1971 to 1991.

Results and discussion

Effect of variation in individual plant traits

The control crop (IR72) had a yield potential of 6.25 t ha™ in the 1991 season. A 40 - 50%
reduction in DVRIJ (rate of development during vegetative stage) caused a 19 - 30 days increase
in the duration of basic vegetative period. The grain yield of these plant types was 8 - 30%
higher than IR72. These plant types had more dry matter production as well as higher number
of spikelets and grains compared to IR72. By comparison, a 20 - 30% decrcase in DVRJ
resulted in 7 to 12 days increase in vegetative duration but yield of these plant types was lower
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Figure 2. The effect of variation in model input parameters relating to crop duration (DVRJ and
DVRR) and sink size (SPGF and WGRMX) on grain yield of irrigated rice in New Detlhi.

than IR72 (Fig. 2). These crops had less number of grains than the control crop because the
duration of grain formation period was reduced. Reduction in the vegetative period shifted
grainfilling period to the days with relatively lower radiation and higher temperature. This
reduced the grainfilling period and dry matter production. Simultaneously, these crops became
sink limited. Increase in DVRIJ reduced basic vegetative period in all cases and all such plant
types had yields lower than IR72.

A reduction in post - anthesis development rate (DVRR) increased grainfilling duration by
one or two days only since grains reached their pre-set potential weight by that time. Thus, in all
these plant types the yields increased by less than 3% only. In the model, crop growth is termi-
nated when all the available grains reach their maximum or when the crop reaches phenological
maturity. Any decrease in grainfilling pericd resulted in reduced grain yields (Fig. 2).

Increase in sink size due to either an increase in number of spikelets or 1000 grain weight did
not result in any increase in grain yield (Fig. 2). Increased spikelet numbers resulted in a com-
pensation by a reduction in the weight of grains. Similarly, when maximum grain weight was
set to a high level, the grain yield did not increase because there was not enoogh time available
to fill those grains. In the model, there is a temperature dependent control of the grainfilling
duration which terminates grain growth even if there are assimilates available for grainfilling.

Increase in LAI early in the season (caused by increased RGRL) or later (caused by increased
SLA) had only a small effect on grain yield (Fig. 3). This increase was due to greater light inter-
ception resulting in more growth and hence more spikelets to be filled. But any reduction in
either RGRL or SLA, in particular RGRL, resulted in a significant reduction in grain yield. A
50% increase in leaf N content resulted in 10% increase in grain yield. Increase in root:shoot
ratio (decrease in FSH) greatly reduced yields but a 50% decrease in this ratio resulted in a
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Figure 3. The effect of variation in model inputs relating to leaf area (SLA and RGRL), leaf N
content (NFLV) and partitioning (FSH, FLV, FSTR) on grain yield of irrigated rice at New
Delhi.

maximum increase of 12% in grain yield. Crops with relatively greater investment in leaves
(greater FLV) had slightly increased yields (Fig. 3). Distribution of leaf N in the canopy, par-
ticularly during vegetative stage, had only a small effect on yield. Similarly, increased extinction
coefficient for solar radiation interception had a very small positive effect but reduction in this
during reproductive stages caused significant reduction in grain yield in both seasons (data not
shown), The fraction of stem reserves (FSTR) had only a small effect on grain yield, irrespec-
tive of the magnitude of change in its value (Fig. 3).

These results indicate that the relative importance of different traits may change with season
and a 50% change in individual trails can provide a maximum of 15 - 20% increase in yield
potential. Adjustment of basic vegetative period may increase yields further than this limit but
such crops may not fit in the cropping calendar. The magnitude of response to input change
may, however, be different depending on cropping year, location and level of management.

Effect of variation in several traits

The performance of 100 hypothetical plant types with random combination of parameter input
values was evaluated for the New Delhi environment of 1991 crop season. These plant types
had random combination of nine input parameters relating to leaf area development (RGRL and
SLA), phenology (DVRJ and DVRR), partitioning (FSH and FLV), leaf nitrogen content
(NFLYV), spikelet growth factor (SPGF) and 1000 grain weight (WGRMX). Nine plant types
were identified that showed more than 25% increase in yield potential over IR72. The input
parameter values for these plant types are shown in Table 2. These high yielding plant types had
different cornbinations of various parameters. Similar increase in yield could be achieved
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Table 2. Input parameter values of plant types yielding 23% more than TR72 at New Delhi,

PT NFLY SPGF FLV DVRJ DVRR RGRL SLA FSH WGRMX
1 3 314 13 -8 0 20.8 -10.6 18 1.6
2 13 16.5 16 -19.9 -5.6 ~6.5 =3.5 14 8.8
3 7 24 186 -12.3 -6.7 -5.9 14 19 1.6
4 -1.4 21.3 9 -27.8 -3.4 31.3 19 13 13.3
5 17 21.7  ~1.8 7.2 -1.3 -03 -12.9 19 2.8
6 -1.6 222 3 16 -84 24.6 1 15 0.8
7 8 29.6 2 -153 -10.1 45 2 11 13.7
8 13 28 7 8.7 -19 43.8 -10.5 12 11.2
9 -18.4 202 6 4.7 -4.5 21.5 10 13 16.5

through several mechanisms. For example, plant types 2, 3, 4, 5 and 6 had a similar increase in
yield potential (25 - 30%) but only some of them had increased lealf N content or RGRL. In
fact, in others (4 and 6 for leaf N and 2 and 3 for RGRL) there was a decrease. However, all
plant types had increased shootroot partitioning, greater SPGF (thus greater number of
spikelets) and higher WGRMX (thus higher potential grain weight). It can be concluded from
the above that for a large increase in yield potential there is a need for simultaneous increase in
Ieaf area, above ground growth, sink capacity {number of spikelets and potential grain weight),
and grainfilling duration.

The performance of four of these plant types (1, 4, 7 and 8) and IR72 was further examined
for different cropping seasons by simulating potential growth of rice crops using actual weather
data obtained from 1971 to 1991. The results showed that there were important differences in
yield depending upon the plant type and the year of planting (Fig. 4). The control yields (IR72)
varied between 4.1 and 9.3 t ha™, Fifty percent of yields exceeded 7.0 t ha™. Irrespective of the
cropping season, the selected plant types had always a yield potential higher than IR72. Plant
types 4 and 7 generally yielded more than the rest and between them the differences were small.
There was a 50% probability that the yields of plant types 1 and 8 were greater than 8.5 tha™.

Conclusions

The methodology used in this paper can be used for designing and evaluating plant type designs
for specific environments. Crop models can be used for setting exact breeding goals for individ-
ual traits for any specific environment provided the effect of specific environment (soil type,
climate, inputs and other management) is appropriately incorporated in the model. There is a
limited data availability on the variation in the critical crop traits in diverse germplasm. Greater
work is needed to quantify this variability as well as to testing the consequences of these
variations in field and simulation environments. The pleiotropic efflects among the traits are also
not well documented. Coilaboration between physiologists, modellers and plant breeders needs
to be encouraged.
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Figure 4. Cumulative probabilities of grain yield of irrigated IR72 and few selected plant types
(PT) at New Delhi. See Table 2 for the details of plant types.
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Abstract

Application of simulation models to identify and analyse parameters that signifi-
cantly influence cornpetitive ability of species could provide useful information
to rice breeders in their search for more efficient plant types. In this paper, we
use INTERCOM, a crop model developed to understand eco-physiological
mechanisms of interplant competition. Results show satisfactory performance
of the model in simulating growth and yield of rice and Echinocloa crus-galli in
monoculture and in competitive environments. Simulated rice yield losses due
to weed competition was similar to observed losses. It is also indicated that sig-
nificant yield increases in direct-seeded irrigated rice could be realized by
breeding for improved relative leaf area growth rate.

Introduction

Direct-seeding of irrigated rice is increasing due o non-availability of labour in many parts of
Asia including Malaysia. Yield losses due to weeds are also generally much higher in direct-
seeded rice compared to ransplanied rice. The current trend in the demand for pest management
strategies with reduced pesticides input places greater emphasis on the need to develop more
competitive cuitivars for efficient weed management (Khush, 1990).

Crop-weed competition in the real world is complex because a large number of interactions
determine the competition process. Competitive ability of crops/cultivars is known to vary de-
pending upon plant traits such as early growth, photosynthesis rate, plant height, seed weight,
leaf angle and water and nitrogen use efficiency (Kropff et al., 1993). Crop models can be used
as a quantitative tools in the understanding of competitive mechanisms between species, both
under homogeneous as well as under patchy weed distribution often encountered in the field.
Application of simulation models to identify and analyse parameters that significantly influence
competitive ability of species could provide useful information to rice breeders in their search
for more efficient plant types.

INTERCOM (Kropif & van Laar, 1993) is a recently developed crop meodel to understand
ecophysiological mechanisms of interplant competition on the basis of the distrbution of
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resources such as light, water and nutrients over species, and the way the species utilize these
resources for their growth. Once validated, this model can be used for applications such as crop
breeding for greater competiliveness against weeds, predicting crop yield losses as well as for
designing better crop management practices. In this paper, we present some results of our case
study where the long-term objectives are to use crop models for designing plant types for better
weed competitiveness in direct-seeded irrigated rice environments. The specific objectives of
this study are to validate the INTERCOM meodel for the analysis of weed competition effects in
direct-seeded irrigated rice using our own experiments done in Malaysia to stady competition
effects and to use the validated model to evaluate the influence of relative growth rate of early
leaf area development (seedling vigour) on competitiveness of rice cultivars.

Material and methods

The results of experiments previously reported (Rajan, 1991) were used in this analysis and
validation study. Two experiments were conducted to study density effects. Pre-germinated rice
{(cv. MR84) and weed sceds were sown, with the rice at densities of 50, 100, 150 kg ha™ in
monocuitures and in mixtures with the weed (Echinocloa. crus-galli (L.) Beauv. var. crus-galli)
which was sown at a density of 130 plants m™, The first experiment was conducted in 1.0 x 1.0
x 0.8 m tanks (Rajan, 1991), while the second experiment was conducted in the fteld. The
emergence dates for weed and crop were the same. The parameters measured for the crop in
monoculture at the lowest density of 50 kg ha ' and the weed in monoculture were used to cali-
brate the model. All other data were used to validate the model.

In another study, sowing dates, and hence emergence dates, of the crop were delayed relative
to the weed. This experiment had the following treatments: 0, 7 and 14 days delay in sowing of
pre-germinated crop seeds with respect to the sowing of pre-germinated weed seeds (Rajan,
1991). The results of this study were also used to validate the model.

Changes in plant parameters and validation

The plant parameter inputs that were changed to adapt the originat INTERCOM model parame-
ters for the local rice cuitivar (MR84) and ecotype characteristics of the weed are shown in Table
1. The initial leaf areas (LAOQ, cm’ plant™) for each species were y-axis intercept values derived
from the plots of In(LAI) versus temperature sum, and the relative growth rate of leaves
{RGRL) were derived from the same relationships (i.e. slopes of the respective regression
equations). Leaf area data from the rice (50 kg ha™") and weed (130 plants m™) in monocultures
were used to derive these parameters.

The vegetative and reproductive development rates and partitioning parameters were derived
employing the DRATES program (see Kropff et al., 1994) using data from monocultures in the
first density experiment conducted in tanks. The used values for maximum plant height
(HMAX) were values observed in monocultures.

Preliminary simulation runs made with the above parameter inputs showed that the model
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Table 1. Input parameters changed in the INTERCOM model for this case study. LA{Q- initial
leaf area {cm® plant™}, DVRV- crop development rate before flowering ("Cd)™, DVRR- crop
development rate after flowering (°Cd)™', FAGTB, FRTTB, FLVTB, FSTTB and FSOATB are
fractions of total dry matter allocated to above-ground parts, roots, leaves, stems and reproduc-
tive parts, respectively, RGRI- relative leaf area growth rate ("Cd)™', HMAX- potential plant
height (cm).

