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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 nutrient 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 large impact on breeding programmes and their outputs. 

A workshop was organized by the S ARP project in April 1994 at the International Rice 
Research Institute (IRRI) 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 (0 designing new plant types 
for increased yield potential, for greater weed competitiveness, and for mitigating climate 
change effects, (if) increasing the efficiency of multi-location trials and the evaluation of large 
germplasm collections, and (Hi) 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: 
- to increase 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 concern 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-1 in the dry season in the tropics. 

Eds P.K. Aggarwal, R.B. Matthews, M.J. Kropff & H.H. van Laar 1 
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* 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 concerned 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/wheat 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 
lowlands 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 to 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 rrdnimize their loss. The efficiency of use of these resources 
by the genotype(s) in the system must be increased. 

The key, I 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 
traditionally 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 integrated 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. 

I believe that in the 'seed-based', wide adaptation model, we were able to move quickly 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 all 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 summary, the 1990s and beyond will see an extension of our model - a 'green evolution' 
where IRRI scientists are concerned 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 that 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 IRRI 
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. Kropff 

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 improved breeding 
lines/varieties for a specific product with a defined quality for target environments. For most 
crops this breeding process involves a time investment of 10 -15 years. Two major activities in 
this process are - (i) conceptualizing plant type design, identification of suitable parents and their 
hybridization, and (i'i) 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 ideotypes 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 
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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 

ORYZA1 is the model used in the S ARP application programme on plant breeding. The model 
is based on INTERCOM (Kropff & van Laar, 1993), SUCROS (Spitters et al., 1989), and the 
MACROS module LID (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 structure 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 C02 assimilation at high radiation levels (the asymptote; Am) 
depends upon the leaf N concentration. The relationship between Am and the leaf N concentra­
tion is linear and shows little variation across 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 C02 assimilation is then obtained by 
integrating the instantaneous rates of C02 assimilation over the LAI on a daily time-step. Net 
daily growth rate (kg ha"' d~') 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 ORYZA1. 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 coefficients 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 matter 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 leaf area growth rate, specific 
leaf area, 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 ORYZA1. To create 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 simulate varietal differences. ORYZA1 has been validated using a 
number of experiments conducted in several environments 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 inputs were used to 
explain yield variation due to 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 ORYZA1 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 parameters and/or over-sensitivity of some others. In such cases, there 
is a feedback possibility for the improvement 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 evaluated 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 
ORYZA1 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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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 (Kropff et al., 
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1994a). The yield potential of rice has not increased above 10 t ha"1 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 areas. 

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 tailored 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 yield 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 (Dingkuhn et al., 1991; 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 on 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 t ha"1 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 evaluating 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 potential 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), yields of 1 - 2 t 
ha"1 of hybrid seed and 1.5 - 2.0 t ha"1 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 models to mimic the various 
processes and their environmental regulation 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, such 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 that the 'yield decline' in rice observed in experi­
mental fields could be corrected by suitable nutrient 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 yield Outcrossing 
(t ha"1) rate (%) 

27-37 
23-43 

34 

19-33 

17 

IRRI 

Philippines 

India 

Northwestern 
Southern 

Vietnam, Southern 

0.8-

0.8-

0.9-

0.6-

0.7-

- 1.3 

- 1.2 

• 1.7 

• 1.9 

•2.2 



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 traits have been proposed 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 attempting 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 determining 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 protein 
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/biochemistry 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 biology 
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 F2 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 F2 generation, considering all inter-plant competition aspects? Or, 
can physiologists and modellers suggest suitable 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 easy 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 used 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 F3 to 
F7/F8 pedigree nurseries are 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 
donor identification 

1 
1 Hybridizationl 

1 
FT and F2 populations 

1 
Pedigree nurseries 

(F3-F7/F8) 

+ Observation yield trials 

1 
Replicated yield trials 

* 
Multi-location yield trials 

1 
Variety release Figure 2. The plant breeding process for variety 

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 expectations 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 requirements and easy to use. Case studies are needed to 
demonstrate the usefulness of the systems approach in crop improvement programmes. 
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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 programmes, 
- 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 international centres (IARC) such 
as Centra International de Agricultural Tropical (CIAT, Columbia), International Institute of 
Tropical Agriculture (UTA, Nigeria), and West Africa Rice Development Association 
(WARDA) work together with IRRI. Agronomists, physiologists, plant pathologists, ento­
mologists, soil scientists of IARCs 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: 
1. Genetic flow within and between countries: 

Since its inception in 1975 more than 38,000 breeding lines and varieties 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 diversity 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. 

