












Figure I. Rainfcd low l,md rice areas in South and Southeast As ia. 

Given the complexity of the challenge faced. the 
lack of genetic progress to date, and the expectation 
of higher yields from the rainfed lowland ecosystem, 
international research organisati ons have developed 
team work approaches, involving National Agricul­
tural Research Systems (NARS), in an attempt to 
improve the efficiency of plant breeding programs for 
the rain fed lowland ecosystem. This process has been 
assisted in recent years by two major research initia­
tive " 

I. the Rainfed Lowlan I Rice Research Consortium 
(RLRRC), which is supported by the A. ian Devel­
opment Bank/Netherlands and coordinated by the 
International Rice Research Institute (IRRI); anci 

2. the project Plant ImprovemellllBreeding Strategies 
for Rainfed Lowland Rice in Drought-Prone Areas 
(4 Thailand and Laos. which is supported by the 
Australian Centre for International Agricultural 
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Research (ACIAR) and coordinated by The Uni­
versity of Queensland. 

These projects collaboratc formally with ARS 
from six countries (Bangladesh, India, Indonesia, the 
Lao People 's Democratic RepUblic I Lao PDR], Phil ­
ippincs, and Thailand), anci infonnally with others 
from the Asian region. 

RLRRC (Rain fed Lowland Rice 
Research Consortium) 

The existence of severa l strong national systems in 
the minfed lowlands, with research already under 
way , led to the formation of the RLRRC in 1991. 
This consortium of national research centres develops 
and runs a common research agenda aimecl at resolv­
ing the principal strategic challenges of thc less 



favourable ecosystems that are predominant in South 
and Southeast Asia. 

The RLRRC operates at seven sites in five Asian 
countries (Bangladesh, India, Indonesia, Philippines, 
and Thailand). Member institutes are Bangladesh 
Rice Research Institute, Central Rice Research Insti­
tute (India), Narendra Deva University of Agriculture 
and Technology (India), Central Research Institute 
for Food Crops (Indonesia), Philippine Rice Research 
Institute, Ubon Rice Research Centre (Thailand) and 
IRRI (Table I). Each site represents a subecosystem 
and research focus. 

The overall goal of the consortium is to improve 
sustainable rice production in the lowland rice eco­
system of Asia, while maintaining and enhancing the 
resource base. This will be achieved through a region­
ally-based research effort with knowledge sharing 
among member institutions. More specific objectives 
are described below. 

• Development of improved gem/plasm. Current 
germ plasm for rainfed lowlands is low-yielding 
and of long growth duration. Populations are 
needed that are adapted to the environment 
(through sensitivity to photoperiod) and tolerant to 
the principal stresses yet still responsive to inputs 
in favourable years. Population development for 
the major subecosystems will continue to be an 
important thrust throughout the project. 

• Characterisation of agroecology and understand­
ing of diversity and variability of the rainfed low­
land ecosystem. In order to predict the potential and 
limitations of new technologies. it is necessary to 
understand the physical and socioeconomic charac­
teristics of rainfed lowland environments. includ­
ing the processes leading to environmental 
degradation. This characterisation will continue 
using the database, geographic information system 
(OIS) and simulation models, to understand the 
extent, distribution, and variability of the abiotic 
and biotic stresses in major rainfed areas. 

Table 1. Sites and research foeus of the Rainfed Lowland Rice Research Consortium. 

Country Site Institution Umbrella Research focus Subecosystem 
agency 

Bangladesh Rajabari, Rajshahi BRR! BRR! Root system development under Drought-prone 
moderate drought 

Photoperiod sensitivity 

India Cuttack, Orissa Central Rice ICAR Regional breeding, stagnant Drought- and 
Research Institute flooding, and socioeconomics submergence-
(CRR!) prone 

FaizabadlMasodha, Experiment Station, NDUAT Salinity/shallow flash flooding, Drought- and 
Uuar Pradesh Narendra Deva agroecologicaJ characterisation submergence-

University of prone 
Agriculture and 
Technology 
(NDUAT) 

Indonesia Jakenan, Central Java lakenan Experiment CRIFC Sustainability of system Drought- and 
Station intensification, dry direct seeding submergenee-

(gogorancah), potassium prone 
deficiency, efficient water capture 
and utilisation 

Philippines Batac, I1oeos Norte Philippine Rice DOA Long-term sustainability of Favourable 
Research Institute production system 
(PhiIRice)/MMSU 

Tarlae IRRI IRRI Nutrient and water interactions, Drought-prone 
dry direct seeding 