(A) CROP: Rice {cv. MR84)

LAD = 0.7743
DVRV . 00058
DVRR .00175

[} [}
[ =R ]

FAGTB = 0.,.5%, .268,.75, .701,.%5, .976,1., 2.7,1
FRTTB = 0.,.45, .268,.25, .701,.05, .976,0., 2.7,0.

FLVTB = 0.,.68, .268,.57, .701,.41, .98,.08, 1..,0., 2.7,0.
FgTTB = 0.,.32, .268,.43, .701,.39, .%8,.05, 1.,.03,2.,0., 2.7,0.
FSOATB = 0.,0., .701,0., .98,.8%, 1.,.97,2.,1., 2.7,1.
RGRL = (.01
HMAX = 110.

(B) WEED: E. crus-galli var. crus-galli

LAC = 0.4513

DVRV = 0.000795

DVRR = 0.00207

FAGTB = 0.,.55, .353,.78, .821,1., 1.76,%., 2.,1., 2.7,1., 3.5,1.
FRTTB = 0.,.45, .353,.22, .921,0., 1.76,0., 2.,0., 2.7,0., 3.5,0.
FLVTB = 0.,.6 .353, .48, .921,.03, 1.76,.001, 2.,.001, 2.7,0., 3.5,0.
FSTTB = 0.,.4 .353,.52, .921,.9%6, 1.76,.05, 2.,.004, 2.7,0., 3.5,0.
FSOATB = 0.,0., .353,0., .921,.01, 1.76,.94%, 2.,.995, 2.7,1., 3.5,1.
RGRL = 0.012%9

HMAX = 160.

HS = 0.00372

underestimated growth of the weed, in particular plant height, both in monoculture and in mix-
tures, and yield loss in mixtures was, therefore, underestimated compared to observed values.
Changes to the logistic height parameter (HS) for the weed was found to be necessary. Calibra-
tion runs with the weed in mixture with rice at the lowest density showed the need for a 20%
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increase (from 0.0031 to 0.00372 ("Cd)™) in the HS parameter for the weed.
All other parameter inputs were based on competition experiments between rice (cv. 1R64)
and barnyard grass at IRRI (Kropff et al., 1992, unpublished; Kropff & van Laar, 1993).

Effect of early leaf area growth

Early leaf area growth is described in the model by the relative leaf area growth rate (RGRL).
The potential influence of RGRL on the competitive ability of the rice cultivar was simulated by
varying the rice RGRL value from 0.01 (°Cd)™ (the current observed value) to a maximum of a
20% increase.

Results and discussion

Madel validation

Following the changes to the above parameters the simulated tofal above ground dry matter
{TAGDM), leaf area index (LAI), and plant height showed close agreement to observed values
in the rice monoculture and in the weed monoculture (Figs 1 and 2). Simulated TAGDM and
LAT values were comparable to observed values in both species in monocultures and in mixtures
for all rice densities (Figs 3 - 5).

The panicle weights (WSO} simulated for the three crop densities in monoculture and in
mixtures were comparable to the observed values where the yield decline was significant when
the crop and the weed emerged at the same time (Fig. 6A). The simulated competition effect and
the resulting yield loss were more marked when there was delay in sowing of the crop (Fig.
6B).

A much lower yield predicted for a seven day delay in sowing of the crop compared to the
observed value (Fig. 6B) and the corresponding yield loss showing extreme deviation (Fig.
6C), may be attributed to small differences in plant height during initial establishment. Pre-
germinated crop seeds used in this study may have offered a comparative advantage in early
development. This is also reflected in the common practice of sowing pre-germinated seeds
adopted by farmers to achicve earlier crop establishment. Kropff et al. (1993) have also empha-
sized that in mixtures small differences in plant height or leaf area development may cause dra-
matic changes in the competitive relationships. In general, simulated yield losses were compara-
ble to yield losses recorded in several experiments (Fig. 6D).

Effect of early leaf area growth

Increasing RGRL value for the rice cultivar by 5, 10, 15 and 20% of the current observed value
resulted in a predicted grain yield increase of 0.52 to 1.40% only for rice in monocultures; how-
ever, in the mixtures with the weed (130 plants m™), when crop emergence coincides with
weed emergence, the corresponding predicted yield increases were 9.3, 18.2, 24.5 and 30.9%
of current values (Fig. 7). The results of this analysis indicate significant yield increases could
be realized where weeds are present by breeding for traits giving improved RGRL.
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Conclusions

The results of this study indicate that the INTERCOM model can be used for studying crop-
weed interference in direct-seeded rice, and can be easily adapted for studying competition
effects of other weed species where minimum data sets for the critical variables were available
(Table 1).

The simulated outputs also indicate the potential for increasing yields by enhancing the com-
petitive ability of crop cultivars. A more competitive cultivar would require less inputs for weed
management. The usefulness of the model in identifying traits for breeders to consider in the
selection of competitive cultivars is also indicated.
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Figure 1. Observed and simulated values for ~ Figure 2. Observed and simulated values for

total above-ground dry matter (TAGDM), total above-ground dry matter (TAGDM),
leaf area index (LAT) and plant height (HGHT) leaf area index (LAT) and plant height (HGHT)
for rice in monoculture, for the weed in monoculture.
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Figure 3. Observed and simulated values for total above-ground dry matter (TAGDM) and leaf

area index (LAI) for rice sown at 50 kg ha™ and the weed (130 plants m™) in monoculture and

mixtures.
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Figure 4. Observed and simulated values for total above-ground dry matter (TAGDM) and leaf
area index (LAI) for rice sown at 100 kg ha™ and the weed (130 plants m%) in monoculture and
mixfures.
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Abstract

The model INTERCOM was used to quantify competition between Echinochloa
crus-galli and rice. The model was tested with data from field experiments con-
ducted during the Thaladi season (1992 - 1993} at the Tamil Nadu Rice Research
Institute, Aduthurai, India. The effect of weed density and the critical period for
weed compelition in transplanted rice (ADT38) was analysed. In general there
was good agreement between simulated and observed values of growth parame-
ters and grain yield. The effect of different densities of crop and weed, different
aged seedlings, the period between crop and weed emergence and crop season,
and the relative growth rate of the leaves were simulated. The results indicated
that an increased crop density and younger seedlings would benefit the competi-
tive ability of the rice crop. In this study, the critical period for crop weed compe-
tition was from 15 to 60 days after planting.

Introduction

The impact of weeds on rice has been studied for decades. Research indicated that world-wide
over 10% of agriculiural production is lost as a result of crop weed competition for light, water
and nutrients (Parker & Fryer, 1975). Moody (1991) reported that weeds are a severe and
widespread biological constraint to rice production, which results in an estimated yield loss of
10% which is equivalent to 46 Mt per year. The competitive interactions between rice and weeds
are influenced by several morphological and physiological characteristics of the rice varieties
and weed species, related to height growth, leaf area development and light absorption capacity
of the leaves. Besides these physiological characteristics of the species, weed and crop density,
spatial arrangement, the date of crop and weed emergence and the dynamic influence of envi-
ronmental variables on growih processes determine the competitive processes. Recently, Kropff

Eds P.K. Aggarwal, R.B. Matthews, M.J. Kropff & H.H. van Laar 75
Applications of systems approaches in planr breeding. SARP Research Proceedings,
AB-DLO, TPE-WAU, Wageningen and IRRI, Los Baitos (1995}, pp. 75-83.



& van Laar (1993) developed the crop simulation model INTERCOM to improve insight into
the mechanism of competition between crops and weeds in agricultural systems, and as a guide
in weed management decision-making. The model provides a tool to analyse the complex inter-
action between plants that compete for light, water and nitrogen in different ecological environ-
ments, It also facilitates the study of plant attributes determining the competitive ability of
weeds, and the evaluation of weed-control strategies like quantification of non-lethal weed con-
trol measures such as bio-herbicides in terms of yield loss and low dosages of herbicides if their
effects on physiological and morphological characteristics is known (Kropff & van Laar, 1993).

In this paper, the INTERCOM model was tested with field experimental data on the effects of
weed density and the period of competition with transplanted [owland irrigated rice. The model
was used to simulate the effect of weeds on rice yield under different weed and rice densities,
different seedling ages, different times of weed emergence and for different seasons.

Material and methods

Model structure

The INTERCOM model simulates the following aspects of growth in competition:

- Phenological development,

- Morphological development (height and leaf area),

- Dry matter accumulation based on light capture in competition-sitvations, and

- Allocation of dry matter to the plant organs.

Input requirements of the model are: standard daily weather data (daily solar radiation, tem-
perature, rainfall, average wind speed, vapour pressure), and parameter values that describe the
morphological and physiological characteristics of the plant species.

Under favourable growth conditions, light is the main factor determining the growth rate of
the crop and its associated weeds. From the leaf area indices (LAI) of the species and the verti-
cal distribution of their leaf area, the light profile within the canopy is calculated. Based on
photosynthesis characteristics of single leaves, the photosynthesis profile of each species in the
mixed canopy is obtained. Integration over the height of the canopy and over the day gives the
daily CO, assimilation rate for each species. The dry matter produced is partitioned among the
various plant organs, using partitioning coefficients depending on the phenological development
stage of the species. Phenological development is a function of the ambient daily average tem-
perature, When the canopy closes, the increase in leaf area is obtained from the increase in leaf
weight using the specific leaf area (SLA, m * leaf kg™ leaf).

Data used to test the model

Data on the effects of Echinochloa crus-galli on rice cultivar ADT38 (a medium duration variety
of 135 days) was collected from two field experiments conducted during the Thaladi season,
1992 - 1993 (i.e. wet season, October to February) on a clay-loam soil at the Tamil Nadu Rice
Research Institute, Aduthurai.
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Experiment I: Effect of herbicides on competitive ability of different weed species against rice

A randomized block design with four replicates was used. The effect of three herbicides was
evaluated: Butachlor (1.5 kg ha™), Anilofos (0.45 kg ha ), and Anilofos and 2,4 D (0.3 and
0.4 kg ha™', resp.). Weedy checks with grasses, sedges, and broadleaved weeds and a weed-
free check were included as well. For this study, the weedy check with grass weeds (mainly E.
crus-galli, 12 m™®) and the treatment with Butachlor applied at 1.5 kg per plot (2 m™%) were
taken. Rice was transplanted at 33 DAS (days after sowing).

FExperiment I1: Effect of different periods of competition of E. crus-galli on rice

A randomized block design with four replications was used. Different periods of weed infesta-
tion and weed-free conditions (15, 30, 45, 60, 75 days until harvest) after transplanting were
studied.

The rice plant spacing was kept at 15 x 10 cm (66 hills m™) with 1 plant per hill. The weeds
were seeded by hand uniformly by mixing them with sand on the day of rice transplanting. The
sown weed seeds emerged after three days. The weed plants were thinned on the fifth day after
sowing. Nitrogen was applied at the dosage of 30 kg ha™* at each application, i.c. just before
transplanting, mid-tillering, panicle initiation, between panicle initiation and flowering and at
flowering. The crop was irrigated and the water depth was maintained between 2.5 - 5 cm. Five
hills per plot of both the rice and weed plants per replication were sampled at panicle initiation,
flowering and at physiological maturity. From these samples plant height, tillers, leaf area, dry
weight and nitrogen content of leaves, stem, panicle and roots were measured. Grain yield and
yield components were taken at harvest.

Application of the model

The INTERCOM model was used to analyse competition between ADT38 and E. crus-galli.
Values for relative growth rate, leaf area, leaf nitrogen status, and specific leaf weight were
estimated from the experimental data in the monoculture treatments. All other parameters for
both rice and weed plants were adopted from Kropff & van Laar (1993). The model inputs
obtained from the field experiments are given in Table 1.