Region/country 

East Asia 
China 
Japan 
Korea 
Taiwan 

Southeast Asia 
Cambodia 
Indonesia 
Laos 
Malaysia 
Myanmar 
Philippines 
Thailand 
Vietnam 

South Asia 
Bangladesh 
Bhutan 
India 
Nepal 
Pakistan 
Sri Lanka 

Number of 
locations 

12 
2 
8 
4 

7 
16 
1 
4 

13 
7 

21 
18 

12 
3 

65 
4 
7 
4 

West Asia & North Africa 
Afghanistan 
Egypt 
Iran 
Iraq 

1 
3 
5 
1 

cooperators 

73 
2 

31 
4 

8 
23 

1 
5 

32 
10 
80 
36 

37 
1 

136 
12 
16 
14 

2 
8 

17 
1 

Region/country 
Number of 

locations cooperators 

West Asia & North Africa (cont.) 
Morocco 
Saudi Arabia 
Sudan 
Turkey 

Sub-Sahara Africa 
Ivory Coast 
Mozambique 
Nigeria 
Senegal 
South Africa 
Tanzania 
Zaire 
Zambia 

Latin America 
Argentina 
Brazil 
Colombia 
Costa Rica 
Guyana 
Nicaragua 

Europe 
Italy 

Oceania 

1 
1 
1 
1 

2 
3 
2 
2 
1 
2 
1 
1 

2 
3 
3 
1 
1 
1 

1 

Papua N. Guinea 3 

1 
1 
1 
2 

3 
2 
3 
4 
2 
4 
1 
1 

2 
6 
5 
1 
1 
1 

1 

1 

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 

Ecosystem oriented 
A. Irrigated: 

IIRON 
HRYN-E 
IIRYN-M 
IRHON 
IRBON 
IRTON 
IRFAON 

B. Rainfed Lowland: 
IRLON (M, L) 
IRLYN-M 
IRLYN-L 

C. Deepwater/Tidal: 
IDRON 

D. Upland: 
IURON 
IURYN 

Stress oriented 
A. Diseases: 

IRBN 
IRBBN 
IRTN 

B. Insect-pests: 
IRWBPHN 
IRBPHN 
IRSBN 
IRGMN 

C. Soil problems: 
IRSSTN 
IRDTN 
IRCTN 

Total 

Entries 

197 
30 
30 

100 
77 

100 
100 

50 
24 
20 

37 

79 
30 

306 
80 
92 

41 
75 
50 
50 

106 
44 
75 

-

Countries 

30 
19 
12 
8 

10 
-
-

14 
8 
-

10 

19 
9 

23 
14 
7 

10 
14 
14 
6 

16 
12 
26 

-

1994 

90 
80 
50 
20 
8 
-
-

60 
35 

-

40 

60 
40 

100 
-

35 

35 
-
-
-

50 
40 

-

15 

1995 

90 
80 
50 
30 
20 

-
-

60 
30 

-

30 

60 
-

90 
50 

-

40 
50 
40 

-
50 

15 

1996 

90 
80 
50 
30 
20 
20 
20 

60 
30 
30 

30 

60 
-

80 
-

30 

? 
40 

-
-

50 
? 

50? 

16 

IIRON: Intl Irrigated Rice Observational Nursery; 
IRHON: Intl Rice Hybrid Observational Nursery; 
IRTON: Intl Rice Temperate Observtnl. Nursery; 
IRLON: Intl Rnfd Lowland Rice Observtnl. Nursery; 
IDRON: Intl Deepwater Observtnl. Nursery; 
IURYN: Intl Upland Rice Yield Nursery; 
IRBBN: Intl Rice Bacterial Blight Nursery; 
IRCTN: Intl Rice Cold Tolerance Nursery 
IRSBN: Intl Rice Stem Borer Nursery; 

IRSSTN: Intl Rice Soil Stress Nursery; 
IRWBPHN: Intl Rice Whitebacked Planthopper Nursery; 

IIRYN-E.M: Intl Irrigated Rice Yield Nursery; 
IRBON: Intl Rice Boro Observational Nursery; 
IRFAON: Intl Rice Finegrain Aromatic Obsv. Nsery; 
IRLYN: Intl Rnfd. Lowland Rice Yield Nursery; 
IURON: Intl Upland Rice Observational Nursery; 
IRBN: Intl Rice Blast Nursery; 
IRBPHN: Intl Rice Brown Planthopper Nursery; 
IRTN: Intl Rice Tungro Nursery; 
IRGMN: Intl Rice Gall Midge Nursery; 
IRDTN: Intl Rice Drought Tolerance 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 opportunity 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 2000', 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 x E 
interactions. Such G x E interactions in the less favourable ecosystems makes extrapolation of 
multi-location testing programmes extremely difficult with the existing statistical tools. Process-
driven simulation 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 genetic 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 evaluation 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 x 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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