Thailand Ubon Ratchathani Ubon Rice Research DOA Severe droughUpoor soil fertility, Drought-prone 
Centre (URRC) blast and other diseases, regional 

breeding 
BRRI Bangladesh Rice Resea;ch Institute; ICAR Indian Council of AgriculturaIRc;;earch; CRIFC = Centml Research Institute for 
Food Crops; DOA Department of Agriculture; MMSU - Mariano Marcos State University 
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Other activities include the development of input­
efficient technologies for sustainable production, 
strengthening of scientific capacity and transfer of 
technology for impact. The expected outputs of the 
collaboration are: 

• rice cultivars with increased stress (submergence 
and drought) tolerance and disease resistance; 

• high-yielding cultivars with enhanced input effi­
ciency; 

• more productive and sustainable cultural practices 
for rainfed conditions; 

• enhanced understanding of the extent, distribution 
and variability of the abiotic and biotic stresses in 
major rainfed areas; 

• enhanced training of participating scientists in 
rainfed lowland technology; and 

• transfer of appropriate technology to NARS and 
farmers in cooperation with involved international 
agencies. 

ACIAR (Australian Centre for 
International Agricultural Research) 

An ACIAR project on genetic improvement of 
drought resistance in rice was started in 1992 and will 
continue until 1999. The major goal is to evaluate 
drought problems and to identify appropriate strate­
gies for genetic improvements of yield in rainfed low­
land rice in drought-prone areas of Thailand and Lao 
PDR. The University of Queensland has collaborated 
with the Thai Rice Research Institute and the Lao 
Department of Agriculture and Extension. The 
rainfed lowland rice ecosystem is very important in 
these countries; in Thailand, 75% of the total rice area 
is in rainfed lowlands, and much of this occurs in the 
country's northeast. Poor soils-sandy, infertile and 
often highly acidic-add to the impact of inadequate 
rainfall in constraining production. Average yield in 
Northeastern Thailand is about 1.7 tlha. Conditions 
are similar across the border in Lao PDR where the 
rainfed lowland system accounts for 64% of the rice 
area. 

The major goal of the first phase of the ACIAR 
project (1992-96) was to provide the key information 
required to enable definition of strategies for the 
development of cultivars that produce higher yields 
than existing cultivars in dry environments. Specific 
objectives were: 
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• characterisation of drought development in rainfed 
lowland rice and identification of genotypic varia­
tion in drought resistance in the Northeastern and 
Northern Regions of Thailand and rainfed lowland 
areas of Lao PDR; 

• evaluation and improvement of current drought 
resistance screening methods used in the Rice 
Research Institute of the Thai Department of Agri­
culture; and 

• evaluation of rice cultivars suitable for minimising 
water stress problems in a new rice-growing sys­
tem in Australia, based on reduced irrigation 
inputs. 

Plant breeders, agronomists, plant physiologists 
and soil scientists from 15 research stations in Thai­
land and Lao PDR conducted the extensive experi­
mental work for the project (Fig. 2). Australian 
scientists visited frequently for discussions on plan­
ning and progress. A total of 128 experiments were 
conducted in Thailand, Lao PDR and Australia. In 
addition a rice simulation model was used to estimate 
the impact of drought problems in Thailand. A sum­
mary of these activities is shown in Table 2. 

The major goal of the second phase of the ACIAR 
project (1996-99) is to assess existing and alternative 
breeding strategies for their potential to increase yield 
and yield stability of rainfed lowland rice in drought­
prone areas of Northeastern Thailand and Lao PDR 
and to identify appropriate strategies for genetic and 
agronomic improvements of rice yield in these areas. 
Specific objectives are: 

• to evaluate existing and alternative selection strate­
gies for rainfed lowland rice in Northeastern Thai­
land; 

• to develop a screening method for resistance to 
late-season droughts and to identify physiological 
and morphological traits that confer drought resist­
ance; 

• to examine whether screening under high fertiliser 
input is appropriate for selection of genotypes and 
to identify reasons for superiority of some geno­
types under different soil fertility conditions; 

• to evaluate the genotypic requirement for direct 
seeding to minimise the adverse effects of drought; 
and 

• to quantify the effect of various environmental fac­
tors on phenological development of different rice 
cultivars. 
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Figure 2. Rice research stations in Thai land and Lao PDR lI sed in the ACIAR project. 
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Table 2. Experiments and simulation modelling exercises conducted in the first phase of the AClAR project. 

Project type Number of locations 

Thailand LaoPDR 

1. Multilocation trials 10 2 

2. Seedling screening 

-glasshouse 5 0 

-field 5 0 

3. Response to drought 
and crop management 

-growth studies 4 0 

-fertiliser 6 0 

-lime 2 0 

-direct seeding 3 0 

4. Physiology of drought 0 
resistance 

5. Development ofRILs 7 0 

6. Rice growth model 0 

7. Saturated soil culture 0 0 

Total \0 2 

RIL = recombinant inbred line 

Workshop Objectives and Structure 

The International Workshop on Breeding Strategies 
for Rainfcd Lowland Rice in Drought-Prone Environ­
ments was held at Ubon Ratchathani, Northeastern 
Thailand, on 5-8 November 1996. The workshop had 
several objectives: 

• to analyse current breeding strategies in relation to 
environmental constraints; 

• to evaluate impacts of environmental constraints, 
particularly drought and adverse soil conditions, on 
rice production in the rainfed lowland ecosystem; 

• to examine agronomic methods and genotypic 
adaptation to minimise these impacts; 

• to provide future research direction for breeding 
programs for the drought-prone rainfed lowland 
ecosystem. 