Results and discussion

Validation of INTERCOM

The observed and simulated dry matter production of rice and E. crus-gelli in monoculture and
in mixture is given in Table 2. Total dry matter production was simulated using the measured
specific leaf nitrogen as input (NLVTB, g N m leaf).

Simulated totat dry matter matched the measured weight in the rice monoculture at all growth
stages except at physiological maturity. The lower observed values at this stage may be due to
the slight incidence of bacterial leaf blight, which infested the crop at about 15 days after flow-
ering. Simulated weed biomass in monoculture showed good agreement with the observed

77



Table 1. Input parameters used in the model, for acronyms see Kropff & van Laar (1993).

Parameters for rice cultivar ADT38:

LAD 0.75; HGHTI = 1.
WLVGI = 0.000005; WSTGI = 0.000003; WRTI = 0.000005

DVRV = (.000637
DVRR = 0.001932
RGRL = (.01228

*Dry matter partitionin arameters
' P g p

FAGTB = 0.0,0.5¢, 0.5C¢,0.75, 0.65,0.80, 1.0,1.0 , 2.00,1.00, 4 ,1.0
FRTTB = 0.0,0.50, €¢.50,0.25, 0.65,0.20, 1.0,0.0 , 2.00,0 4 ,0.0
FLVTB = 0.0,0.7 , 0.5C,0.70, 0.65,0.50, 1.0,0.05, 2.00,0.0 , 4 ,0.0
FSTTB = ¢6.0,0.3 , 0.50,0.30, 0.65,0.50, 1.0,0.45, 2.00,0.0 , 4 L0.0
FsCcaTB = 0.0,0.0, 0.50,0.00, 0.65,0.00, 1.0,06.50, 2.00,1.0 , 4., 1.0
LAITB = 0.0,0.04, 0.50,0.20, 0.65,2.25, 1.0,4.97, 2.0,0.50, 4.0,0.90
SAITB = 0.0,0.0 , 0.50,0.03, 0.65,0.4 , 1.¢,1.3 , 2.0,0.5, 4.0,0.5
NLVTB = 0.0,1.35, 0.50,1.17, 0.65,1.02, 1.0,0.59, 2.0,0.40, 4.,0.4¢C
SLWTBE = 0.0,300., 0.50,352., 0.65,370., 1.0,524., 2.0,524., 4.0,524
NPROFT = 0.,1., 1.,1.6, 1.8,1.5, 2.1,1.2, 4.,1.2

Parameters for Echinochloa crus-galli:

LAD = 0.75; HGHTI=1.

WLVGI = (.000005; WSTGI = 0.000003; WRTI = 0.000005;
DVRV = 0.000984

DVRR = (.002056

RGRL = 0.015%

* Dry matter partitioning parameters

FAGTB = 0.0,0.6C, 0.33,0.75, 0.53,0.80,
1.0,1.0 , 2.00,12.0, 4.0¢,1.0 , 7.0,1.0

FRTTB = ©.0,0.40, 0.33,0.25, 0.53,0.20,
1.0,0.0, 2.00,0.0, 4.00,0.0, 7.0,0.0

FLVIB = 0.0,0.7 , 0.33,0.65, 0.53,0.40,
1.0,6.08, 2.00,0.0 , 4.00,0.0 , 7.0,0.0

FSTTB = 0.0,0.3 , 0.33,0.35, 0.53,0.60,
1.0,0.95, 2.00,0.0 , 4.0G,0.0 , 7.0,0.0

FsCATB = (€¢.0,.0.00, €.33,0.0 , 0.53,0.00,
1.0,0.00, 2.00,1.0 , 4.00,1.0 , 7.0,1.0

RTD = 0.3

LAITB = 0.0,0.02 , 0.33,0.10, 0.53,1.20, 1.0,2.67, 2.00,1.005,
4.0,0.58 , 7.00,0.58

SAITB = 0.0,0.002, 0.33,0.0%, 0.53,0.15, 1.0,0.2 , 2.00,0.3,
4.0,0.3 , 7.00,0.3

NLVTB = 0.0,1.02 , 0.33,1.15, €¢.53,1.54, 1.00,0.99, 2.00,0.76,
4.0,0.76 , 7.00,0.76

SLWTB = (.0,210. , 0.33,320., 0.53,550., 1.00,600., 2.00,600.,
4.0,600, , 7.00,600.

NPROFT = ©0.,1., 1.,1., 1.8,1.3, 7.,1.3
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Table 2. Observed and simulated growth components of rice and E. crus-galli in monoculture

and in mixture.

Rice E. crus-galli

Growth DAS Total DM Height Total DM Height
stages (tha™) (cm) (tha™) (cm)
Mono - Observed

50 0.094 40 0.050 14
PI 72 1.195 53 0.945 28
FL 105 7.570 81 6.710 73
PM 135 12.510 88 11.950 104
Mono - Simulated

50 0.100 49 0.071 17
PI 72 1.408 65 1.294 33
FL 105 8.478 87 7.701 81
PM 135 13.816 94 13.003 108
(Rice + F. crus-galli 2) - Observed

50 0.094 40 0.007 15
PI 72 1.180 52 0.098 26
FL 105 7.3%0 80 0.225 75
PM 135 11.780 87 0.530 102
(Rice + E. crus-galli 2) - Simulated

50 0.100 49 0.009 17
PI 72 1.400 65 0.129 33
FL 105 8.195 87 0.307 79
PM 135 13.217 94 0.687 108
(Rice + E. crus-galli 12) - Observed

50 0.092 33 0.042 10
PI 72 1.155 49 0.475 26
FL 105 6.550 75 1.130 65
PM 135 10.210 77 2.480 100
(Rice + E. crus-galli 12) - Simulated

50 0.100 49 0.054 17
PI 72 1.317 65 0.642 33
FL 105 7.508 87 1.420 79
PM 135 11.678 94 3.006 108

PI = Panicle Initiation; FL. = Flowering; PM = Physiological Maturity;

‘Weed number = Plants m™; DAS = Days After Sowing.
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values at all stages. Using the same set of parameters, good simulations were obtained for the
mixture treatments with 12 and 2 plants of E. crus-galli m™. Simulated plant height also showed
fair agreement with the observed values in monoculture in both rice and E. crus-gaili. In mix-
ture, simulated rice plant height was higher than the observed value. This is due to the lack of
feedback of competition effects on height growth. Rao & Moody (1992) showed that competi-
tion between rice and E. glabrescens resulted in the reduction of plant height by 11.9 and 9.6%,
respectively under transplanted sitvations and by 12.8 and 8.4% under wet seeded condition.

Simulated and observed yields due to competition between rice and E. crus-galli is given in
Fig. 1. The INTERCOM model predicted a yield loss of 19.6 and 5.2% at weed densities of 12
(ixture 1) and 2 plants m™ (mixture 2), respectively, which is close to the observed yield loss
of 15.7 and 3.4%. Similar results were obtained by Kropff et al. (1993b) who used a wide
range of data set from Kyushu (Japan), Arkansas (USA), California (USA) and Los Banos
(Philippines). The relation between observed and simulated loss from the above experiments
explained 93% of the variation and the regression of simulated versus observed was close to the
1:1 relationship (y =—0.6 + 0.99x). It can be concluded that the rice yield loss due to weeds can
be explained by the INTERCOM model from differences in crop density, weed density, the
period between crop and weed emergence and establishment method of rice.

Application of the INTERCOM model

Factors determining competition effects

Since the model performed well, it was used for further interpretation of competition effects.
The effect of different densities of crop and weeds, seedling age, the period between crop and
weed emergence, season, and the relative growth rate of the leaves (RGRL) were detcrmined.
During the Thaladi rice season, Cauvery Delta Zone farmers are using two crop densities, i.e.
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Table 3. Simulated percentages of rice yield losses due to competition with E. crus-galli.

Sensitivity analysis Rice population (hill m™)
66 50
1. Rice + E. crus-galli densities
E. crus-galli (plants m™) = 2 52 6.1
" =4 8.7 11.2
" =6 12.1 15.3
" =8 14.8 19.1
! =10 17.3 22.1
" =12 19.6 249
2. Effect of aged seedlings”
Seedling age (days) =24 16.1 17.7
" =27 18.0 20.8
" =30 19.0 22.1
" =33 19.6 249
3. Weed emergence period”
Days after planting =0 278 32.6
" = 17.0 22.8
" =6 10.0 12.7
" =9 6.0 7.1
" =12 25 3.3
" =15 1.2 1.8
4. Seasonal influence’
Kuruvai (135 days) 330 38.5
Thaladi (135 days) 19.6 242
Samba (135 days) 294 321
5. RGRL of rice’
Measured (0.01228) 19.6 24.9
5% increase (0.01289) 15.5 20.0
10% increase {0.01350} 12.5 16.8

“Weed density of 12 m™

66 hills m™ (15 x 10 cm spacing) and 50 hills m* (20 x 10 cm spacing) depending on the fac-
tors as variety, timne of planting. The results of this analysis are summarized in Table 3.

Rice-weed densities Sensitivity analysis was done to determine the impact of the two rice crop
densities (50 and 66 hills m ?) in mixtures with six different weed densities (2, 4, 6, 8, 10 and
12 plants m™). The results show that by adopting a higher rice population of 66 hills m™, yield
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loss due to weed competition can be reduced. At a weed density of 12 plants m %, simulated
yield reduction was 19.6 and 24.9% at 66 and 50 rice plants m™, respectively. This is mainly
because of the higher population of rice which caused higher leaf area and early ground cover-
age by the foliage, thereby suppressing the weed growth.

Seedling age To investigate the changes in the competitive ability of rice as a result of trans-
planting shock, a sensitivity analysis was done with different seedling ages. The results showed
that (Fig. 2), the yield reduction increased from 16.1 to 19.6%, when planting age of the
seedlings are increased from 24 to 33 days.

Weed emergence period The relative emergence time of the weed and the crop affects competi-
tion. O'Donovan et al. (1985) reported that one day difference in emergence time of wild oats in
barley or wheat changed the crop yield by about 3%. In a theoretical analysis, Fischer & Miles
(1973) reported that weeds that emerge one day carlier than the crop were approximately twice
as competitive as weeds that emerge simultaneously with the crop. Kropff et al. (1993a) also
reported that yield loss is extremely sensitive to small changes in the period between crop and
weed emergence. The sensitivity analysis done in this aspect using the INTERCOM model
showed that the yield reduction was 27.8% when weed emerged at transplanting of rice. There
was a drastic reduction in yield loss when weed emergence was delayed (Fig. 3).

Seasonal influence Environmental differences may affect the competitiveness of weeds. For
example, Chu et al. (1978) reported that redroot pig weed (C, plant) grew about four times as
rapidly as common lambsquarters (C,) at high temperatures (29/24 °C day/night regime), but at
the same rate at lower temperature of 24/18 "C. We found similar results (Table 3, section 4).
Yield reduction was higher (33%) in the Kuruvai (June - September) than in the Samba scason
(29.4%; August - January). Yield loss was only 19.6% in the Thaladi season (October - Febru-
ary). The comparison of the weather conditions during these seasons is given in Fig. 4.

Yield reduction (%)
25

20

15

10
5
o Figure 2. Yield reduction in
24 27 30 33 rice due to weed competition at
Age of seadlings (days) different aged seedlings.
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Figure 3. Yield reduction in rice at different weed emergence periods.

This shows that the solar radiation and temperature sum are highest in the Kuruvai season fol-
lowed by the Samba season. Due to this, E. crus-gaili being a C, plant, became more competi-
tive than rice (C,) during the Kuruvai season than in the Samba or Thaladi.

Relative Growth Rate of rice Leaves (RGRL) The most important trait determining competitive
ability of rice was the RGRL (°Cd™") in the early part of season. The sensitivity analysis showed
that yield loss was reduced by 4.1 and 4.9% with 5% increase in RGRL and 7.1 and 8.1% with
10% increase in RGRL at the rice plant densities of 66 and 50 hills m 2, respectively (Table 3).

Cum. sola)r radiation

(MJ day -1 Cum. temperature ("C)
800 - 8OO
Solar Temp.
rad.
L0 Kuruvai
600 || ===~ Thatadi -4 600
- Il Samba
400 - 400

7

200 : 200
Planting- Mid-tillering-  Panicle Flowering-
mid-tillering panicle initiation- physiclogical
intiation  Howering madurity Figure 4. Weather conditions

at different growth stages of

wih
Growth stages rice (1992-1993).
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Figure 5. Effect of weed-free
period on grain yield of rice.

Grain yield (%)

s Observed
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00 15 30 45 60 75 Harvest Figure 6. Effect of weed-infested

Weed-infested period (days after planting) period on grain yield of rice.

Critical period of rice - Echinochipa crus-galli competition

The results of the simulation runs for various durations of E. crus-galli competition are shown
in Figs 5 and 6. From the observed values, it appears that at the natural weed density population
of 12 plants m™, the weed free period required for the Thaladi season at Aduthurai ranged from
O to 30 days after planting. The model simulated yield loss quite accurately in this experiment
(linear regression of observed versus simulated yield percentage: intercept = 6.23, slope = 0.95;
P < 0.001).
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Simulating the effect of varietal adaptation to climate change
S. Mohandass, T.B. Ranganathan and A. Abdul Kareem
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Abstract

A crop model was used to study the effect of hypothetical varieties with greater
tolerance to climatic change on rice production. Reduced spikelet sterility and in-
creased crop duration were useful features for mitigating the detrimental effects of
climate change.

Introduction

Climate change is likely to have a significant impact on agricultural production depending upon
the magnitude of temperature and CO, increase, Matthews et al. (1995) estimated that in general
rice production may be adversely effected by climate change. In this simulation analysis it was
assumed that future cultivar would have the same characteristics as at present. However, plant
breeding programmes are likely o develop newer varieties adapted to climatic conditions. It is
impeortant to determine plant characteristics that may be desirable in such adapted varieties.
Increased temperature significantly reduces spikelei sterility and crop duration in rice (Kropff
et al., 1994; Matthews et al., 1995). This results in considerable yield reduction. In this paper,
we have used the simulation model ORYZA1 (Kropff et al., 1994) to evaluate the possibility of
using varieties with greater tolerance to higher temperatures to mitigate climate change effects.

Material and methods

The rice crop growth model, ORYZA1 (Kropff et al., 1994) was used in the present study to
evaluate the effect of climate change on rice production in a few parts of India. It simulates the
potential yield of rice in which the production is determined by crop characteristics and current
temperature and radiation only, without any stresses resulting from water or nutrient shortage.
The model was calibrated using data from an experiment conducted at the Tamil Nadu Rice
Research Institute at Aduthurai in 1993. The observed and simulated vields for six cultivars
showed good agreement (Mohandass et al., 1993).

The rice cultivar TR36 was used as the standard variety in the present study. Its parameters
were determined from a trial conducted at Tamil Nadu Rice Research Institute, Aduthurai, Tamil
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Table 1. Percent increase in grain yield due to greater tolerance of spikelet sterility to climate
change.

Location Increase in grain vield (%)
Main season  Second season
Aduthurai 9.6 0
Bijapur 15.6 5.6
Coimbatore 1.3 0
Cuttack 5.1 19.0
Hyderabad 0.1 -
Kapurthala 0 -
Pattambi 0 0
Madurai 16.0 0
Patencheru 0 0

Nadu, India during the dry secason (June-September) of 1993. Simulation analyses were done
for Aduthurai, Coimbatore, Bijapur, Coimbatore, Hyderabad, Pattambi, Madurai, Patencherw
(all in southern India), Cuttack in eastern India and Kapurthala in northern India. These sites
were selected because of the availability of the weather data. Dates of sowing and transplanting
for a site were based on the local standard practice.

The climate change scenario for varions locations was provided by the Goddard Institute of
Space Studies (GISS) based on a doubled CQ, concentration.

Results and discussion

Spikelet sterility

High temperatures, particularly above 33 °C, reduce spikelet fertility (Uchijima, 1976). Consid-
erable variation among varieties is known for this threshold level (Satake & Yoshida, 1978).
The effect of a shift in the sensitivity of spikelet sterility by 2 °C was simulated for both main
and second planting season based on the simulated future climate. The results indicated that
there was an increase in grain yield for several locations, particularly in the main planting season
{Table 1). Grain yield increased by 5.6 and 19% for Bijapur and Cuttack only in the second
season.

Crop duration

Often, lengthening the growing season results in a yield increase. Significant differences in crop
duration result because of variation in the length of the vegetative period before panicle initiation
(Vergara & Chang, 1985). Change in grain yield was simulated by assuming that vegetative du-
ration of TR36 can be increased. The results showed that except for Aduthurai, the grain yield
increased with increase in the duration of the vegetative phase. Thus, it is concluded that the
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plant type with a vegetative duration of 52, 66, 60 and 70 days would be optimal for future
climate scenarios at Aduthurai, Bijapur, Coimbatore and Cuttack, respectively.
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Abstract

Improved varieties are traditionally identified through a series of multi-location
trials (MLT) where a number of competing genotypes are compared. Relative
superiority of a genotype is assessed by its ranking, disease and pest scoring
and grain type. The crop simulation model ORYZA1 was used to simulate the
ranking obtained by genotypes in such a MLT conducted at five sites in Tamil
Nadu, India in 1991. A more detailed field experiment was conducted at one of
the sites to determine model input parameters.

Results showed that the mean observed and simulated ranking based on grain
yield were generally close to each other for most genotypes. The top three
genotypes identified by MLT were also identified by simulation. Potential is in-
dicated for application of crop models in increasing the efficiency of MLT.

Introduction

In the state of Tamil Nadu, India, higher yielding genotypes are identified through a series of
yield tests, including progeny row trials (PRT), preliminary yield trials (PYT), and comparative
yield trials (CYT) at different rice research stations of the Tamil Nadu Agricultural University
(TNAU). Selected genotypes from CYT are then pooled in various duration groups and tested
simultanegusly at all locations in Multi-Location Trials (MLTs) for a few years. The promising
genotypes in MLT are finally tested in farmers fields at more than 80 locations throughout the
state under Adaptive Research Trials (ART). The best genotypes are then released as new varie-
ties for general cultivation by farmers. This process takes a minimum of 8 to 10 years. The
MLTs alone involve a three-year period with more than 30 field experiments at 10 - 11 rice sta-
tions. Thus, it is evident that this multi-location evaluation involves a major share of resources
of plant breeders and technicians.

Crop growth simulation models are increasingly being used to support agricultural research,
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training and extension programmes. Recently, greater attention has been paid to their use in
plant breeding programmes {e.g. Shorter et al., 1988; Penning de Vries, 1991; Hunt 1993;
Palanisamy et al., 1993; Aggarwal et al., 1995). The major applications of crop models are in
the fields of plant-type design and understanding of genotype by environment interactions.

The results of crop simulation are generally sensitive {o the values of the parameters used in
the model. Often there is some uncertainty in these parameters, which affects the relitability of
simulated absolute yields. However, crop models adequately describe the relative trends caused
by environmental variations. This is of considerable use in 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. Palanisamy et al. (1993) examined the use of the
MACROS rice model (Penning de Vries et al., 1989) in assessing the performance (indicated by
ranking) of pre-release long duration rice genotypes in several locations of Tamil Nadu. It was
found that the model was able to correctly identify two out of the three best genotypes deter-
mined in trials. In this paper, we explore the possibility of using a similar model, ORYZAIl
{Kropff et al., 1994), for a related study with short duration genotypes. The specific objective
was to simulate the ranking of pre-release rice genotypes in an irrigated MLT at several locations
in Tamil Nadu.

Material and methods

The Multi-Location Trial (MLT)

An irrigated MLT using transplanted rice conducted in 1991 at five rice research stations in
Tamil Nadu was selected for the analysis. These sites were - Aduthurai {11° N, 79.5°E, 19.5
m}, Coimbatore (11° N, 77°E, 431 m), Madurai (8.5° N, 79° E, 147 m), Tirur (13.7° N, 78.6°
E, 39.5 m) and Ambasamudram (8.5° N, 77.4° E, 40 m). Daily weather data at these sites are
routinely coliected and for 1991 the data were free from obvious instrument errors and other
inconsistencies, The trial consisted of eight rice genotypes - three released varieties as checks
(CO37, ASD18 and IR64), and five pre-release genotypes (ACMG60, IET9976, TNAU8B51979,
TNAUS41434, AS90043).

‘Parameterization of genotypes

Another more detailed field experiment was conducted at the Tarnil Nadu Rice Research Institute
{TNRRI, Aduthurai} in the same dry season of 1991 (June to September). The above mentioned
eight genotypes were planted in a replicated randomized design. The sowing and transplanting
dates were 19 June and 19 July, respectively. Fertitizer (150 kg N, 60 kg P,O; and 60 kg K,0
ha™) was applied according to recommended practice. In addition, 12.5 t ha™ green manure
was incorporated in the experimental plot. Plant samples were collected at transplanting and
subsequently at ten days interval. Roots, stems, leaves and panicles were separated, dried and
weighed to determine the partitioning tables for the crop model. Grain yield and vield compo-
nents were determined at maturity. Dates of 50% flowering and maturity were recorded.
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The crop model ORYZA1 (KropfT et al., 1994) validated for its performance in several tropi-
cal environments was used for this case study. The model requires inputs of crop development
rates, dry matter partitioning coefficients, leaf N content, relative growth rate of leaves, specific
leaf area, stem reserves and spikelet growth factor for characterizing a genotype. The recorded
dates of sowing, transplanting, flowering and maturity for each genotype in the experiment
were used to determine the specific pre- and post-flowering development rates using the pro-
gram DRATES (Kropff et al., 1994). These rates, dry matter partitioning tables, actual dates
and daily weather data were used 1o simulate the growth, development and yield of different
genotypes at all five locations. Possible genotypic differences in other plant characteristics were
not measured, so for these, default values of the variety IR72 (Kropff et al., 1994) were used
for all genotypes. The performance of each genotype at each site was ranked vsing simulated
yields.

Results and Discussion

Crop yields

Observed yields varied between 5.6 and 6.8 t ha™ at Coimbatore, between 4.5 and 6.6 t ha™ at
Aduthurai, 3.3 to 5.5 t ha™ at Madurai, 4.9 10 6.5 t ha™' at Ambasamudram and 2.5t0 5.1 t ha™’
at Tirur. Relatively low yields at Tirur and Ambasamudram were recorded due to occasional
water stress in the experimental plots. The mean difference between lowest and highest yielding
genotypes was rather sma}l - only 0.78 t ha™ (Table 1). Simulated yields at all locations were
much higher than observed yiclds. In general, they ranged between 7.0 and 9.0 ¢ ha™' for all
genotypes at different locations (data not shown}. The mean simulated yield of different geno-
types varied from 7.3 to 8.7 t ha™* (Table 1). Perhaps, the standard leaf N content of IR72

Table 1. Measured and simulated grain yields and ranks of different genotypes. All values are
averages of the five locations (see text).

Genotype Grain yield t ha™ Rank

Measured Simulated Measured Simulated

AS90043 5.46 8.67 1 2
TNAURB51979 5.22 8.46 2 3
ACM60 5.18 8.72 3 1
IET9976 5.12 7.28 4 8
ASDI18 5.08 8.20 5 6
co37 4.94 7.90 6 7
TNAUS341434 4.82 8.36 7 5
IR64 4.68 8.42 8 4
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used in the present study, which was determined from well-fertilized experiments at IRRI,
Philippines, was too high for our experimental conditions.

Ranking of genotypes

The mean observed and simulated ranking based on grain yield were generally close to each
other for most genotypes (Table 1). AS90043 was first in observed ranking and simulation in-
dicated this to be second. Similarly, TNAU851979 obtained second rank in MLT and third in
simulation. IET9976 was fourth in MLT and IRG4 eighth but in simulation results they inter-
changed their positions. Some variability in ranking is possible because the measured grain
vields of different genotypes were rather close, For example, the difference in grain yield be-
tween first and the third genotype was only 0.28 t ha™' and 0.78 t ha™ between first and last
genotype. It appears that it is difficult to simulate such small differences between genotypes.
Moreover, several genotypic characteristics required as input in ORYZA1 were assumed to be
same for all genotypes. This could be another reason for the discrepancies in the results. In ad-
dition, the trials were not completely free from biotic and abiolic stresses as was assumed in the
simulations. More efforts need 1o be made for more accurate physiological characterization of
the genotypes.

Despite limited genotypic calibration and other problems mentioned earlier, the first three
genotypes identified by MLT were also identified by simulation. Based on grain yield ranking,
diseases and pest scorings, and grain type, determined in this MLT conducted at 11 locations,
three genotypes - AS90043, TNAU841434 and TNAU851979 were advanced to 1992 MLT
testing. Subsequently, AS90043 alone was promoted to MLT in 1993 and 1994. Our simulation
studies of 1991 MLT also identified AS90043 and TNAUS851979 as the promising genotypes
(second and third ranks). Simulations of subsequent MLTs was not possible due to inclusion of
genotypes for which parameters had not been obtained. Nevertheless, our results suggest that
simulation is capable of identifying the best genotypes based on their relative yield potential.
More work with well parameterized MLTs in contrasting environments is needed.

Conclusions
Multi-location evaluation of genotypes for identification of new varieties is a resource demand-

ing process. Our preliminary studies indicate the potential of simulation models in identifying
the best genotypes. More work is needed with MLTs conducted in different agro-environments.
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Abstract

A simulation model for hybrid rice seed production is presented. The model was
calibrated and validated using multi-location experiments conducted in southern
China, and showed that the phenological development of parent plants of hybrid
rice could be predicted and described with acceptable precision.

The model was divided into three components: data management, simulation and
result output. The conirol over each component is menu-driven. The system
provides a basis for deciston-making before sowing and for predicting behaviour
after sowing. With suitable estimates of model input parameters, it is possible to
simulate and predict phenological development of various parent planis at
different sites and years in potential production environments, and to determine
optimal sowing dates of different cultivars.

Introduction

Hybrid rice cultivation is gaining in popularity in Asia. In China, the first country to produce
hybrid rice in the world, the area under hybrid rice is over 12 Mha, or 36% of the total rice
planted.

Hybrid rice seed is produced by mixed cropping of different varieties (parents) of rice, The
seed parent (A line) is generally long-duration, whereas the pollinator parent (R line) is mostly
short-duration. Synchrenizing flowering dates of the parents is important because pollen from
the R line must be available to the A line throughout its flowering period. Simultaneously, it is
important to consider environmental regulation of growth and development of parental lines to
ensure flowering in optimal light, temperature, water and nutrient conditions, and to avoid the
influence of unfavourable weather (light, temperature, drought). Therefore, synchronizing
flowering by optimizing sowing dates and regulation of phenological development of seed and
pollinator parents are essential aspects of cultivation technology of hybrid rice seed production,

To synchronjze flowering of parents two methods are used: (i) selection of appropriate
seeding dates of the parents in the seedbed, and (i) manipulation of the flowering date in the
field. The difference in time required for flowering was used to adjust the seeding dates of the
parents in the early period. However, this criterion is unstable because it changes with location,

Eds P.K. Aggarwal, R.B. Matthews, M.J. Kropff & H.H. van Laar 97
Applications of systems approaches in plant breeding. SARP Research Proceedings,
AB-DLO, TPE-WAU, Wageningen and IRRI, Los Barios (1995), pp. 97-106.



year and growth stage. Later, several other methods such as temperature sums, young-ear
length and several statistical approaches were used to improve the prediction of flowering dates.
Since these approaches were empirical and placed less emphasis on plant development and the
effect of environmental factors the predictions and decistons were still not precise. This paper
describes a new approach using computer simulation, introduced to the areas of hybrid rice
production for the first time, in which the seed production of hybrid rice is quantified, optimized
and eventually put into user-friendly sofiware.  is of great significance for the modemization
of prediction and regulation, cultivation and management of the seed production of hybrid rice.

Description of the model

The model consists of three submodels:

- A submodel for the development calendar of parental lines,

- A submode] for determining optimal sowing dates of the parental lines, and

- A prediction and decision-making model for hybrid rice seed production.
The model assumes that the hybrid rice seed production is for potential production environ-
ments, i.e. with optimal availability of irrigation and nutrients and with no pest and disease
infestation.

Development calendar of the parental lines

Phenological development of parental lines

In favourable growth conditions, temperature, daylength and varietal characteristics are the main
factors determining the development rates of the crop. The degree-days approach (sum of aver-
age temperature above a lower threshold) assumes that the rate of development is linearly related
to the daily mean temperature above a base temperature. Although simple, it neglects the influ-
ence of maximum and optimum temperature on development. Gao et al. (1992) presented a
flexible non-linear equation to predict the rate of phenological development based on tempera-
ture, daylength and the varietal characteristics. However, the equation presented by Gao et al.
(1992) for describing the effect of temperature does not ensure that the maximum development
rate occurs at the pre-determined optimum temperature. Therefore, an improved equation,
presented by Yin et al. (1995), was used in this study for simulating the temperature effect on
the development. This equation, incorporated with the daylength effect described by Gao et al.
(1992), is expressed as:

P
Thigh = Tapt

( T ‘lh&l Thign - T JTnp. - Thase
Topt - Tease AThigh - Topt

e'IIJ(DL-DL‘)

M _ N =k
dt )]

with T < Ty, » T= Ty, T > Tyigpe T= Tyyys and DL < DL*, DL=DL¥;
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where N is days for a certain phenological development phase; M is the developmental stage;
dM/dt is the development rate of the period, which is expressed with the inverse of the days
required for completing a developmental stage (d™"); T is the mean temperature of the
developmental stage; T . Ty, T, are the optimum, maximum and base temperatures,
respectively; DL is the average daylength for the developmental stage; DIL* is the critical
photoperiod; K is a coefficient of the varictal basic vegetation period; P is the temperamre-
sensitivity coefficient of the variety; G is the photoperiod-sensitivity coefficient of the variety.
In optimal growth conditions {where T=T,,,, DL<DL*), the above equation simplifies to:

N =e*, or Ny=¢e™ 2)

where N, is the varietal basic vegetative period for the variety.

Leaf number development of parental lines

Leaf number is a measure of the plant's physiological age but can also be used to indicate
synchrony in organogenesis. Dynamic simulation of leaf number development of parental lines
may help in developing criteria for hybrid rice seed production.

Leal number development is based on the leaf appearance rate. Temperature is the main
driving force for leaf appearance, but it has been observed in many field experiments that the
rate of leal appearance declines in time. The number of days required for a given variety to
develop for a specific leaf under constant optimal conditions is constant {Gao et al., 1992). The
number of days up to a certain leaf development stage is calculated as a function of the leaf
number by the following exponential equation:

L=e ¥ ) N

(To.u with T < Ty, T=0; T > T, T=T,,, 3)

where L, is the j-th leaf on the main stem; N, is the actual number of days from scedling
emergence to the j-th leaf appearance; T is the average temperature from seedling emergence to
the j-th leaf appearance; T,,, T, are the optimum and base temperatures for leal development,
respectively; K1, a and b are parameters of the model.
In optimal growth conditions (T2T,,,). the above equation simplifies into:
L= e ¥y Njob (C)]
where N,, is the required number of days from emergence to the j-th Jeaf appearance at optimum

temperature.
Egn 3 can be rearranged as:

= (L eKji7o (TOPL)aI (5)

and substituting Eqn 4,

N =Np (%)w )
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Substituting the daily mean temperature (T;) for the value of T in Eqn 6, the actual cumulative
value in day units from emergence to the j-th leaf appearance is determined by the following
equation:

Q)

Integration over the day gives the daily temperature, the physical days for the cumnulative leaf
number since emergence N, is obtained. Then, the leaf numbers of the j-th leaf can be
calculated by the simulation model.

Sub-model for determining the optimum sowing date

It has been observed in many experiments that the flowering pattern differs between rice
parental lines. The seed parent flowers concentrically and its flowering pertod is short while the
pollinator parent flowers dispersedly and its flowering period is long. In general, for hybrid
seed production of the ‘Xieyou' combination, the seed and the pollinator parents must begin
heading simultaneously but for the *Shanyou’ combination, the pollinator parent must flower
one to two days before the seed parent. In order to determine the optimum sowing date for the
parents, it is necessary to consider the corresponding days for the parents from sowing to
flowering. In a potential production environment, the days from sowing to flowering depends
only on the varietal characteristics of the parent lines and the weather conditions. Therefore, the
model to determine the optimum sowing date is based on the reverse calcntation of the
phenology model described previously. The calculation is done in the following steps:

1. The optimum flowering date (D) is selected in different locations according to the
standard weather criteria for the ideal flowering conditions for hybrid rice seed production,
namely-the temperature is between 25 and 35 °C for three continuovs days, the air humidity
in the field is between 70 and 80%, and there are three or more consecutive non-rainy days.

2. The optimum flowering date for the parents is converted to its daynumber - JD(D,,,,....)-

3. ID(D,,...) is assumed to be the beginning daynumber and the development stage for the j-th
day expressed as DVS(i).

4. It is assumed that the development stage at flowering is DVS(f)=1 and the development
stage at sowing is DVS(s)=0. The Julian sowing date JD_, is determined as follows:

ID(Drgoe)
DVS@E)=DVS(H) - Y DVS()
ID(Dngwer) (8)
where DVS(s) = 0., JD(D, ) is the daynumber after the required number of iterations to
bring the DVS to zero. The value of JD(D, ) is then reconverted to the calendar date D_,.

100



Weather data base
Crop data base
Maodel parameters

vi_*_'l

Flowering|, | Decision-making| | Prediction after Sowing

date before sowing sowing date
Optimal Morphogenesis
sowing date devalopment

—

Davelopmend Dynamic leaf)
period appearance
henological | | Lea! appearance
evelopment | | date of the main Figure 1. The general structure of
stage DVS stem

the system.

The prediction and decision-making submodel

Based on the above submodels, a prediction and decision-making system for hybrid rice seed
production was developed for use on microcomputers. Quick Basic with pull-down menu
facilities, was used for programming and Foxbase Plus was used for database management.

The general structure

The system was divided into three components: data management, simulation, and output of
results. The simulation section consists of two parts (i} the decision-making model before
sowing (to determine the optimum sowing dates of the parents), and (i) the prediction model
after sowing (to predict the phenology of the parents). The action and the relationship between
the component parts of the system is indicated schematically in Fig. 1. The structure of
constituent modules for the overall system is shown in Fig. 2.

Operation of the system
The input data for the system includes daily weather data and crop data. The crop data for this
paper includes three kinds of typical hybrids and their parents in southern China (Table 1).

Crop data are stored in four files. File 1 stores varietal growth stages dates in different years,
sites and sowing dates. File 2 stores the varietal leaf appearance dates, File 3 stores the varietal
parameters for parents growth stages (K, P, G, T, Tyeer Tos DL*) and File 4 contains the
varietal parameters for the parents' leaf development model (K1, a, b, T, Ty...).

To operate the package, a computer with 640K memory and a hard disk is nceded. The
control over the input and output files, and main program is facilitated with pull-down menus.
The flow diagram for the system is illustrated in Fig. 3.
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Table 1. Source of the crop data.

Hybrid Combination Parent Year Site
Shane 6 Aline Z597A 1979-1980  More than ten provinces and
R line IR26 1979-1980  cities in southern China
Shanyou 64 A line ZS97A 1992 Fulian (Jiangxi Province)
R line CE64-7 1992 Fulian (Jiangxi Province)
Xieyoud6  Aline XQ-A 1992 Fulian (Jiangxi Province)
R line MY46 1992 Fulian (Jiangxi Province)

The user can select crop data, model parameters and weather data in different locations and
years as well as modify the original data. The system can simulate and predict varietal
development course, daily leaf development, total leaf numbers on the main stem etc. for hybrid
parents in different years, sites and growing seasons. The user can compare the growth and

development of parents with actual data.

The following outputs can be selected for display on the screen or for printing:
- Tables for the optimum sowing date of the parents,

- Tables for the leaf appearance on the main stem of the parents, and

- Tables for the growth and development of the parents.

In addition, the time course of daily leaf number and development stage can be displayed on the

8Creen.
_| Management of
original data
the system
Values of
phenological
development DVS
: Main growth and
Morphogenesis development period
Predicting Leaf appearance
and decision- . .
maki:ig; W date on main stem
system
Decision-making of the
optimal sowing date
Figure shown on screen J
Output of results Table shown on the screenl
Printed output |
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Determination of the model parameters

Accuracy in the prediction and decision-making for hybrid seed production depends on accurate
determination of the model parameters. In principle, these parameter values are variety specific
and do not change with environment. Therefore, once a set of crop parameters has been
determined at a certain location, it can be used for extrapolation to other places.

Parameters for the phenology model In this paper, the three ‘cardinal’ temperatures and the
critical photoperiod daylength were derived from literature. For rice, these values are typically
10, 30 and 40 °C and 13 h, respectively (Gao et al., 1992). For obtaining development rate
parameters for the period from sowing to flowering, the model of the development rate was
converted to the linearized average basic model. The daily mean temperature and daylength are
replaced with the mean temperature and mean daylength for the phase. The values of parameters
are obtained with acceptable precision with multi-variable regression approach. The average
basic model (Eqn 1) can be expressed as:

ln(L)= K+P 1;.( T - Thase )+ (T"is" ~Ton 1:.[ Thign - T )]+G (DL - DL¥)
N Topt- Thase)  \Topt - Toase)  \Thign - Tope

(9}
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The model parameters (K, P, G) for the period from sowing to flowering were estimated by
using this approach and the data from the research reports of National Research Cooperative
Groups on the meteorological conditions of hybrid rice production in 1979. The results are
shown in Table 2.

Parameters for the leaf development model The above method and the same data set were also
used for deterrnining the leaf development parameters (Kl, a, b). The results are shown in Table
3.

Validation of the system

The system was evaluated using 45 data sets, which are partly from field experiments conducted
at Fulian, Fangxi, China in 1992 and partly from experiments of National Research Cooperative
Group on the metecrological conditions of hybrid rice production in 1980. The simulated crop
development was compared with the observed dates (Tables 4 and 5). The results indicate that
the difference between simulated and observed values was less than five days. As there is
always some uncertainties in observed values of flowering date, this difference is within
acceptable limits. Similarly, the observed and simulated values of leaf appearance also fitted
well (Figs 4a and 4b). This close agreement gives some confidence in the use of the system in a
practical way.

Table 2. Estimated parameter values for the development model (sowing-flowering, see Eqn 1}).

Varicty K p G Correlation coefficient
IR26 —4.4329 1.4632 -0.0135 0.9362
ZS9TA -4.1517 1.1925 0.0022 0.8657
MYd6 —4.4878 1.3401 0.0461 0.9443
CE64-7 ~4.7442 1.0955 0.3379 0.9173
XQ-A -4,1728 1.2395 0.0349 0.9417

Table 3. Estimated parameter values for the leaf appearance model (sowing-flowering, Eqn 5).

Variety Kl a b Correlation coefficient
IR26 0.0751 0.4517 0.7078 0.9244
ZS97A 0.0901 0.4211 0.6906 0.9536
MY46 0.0825 0.4645 0.6487 0.8967
CE64-7 0.0856 0.4581 0.6059 0.9142
XQ-A 0.0872 0.3877 0.6473 0.9335
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Table 4. Observed and simulated development stage of parents,

Variety  Site Sowing Panicle Flowering
date differ. date
Z897A.  Xuzhou Obv. Apr 30 June 24 Jui 25
Sim. Apr 30 June 20 Jul 20
Z597A  Xuzhoun Obv. May 30 July 15 Aug 9
Sim. May 30 July 10 Aug 7
ZS97A  Xuzhou Obv. June 10 July 21 Aug 16
Sim. June 10 July 20 Aug 17
IR26 Xuzhou Obv. May 30 Aug 5 Sep 1
Sim. May 30 Aug 4 Sep 2
TR26 Changsa  Obv. June 30 Aug 16 Sep 28
Sim. June 30 Aug 15 Sep 30
MY46 Jindezeng Obv, May 16 July 12 Aug 15
Sim. May 16 July 10 Aug 12
CE64-7 Jindezeng Obv. May 25 July 16 Aug 15
Sim. May 25 July 14 Aug 16
XQ-A Jindezeng  Obv. June 5 July 13 Ang 10
Sim. June 5 July 9 Aung 7

Table 5. Observed and simulated values of the optimal sowing dates.

Variety IR26  ZS97TA MY46  XQA  CE64.7

Sirmnulated May 19  June 14 May2 May 4 May 24
Obverated May 16 Mayl1l0 May5 May 5 May 25

Application of the system

The system outputs have several applications. It simulates and predicts the development process
of a variety or parental lines used in hybrid rice seed production in a particular environment,
defined by its daylength and temperature. This information can be used to develop different
cropping patterns suitable for various agro-climatic zones with the help of medium-term and
long-term weather forecasts. It also provides the theoretical basis for expanding the area of
hybrid rice seed production to new places. The deviation in flowering dates of the parents
estimated by using the real-time weather observations and long-term forecasts can be used to
take appropriate regulatory measures in time. Finally, the effect of climatic change on the
growth and development process of different hybrid parents in a particular environment can also
be evaluated using the present system.
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Figure 4. Comparison between observed and simulated leaf appearance of parents: (A) Xuzhou
1979, cv. IR26; (B) Xuzhou 1979, cv, ZS97A.

Conclusions

A prediction and simulation system of hybrid rice seed production has been developed. A non-
linear model describes the effect of temperature and photoperiod on the phenological
development. Used in reverse, the model could determine optimal sowing dates from optimal
flowering dates of the parental lines. Validation studies indicate satisfactory performance of the
development model and decision support system.

Future work
The photoperiod change may influence the relation between crop development and the
temperature. Similarly, temperature change may influence the photoperiod response of the crop.
The three ‘cardinal’ temperatures and critical daylength in the model are approximate values
from literature. The total number of leaves on the main-stem for the parents change with the
latitude and the sowing date indicating photoperiodic interaction. Quantitative information needs
to be developed to improve these relationships.

The value of the system is also resiricted by the assumption of potential production
environment, i.e. no biotic and abiotic stresses. If the model is improved to account for the
effect of stresses, it will be able to play a more important role in hybrid rice seed production.
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Abstract

A field experiment was conducted in the dry season of 1993 in Muara, Indonesia
to determine the extent of variation present in several physiological parameters
used in the crop simulation model ORYZAI relating to crop development, leaf
area, leaf N, growth and yield in 17 rice varieties. There was considerable varietal
difference in the relative leaf area growth rate, specific leaf area, development rate
of the basic vegetative pertod, leaf nitrogen content, spikelet growth factor and
1000 grain weight. In general, there were no significant correlations among the
crop inputs used in the model.

Introduction

Crop models are increasingly being used for applications in agricultural research and develop-
ment. Recently, in the SARP project their use has been suggested for increasing the efficiency
of plant breeding programmes (ten Berge et al., 1994). A major area where information is
lacking in this application programme is the magnitude of variability iu model input parameters
relating to crop growth, development and yield. This information is desired both for the design
and evaluation of plant types as well as for understanding and interpreting genotype by envi-
roarment interactions. In this paper, our objective is to document the variability in crop input pa-
rameters and functions used in the model ORYZA1 (Kropff et al., 1994).

Material and methods

A field experiment with 17 varieties was conducted in the 1993 dry season at Muara, Indonesia.
The crop was sown on 28 May 1993 and transplanted on 17 June 1993. Three seedlings per hill
were planted at a 25 x 25 cm spacing. The field was maintained well irrigated and free from
pests throughout the crop growth. Fertilizer was applied at the rate of 120-50-50 kg NPK ha™.
Phenological observations were recorded for all varieties. Plants were sampled at regular inter-
vals to determine the weights of the crop components, leaf area and leaf N content. Grain yield
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and yield components were determined at maturity. Crop parameters were estimated from this
data to be used as input parameters in the model ORYZA1.

Results and discussion

Leaf area

ORYZALI simulates leaf area in two different ways. During initial stages it uses the concept of
relative leaf area growth till LAI becomes 1. Later the increase in leaf weight is multiplied by the
specific leaf area (SL.A) to deterrnine the net change in leaf area,

Relative leaf areq growth rate (RGRL) varied from a low value of 0.00496 (IR46) to a high
value of 0.0095 ("Cd)™ (IR48). Varieties IR64, Cipunegara, Cisokan, Ciliwung, Cisadane and
Barumun had relatively higher RGRL than other varieties (Table ). IR72 had a RGRL value of
0.00653 as compared to 0.008 (‘Cd)' reported by KropfT et al. (1994). This indicates that this
parameter may have some other environmental influence than temperature alone.

Specific leaf area (SLA) varied just after transplanting from 0.0017 ha leaf kg™ leaf (IR70) to
0.0038 ha leaf kg™’ leaf (IR46). But after that stage, the variation among varieties was less, as is
evident from small standard deviations particularly between panicle initiation stage and
flowering (Fig. 1). The mean value continued to decline indicating increase in leaf thickness
with crop age.

Dry matter partitioning

Fraction of shoot dry maiter allocated to leaves (FLV) varied from 35 to 44% of the total shoot
weight up 1o much later than panicle initiation (up to crop development stage, DVS = 0.78).
Subsequently, there was a sharp fall and the allocation became almost nil at the flowering stage
(Fig. 2). During early stages of crop growth (before DVS = 0.4), there was considerable differ-
ence among varieties in the allocation as was clear from the large standard deviation values {Fig.
2). This allocation fraction varied from 0.31 (IR46) to 0.51 (B. solo).

Fraction of shoot dry matter allocated 1o stems (FST) was fairly constant up to much later than
panicle initiation, the mean value varied between 0.56 and 0.61 only up to that stage. During
later stages, the allocation to stems was reduced but there was some (0.15) allocation for some
time even after anthesis (DVS=1., Fig. 3). At this stage, varietal differences were prominent;
there was no allocation to stems in IR36 whereas it was 0.41 in IR64 and IR70. This variation
can significantly affect allocation to panicles and hence grain yield.

Fraction of stem reserves (FSTR) The fraction of dry matter allocated to the sterns, that is stored
as reserves (FSTR) and mobilized for grain growth, can provide considerable buffering against
environmental stresses. In our study, FSTR varied a lot among varieties (Table 1). The mean
value was 10.8% whereas the minimum and maximum values were 4% (IR42) and 31%
(TR36). Most IRRI varicties except IR36 had values lower than 10%.
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Leaf nitrogen content

ORYZA1 uses leaf N content (NFLV) as an input. There was significant variation in this input
variable among rice varieties although they were grown with the same management. The mean
NFLV was 1.3 g N m™ up to panicle initiation, later it decreased almost linearly up to mid-
grainfilling (Fig. 4). In the initial stages (shortly after transplanting) varieties such as JR42 and
IR70 had a NFLV value of more than 2 g N m™ whereas some others such as IR46, IR72 and
IR74 had values lower than 1 g N m™ The differences became smaller at about panicle
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initiation. During grainfilling, [R46 maintained a very high leaf nitrogen content (1.6 g N m™)
as compared to other varieties where NFLV dropped to below 0.75 g Nm™.

Crop development rate

Juvenile phase Crop development rate during the juvenile phase (DVRI, (°Cd)™) is the main
parameter that results in variation in crop duration. In our study, most varietics were similar in
duration and thus this parameter varied little. Generally the value of DVRJ was close to the
mean value (Table 1) except for varieties IR66, B. solo and Cisokan where the rate was higher.
These varieties thus were shorter in duration.

Grainfilling period Crop duration during grainfilling is determined by the temperature dependent
development rate (DVRR, (*Cd)™). There was a very small variation in this among rice varieties
(Table L). The values for all varieties were within a range of 0.00144 to0 0.00215 CCay™.

Table 1. Variation among rice varieties in some parameters used in ORYZALl, for acronyms see
text.

Variety RGRL FSTR DVRJ DVRR SPGF WGRMX
ccdy' O ("Ca"  (°Cdy? (nokg™") (mggrain™")
IR36 0.007095 0.310 0.000564 0.002157 54277 22.6
IR42 0.007467 0.040 0.000537 0.001476 47624 21.9
IR46 0.004962 0.070 0.000549 0.001438 41578 22.1
IR48 0.009540 0.060 0.000549 0.001438 71020 29.2
IR64 0.008897 0.100 0.000680 0.001702 34913 26.2
IR66 0.008293 0.040 0000722 0.001604 75482 21.5
IR70 0.008236 0.080 0.000537 0.001476 65413 21.2
IR72 (0.006531 0.110 0.000525 0.001869 74666 22.5
IR74 0.007656 0.090 0.000564 0.001699 52600 25.0
Cipunegara 0.008330 0.132 0.000537 0.001809 42257 29.8
Krueng aceh 0.006686 0.070 0.000594 0.001603 51427 26.7
Cisokan 0.008710 0.063 0.000661 0.001755 47231 22.0
Ciliwung 0.009326 0.159 0.000549 0.001438 42670 25.6
Cisadane 0.009462 0.018 0.0003594 0.001603 40604 27.8
Way seputih 0.007468 0.110 0.000594 0.001603 359890 26.6
Barumun 0.008901 0.190 0.000513 0.001559 78288 26.9
B. solo 0.006451 0.200 0.000680 0.001702 37510 20.7
Mean 0.007883 0.108 0.000585 0.001643 53968 24.6

Stand. deviation 0.001260 0.072 0.000063 0.000187 14284 2.5
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Spikelet formation factor In ORYZAL, the number of spikelets formed per unit area is depend-
ent upon the growth between panicie initiation and flowering. Higher growth in this period
translates in to higher number of spikelets. There was a significant variation among rice varieties
in this factor. The number of spikelets per unit dry matter growth (SPGF, number kg™') was
very large (>65000) for varietics IR48, IR66, IR72 and Barumun (Table 1). By comparison,
varieties - TR64 and B, solo had SPGF values lower than 40000. The SPGF values for IR36,
IR64 and TR72 are different from those reported by Kropff et al. (1994) indicating that there is a
need to consider the effect of other environmental factors on SPGF.

Grain weight ORYZA| uses individual grain weight (WGRMX) as the upper limit of dry matter
that grains can accumulate. Once that level is reached grain growth terminates even if assimilates
are available for grainfilling. The WGRMX varied depending upon the variety from a low value
of 20.7 to 29.8 mg grain™' (Table 1).

Correlation among model inputs

For studying the effect of different plant traits on grain yield, it is important that there are no
significant correlations among the parameters, Alternatively, the model should account for such
correlations. To examine the relation among parameter values, a simple lincar correlations
matrix was determined. For development stage dependent functions, values at critical stages
were used. Thus, for NFLV, SLA, FST, and FLV values at DVS = 0.72 (between panicle ini-
tiation and flowering) were used for determining correlations.

The results showed that there were only very few significant correlations among plant
parameters (Table 2). Even the significant ones had a very low value of coefficient. There was a
slight relation between RGRL and WGRMX. The physiological cause of this relation is not
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Table 2. Correlation matrix among crop inputs of the model ORYZA1, for acronyms see text.

RGRL ESTR DVRF DVRP DVRR SPGF  WGRMX  NFLV FST FLV SLA
RGRL 1000 0164  .056 0.054 -0.187 0116 0.514* -0.475  -0.028 -0.028 0.274
FSTR 1000 -0.15t -0.104 0600 Q012 -0.088 0014 031 0.360 0412
DVRJ LOOD  0.8%+*  0.428 0239 -0.284 -0.082  -0.158 0.14% 0.33¢
DVRP 1.000 0010 0.1% -0.364 0036  -0215 0.237 0321
DVRR L.000  -0.047 -0 1ES 175 0205 0219 0.015
SPGF 1.000 0037 G187  -0.074 0.114 0015
WGRMX 1.000 -0.007 0.014 0.061 -0.195
NFLV 1.000  -0.086 0.138 -0.712**
FsT 1.000 -0.985%* -0.035
FLV 1.000 0.057
SLA 1L0G0

clear. The small relation between FSTR and DVRR can also not be explained physiologically.
Perhaps such relations may simply be coincidental. There was a very significant relation
between DVRJ and DVRP, the two rates controlling crop duration before anthesis. The very
significant negative relation between FST and FLV is easily understood and built in the model.
The negative relation between SLA and NFLV indicates that thin leaves have less nitrogen per
unit area. Thus, these input should not be varied independently in applications of ORYZA1 for
plant type design.

Conclusions

There are considerable varietal differences in rice varieties in the crop physiological inputs used
in the mode]l ORYZA1. In particular, there arc large variations in the initial development stages.
Several parameters are likely to have more environmental effect than proposed earlier by Kropff
et al. (1994). It is important to quantify these effects in order to use ORYZAI for understanding
genotype by environment interactions.
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Abstract

Temperature and photoperiod are the two major environmental determinants of
development to flowertng in rice (Oryza sativa L.). Two experiments were con-
ducted to provide a basis for accurately guantifying the temperature effect and to
estimate durations of photoperiod sensitive and insensitive phases of pre-
flowering development in rice. Separate effects of day and night temperatures
on the rate of development from sowing to flowering were detected, indicating
an apparent thermoperiodic phenomenon in floral development of rice. In most
cases, day temperature exerted a greater influence than night temperature, in
contrast with the relative importance of night temperature previously reported
for rice. The results also indicated that it is necessary to partition the period
from sowing to flowering into photoperiod-insensitive and sensitive phases for
a model to accurately predict photoperiodic effects.

Introduction

An accurate prediction of the time to flowering is a major requirement for crop growth simula-
tion models. In rice (Oryza safiva L..), the interval between sowing and flowering varies
strongly between cultivars and largely depends on the growing environment. Since the ripening
phase from flowering to maturity is relatively constant (Yoshida, 1981), the period from sowing
to flowering largely determines the total growth duration of a rice cultivar (Vergara & Chang,
1985).

Temperature and photoperiod are the major environmental variables that determine the time to
flowering in rice (Yoshida, 1981). The effect of temperature in a crop is often described by
various thermal time methods that accumulate daily temperatures above a crop- or cultivar-
specific base value at which the crop stops its development. These methods generally assume
that the relation between development rate and temperature is linear (Hodges, 1991), whereas,
the actual relationship may be non-lincar over a wide range of conditions (Loomis & Connor,
1992). The thermal time approach also ignores the often substantial effect of photoperiod on
development.

As a short-day plant, almost all rice cultivars flower earlier when exposed to shorter
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photoperiods, but the degree of sensitivity varies greatly among cultivars (Vergara & Chang,
1985). However, the rice plant is photoperiod-insensitive for some time after sowing; there-
after, the plant is responsive to photoperiodic stimulus until the panicle has started to develop
{Vergara & Chang, 1985; Collinson et al., 1992),

Many quantitative models have been developed to describe phenological events of annual
crops in relation to temperature and photoperiod (e.g. Horie et al., 1986; Roberts & Summer-
field, 1987; Alocilja & Ritchie, 1991; Gao et al., 1992). These models vary in form from the
simple linear additive to variously non-linear multiplicative functions of temperatire and photo-
period. However, our initial studies with these models indicate that they only perform well
when the environmental parameters vary in a small range. These results have indicated two key
issues which need to be studied to improve the existing models.

First, existing models are based on the daily mean temperature and assume that effects of day
and night temperatures on the development are essentially the same. However, some studies
{e.g. Went, 1944) indicated different effects of day and night temperatures on plant growth and
development. Many studies (e.g. IRRI, 1977) have shown that the temperature at night is more
important than the day value for controlling crop development.

Secondly, most existing models ignore the fact that the photoperiod-sensitive phase (PSP) of
the development to flowering is sandwiched by the pre-photoperiod-sensitive phase or basic
vegetative phase (BVP) and the post-photoperiod-sensitive phase (POP).

The objectives of the present paper are lo demonstrate whether there are separate effects of
day and night temperature on the development to flowering in rice, and to quantify the durations
of the BVP, PSP and POP of pre-flowering development in diverse cultivars of rice,

Material and methods

Two experiments were conducted at the International Rice Rescarch Institute (TRRI), Los
Baiios, Philippines.

Experiment 1

Twenty-four rice cultivars (Table 1) were chosen based on their origin, year of release, and pre-
vious experience of their relative responses to photoperiod in our study and elsewhere (e.g.
Vergara & Chang, 1985).

In this experiment, a set of temperatures was carefully chosen, to compare the development
of diverse rice coltivars under different diurnal temperature regimes with comparable mean val-
ues. The experiment was conducted in five naturally-lighted growth chambers. Treatments
included one divrnally constant (22 °C) and four diurnaily alternating temperatores (day/night:
26122, 30422, 22/26 and 22/30 °C. Treatments 22/22, 26/22 and 30/22 *C were expected to give
the response of the development rate to day temperatures between 22 and 30 °C with a constant
night temperature of 22 °C, whereas treatments 22/22, 22/26 and 22/30 "C were chosen to vary
night temperatures between 22 and 30 °C with a constant day temperature of 22 °C.
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Table 1, Rice cultivars investigated in the presented study.

IRGC’ Origin Sensitivity to
Cultivars accession no. photoperiod
Indica
IR5? 10321 IRRI medium
IR8"? 10320 IRRI weak
IR36" 30416 IRRI weak
TR42'? 36959 IRRI medium
IR64"2 66970 IRRI weak
IR72% 76330 IRRI weak
Azucena' 00328 Philippines medium
Cco36"? 28556 India strong
MR84'"? 73077 Malaysia medium
Guang Lu Ai 4' 28480 China weak
ADT36" 64818 India weak
Carreon'” 05993 Philippines strong
TN1' 38845 China (Taiwan) weak
Peta' 00035 Indonesia medium
Shan You 63" - China weak
IRG4616H""? - IRRI weak
Japonica
Nipponbare'"? 12731 Japan medium
Koshihikari'* 08305 Japan medium
Akihikari® 76300 Japan weak
Eiko' 09417 Japan weak
Fujisaka 5' 00244 Japan weak
Lao Lai Qing"? 53396 China strong
Xiu Shui 11'? - China medium
Stejaree 45" 46980 Korea weak
Hwasong'” - Korea mediumn
Mlipoom™* - Korea medium
Odea’ - Korea weak

" International Rice Germplasm Centre at IRRI, Los Bafios
* Indica hybrid cultivar

- Not on IRGC listing

! Tested in Experiment 1 (24 cvs)

* Tested in Experiment 2 (20 cvs)
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Temperature settings were maintained at + 1 "C. The day and night temperatures were imposed
for 12 h d™! in each of alternating diumnal cycle by setting 'square wave' temperature regimes.
The photoperiod was maintained throughout the experiment as 12 h d™ from 6.00 h to 18.00 h,
coinciding with the period of the day temperature. CO, concentration and relative humidity in
the chambers were maintained at 340 + 10 ppm and 70 + 5%, respectively, There were three
replicate pots for each treatment, each containing one plant. Records were made on individual
tillers of the times of flowering for each plant.

Experiment 2 :

This experiment was conducted to estimate the durations of the BVP, PSP and POP of pre-
flowering development in rice. This was done by mutually moving plants between short-day
(SD) and long-day (LD) photoperiods at regular intervals after sowing. The experiment was un-
dertaken at the greenhouse-darkroom facilities of IRRI. A total of 20 cultivars with contrasting
origins were tested (Table 1),

All plants were grown in one-litre pots arranged in a randomized complete block design on
mobile trolleys which were moved daily into an open-sided greenhouse between 08.00 h and
17.00 h, after which they were distributed among the darkropms. The darkrooms were
provided with different hours of 450 lux supplementary light by incandescent and fluorescent
lamps to obtain the required photoperiods. The temperature in the darkrooms was maintained at
24+ 2 °C. The photopetiods used for SD and LD regimes were 10 and 14 h d7', respectively.
However, due to the reporied differences in photoperiod sensitivity (e.g. Collinson et al.,
1992), the LD regime for cvs CO36 and Carreon was 12.5 h d™'. The mutual transfer between
SD and LD started at § - 12 days aiter sowing (DAS} and ended at 84 - 107 DAS, depending on
the cultivar. After a plant was transferred, it was grown in the new photoperiod until flowering.
There were two replicate pots for each treatment, each containing one plant.

Plants were observed daily to determine the flowering time of individual tillers. In these con-
trol freatments (i.e. the treatments where plants were grown continuously at SD or LD), more
pots were added so that there were enough plants to be dissected to determine time of panicle
initiation (PT) at the control regimes. PI was taken to be equivalent to stage 2, as described by
Yoshida (1981), i.e. apex appears to the naked eye as a fuzzed tip of 0.2 - 0.5 mm.

Results and discussion

Experiment 1

The mean rate of development to flowering, i.e. inverse of days from sowing to flowering, was

strongly affected by both day and night temperatures in each of the 24 cultivars tested in Exp. 1.

Three typical response patterns were obtained from the results of these cultivars (Fig. 1). In

most cultivars, the responses to day temperature were different from those to night temperature.
Only one exception was cv. Azucena in which responses were essentially the same for day

and night (Fig. 1A). In three indica cvs TR8, Guang Lu Ai 4, and Shan You 63, plants under
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Figure 1. Effects of day temperatures between 22 and 30 °C with a constant night temperature
of 22 °C (solid lines) and effects of night temperatures between 22 and 30 °C with a constant
day temperature of 22 °C (broken lines) on the rate of development from sowing to flowering in
three representative rice cultivars. Vertical bars indicate means + standard errors.

the regimes of cool days following warm nights developed rapidly when compared to those
with warm days following cool nights (Fig. 1B). This resulted in the response curve to night
temperature higher than to the day. It would appear from these three cultivars that the effect of
night temperature is more important than day temperature. However, a different trend was
obtained in most other cultivars where plants under the regime of cool days following warm
nights developed slowly when compared to those with warm days following cool nights (Fig.
1C). This difference was more evident between 30/22 and 22/30 *C regimes than between 26/22
and 22/26 °C. Thus, these cultivars responded more to day temperature than to night
temperature, The warm nights with cool days often had an effect similar to the constant cool
environment of delaying flowering.

The data from this experiment for rice support the view that there are separate effects of day
and night temperatures on the development process. This was referred as ‘thermoperiodicity’ by
Went (1944). Several workers have explained thermoperiodicity due to non-linearity in the rela-
tionship between temperature and rate of development (e.g. Loomis & Connor, 1992). In most
phytotron experiments, night temperatures are set lower than the day temperatures (e.g. IRRI,
1977). These night temperatures were in the range where rate of development increases propor-
tionally with increasing temperatures. If the noniinearity was the only reason to account for the
thermoperiodicity, plants would always flower simultaneously in the 26/22 and 22/26 °C treat-
ments, and in the 30/22 and 22/30 °C treatments,

Went (1944) and TRRI (1977) concluded that the night temperature was more important in
controlling crop development than the day temperature. However, the relative importance of the
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night temperature for development was detected in the present study for only three out of the 24
tested cultivars. In most other cultivars, the day temperature exerted a greater influence than the
night temperature. Therefore, the relative importance of day and night temperatures varies
among cultivars. The consistent importance of night temperature found by TRRT (1977) can be
attributed to the longer duration of night regimes (16 h d™') than the day regimes (8 h d™') and
the lower temperatures for the night (18 - 24 "C) than the day (20 - 36 *C) temperatures in that
cxperiment.

Experiment 2

Days from sowing to flowering for each treatment in Exp. 2 were plotted as a function of the
time of transfer for each cultivar. Fig. 2 illustrates this for cultivar MR84. A similar trend was
also obtained for other cultivars. The change in the response line indicates the start or end of the
PSP. The duration of the BVP was shorter in japonica than indica cultivars. Fig. 2 also indi-
cates that once plants become sensitive, the sensitivity remains the same during the whole PSP,
since the delay in days to flowering as affected by the time of SD-to-LD transfer during the PSP
is strongly linear.

A model has been developed to enable the complete data set to be analysed simultaneously in
order to estimate the durations of the BVP, the PSP both in SD and LD, and the POP of each
cultivar (Yin et al., in preparation). Estimated values of the four variables varied greatly among
cultivars (Table 2). However, the POP varied relatively less; it typically ranged from 20 to 30 d.
The duration of the BVP varied from 16.7 10 45.4 d. The duration of the PSP at SD varied from
6.1 to 24.1 d, and the PSP at LD varied from 10.5 to 76.5 d, depending on the sensitivity of a
cultivar, Hence, the PSP spanned only a past of the duration of the whole pre-flowering period.

Days from sowing 1o flowering
150

130

110

70 |

50 | sD LD

30 " L i L i * 1 i (] ‘
0 20 40 60 80
Days from sowing to transfer

Figure 2. The duration from sowing to flowering of cultivar MR84 transferred from short-day
to long-day (circle) or from long-day to shoit-day (square} at various times after sowing.
Vertical bars indicate means  standard errors. The arrows indicate the time of panicle initiation
for plants continuousty grown at short-days (SD) or long-days (LD), respectively.
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Table 2, Durations {d) of the basic vegetative phase (BVP), the photoperiod-sensitive phase at
the short-day (PSP;) and long-day (PSP, ), and the post-photoperiod-sensitive phase (POP) of
development to flowering in 20 rice cultivars,

Cultivar BVP PSP, PSP, POP R? n’

Indica
IR5 40.7 23.3 66.9 23.2 0.959 3t
1IR3 40.3 24.1 39.8 28.0 0916 32
IR36 27.9 16.5 29.0 23.8 0.933 32
1R42 42.0 17.2 59.8 25.6 0.988 28
IR64 40.2 13.9 34.8 20.5 0.949 28
IR72 42.0 15.6 27.8 234 0.865 28
CO36 23.6 17.6 522 358 0.981 26
MR&4 44.6 14.1 574 27.1 0.983 28
ADT36 35.7 6.1 19.1 23.9 0.923 32
Carreon 20.0 9.6 43.6 233 0.978 32
Shan You63  30.0 14.2 38.0 28.3 0.928 32
IR64616H 454 15.3 26.5 20.2 0.885 28

Japonica
Koshihikari 18.4 12.5 300 22.6 0.971 28
Nipponbare 16.7 13.8 42.8 20.6 0.989 28
Akihikari 322 11.8 18.4 18.0 0.728 32
Xin Shui 11 22.3 8.1 59.0 33.6 0.994 30
LaoLai Qing 25.5 9.7 76.5 372 0.996 27
Hwasong 23.0 7.4 31.5 24.1 0.966 30
Hlpoom 19.6 15.7 326 27.9 0.981 28
Odea 341 3.6 10.5 236 0.776 32

* number of environments fitted

The dissection of control plants showed that PT had occurred typically before or at the end of
the PSP, depending on the cultivar or photoperiod treatment. Comparison between days from
sowing to Pl and days from sowing to the end of the PSP (Fig. 3) indicates that, by average,
photoperiod sensitivity ends at about 4 - 5 d after PI

It was assumed in most of the existing models (e.g. Gao et al., 1992) that sensitivity of the
plants to photoperiod remains the same throughout the whole period from sowing to flowering.
In contrast, the results in Exp. 2 confirm that the rice crop model CERES-Rice (Alocilja &
Ritchie, 1961) is correct to partition the period from sowing to flowering into photoperiod-
insensitive and photoperiod-sensitive phases. However, the model of CERES-Rice assumes
that the end of PSP coincides with PI. The results of our work would suggest that the PSP ends
on average, at 4 - 5 d after PI (Fig. 3). This result is compatible with the observation that P1
occurred after only about 80% of the PSP has elapsed (Collinson et al., 1992).
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Figure 3. Comparison between days frorm sowing to the end of the photoperiod-sensitive phase
(PSP) (quantified in Table 2} and days from sowing to panicle initiation (PI) at both short-day
(SD) and long-day (LD) photoperiods from results of the 20 rice cultivars tested in Exp. 2. The
dashed line represents the 1:1 relationship and the solid line is the regression line.

Conclusions

Our studies show the different effects of day and night temperatures on flowering in rice. In
most cases, day temperature exerted a greater influence than night temperature. The relative
importance of the night temperature reported in previous studies (e.g. IRRI, 1977) was due to
the fact that the night temperatures were in the range where the rate of development increases
proporticnally with increasing temperatures whereas the day temperatures were in the range
which probably limited crop development.

For modelling purposes, the interval between sowing and flowering can be divided into three
phases, i.e. BVP, PSP and POP. The PSP did not necessarily end at PI as is assumed in some
models. Further studies would be needed to determine temperature sensitivity during each of
these three phases.

We now have a reasonable database for rice from which the development from sowing to
flowering can be modelled with confidence. A new model for predicting rice phenology based
on the above experiments is in development. This data base also documents the extent of genetic
variation available in phenology parameters used in crop models for several indica and japonica
cultivars. This information would be of considerable use in applications of crop modejs for de-
signing new plant types.
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Abstract

Field experiments were conducted in the wet and dry season of 1992 and 1993 at
IRRI to determine the variability in effective grainfilling (EGF) duration in six
indica variaties. Effective grainfilling duration varied from 24 to 32 days in the
dry and 18 to 26 days in the wet season but these differences were statistically
non-significant. Mean growth rates of the panicle within the EGF varied from 229
1o 298 kg ha™ d™' in the dry season, and from 162 to 228 kg ha™ d' in the wet
season.

Introduction

The key to ideotype breeding is the identification of the critical traits that are associated with
yield increase. Crop simulation models have recently been used for this purpose in rice
{Dingkuhn et al., 1991; Penning de Vries, 1991; Kropff et al., 1994b; Aggarwal et al., 1995).
These studies identified increased sink size, a lon