The workshop was sponsored by ACIAR, RLRRC 
and the Thai Department of Agriculture and attracted 
I 17 participants from nine countries and two interna­
tional rice research organisations. Twenty-nine 
papers were presented and discussed. These papers, 
which are presented in these proceedings, addressed 
the characteristics of the rainfed production systems 
targeted in breeding programs, current breeding prac­
tices, constraints to increasing production above 
present levels, and the genetic progress that has been 
made to date. 

Number of experiments Number of scientists 

Australia involved 

xi 

0 41 17 

12 9 

14 12 

0 13 7 

0 10 8 

0 2 2 

0 14 5 

8 5 

0 II 8 

I 0 4 

3 3 3 

3 128 c.60 

In addition, one afternoon was spent in general dis­
cussion to prioritise future research directions. An 
overview of this session is presented in the last paper 
of these proceedings and also provides recommenda­
tions for future research and development addressing 
breeding strategies for rainfed lowland rice in 
drought-prone environments. 
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Rainfed Lowland Rice Research: Challenges 
and Priorities for the 21st Century 

Sushil Pandey* 

Abstract 

A rapid increase in production of rice is required to meet the future increases in demand arising from pop­
ulation growth and increasing incomes. Although over two-thirds of the current rice supply comes from ir­
rigated areas, which have been the traditional rice bowls following the success of the green revolution, an 
increase in the productivity of rainfed lowlands is essential to ensure food security, especially for the poorer 
segments of the population. There are over 40 million ha of rainfed lowlands worldwide and these areas 
have the potential for further improvements in productivity. However, rice production in rainfed ecosystems 
is constrained by a range of biotic and abiotic stresses, which limit yield, as well as by a range of socio­
economic factors that detennine the type of technology demanded by fanners. Given that the socio­
economic conditions vary across countries and regions, a targeted approach to technology research in 
rainfed lowlands is advocated. Trends such as increasing urbanisation, commercialisation and diversifica­
tion of agricultural production systems will increasingly shape the nature of rice production systems in the 
rainfed lowlands. A challenge for agricultural researchers is to develop technologies that not only increase 
and stabilise yield, but also help fanners maintain higher levels of income through input saving, product 
diversification and farm consolidation. 

THE challenge facing rice researchers in the coming 
decades is to increase the supply of rice to feed a 
growing world population. The success of green revo­
lution technology based on high-yielding varieties, 
irrigation, fertilisers and other complementary inputs, 
led to a rapid increase in the supply of food grains and 
helped to prevent hunger and mass starvation, The rel­
ative homogeneity of irrigated ecosystems made wide­
spread adoption of modem technologies possible. 

As we move into the next century, additional sup­
plies of rice must come from rainfed as well as irri­
gated environments. There are early signs that 
productivity growth in irrigated areas alone may not be 
enough to produce the additional supplies required to 
meet increased demand in an environmentally sustain­
able manner. Increased proouctivity in rainfed lowland 
ecosystems will be increasingly important in ensuring 

* International Rice Research Institute, Social Sciences 
Division, PO Box 933, Manila, Philippines 

food security, especially in areas with poor economic 
performance and widespread poverty. It is therefore 
timely to reassess the potential role of rainfed lowland 
rice ecosystems in ensuring fooo security in the light of 
the emerging trends and to develop a research agenda. 

Rainfed Lowland Ecosystems 

In the context of rice production, rainfed lowland eco­
systems are defined as areas where rice is grown in 
unirrigated, levelled and bunded fields that have shal­
low flooding with rain water (Mac kill et al. 1996). 
Worldwide, about 40 million ha of land is planted 
with rain fed lowland rice. This is approximately 28% 
of the total rice-growing area, and rainfed lowland 
rice forms about 18% of the global rice supply. More 
than 90% of the area planted to fainfed lowland rice is 
in Asia. India and Bangladesh in South Asia and 
Thailand, Myanmar and Indonesia in Southeast Asia 
together account for more than 80% of the total area 
and production in Asia (Table 1). 



Table 1. Rainfed lowland rice area of selected Asian countries. 

Country Area (million ha) 

Bangladesh 5.17 

India 13.93 

Nepal 0.94 

Sri Lanka 0.45 

Cambodia 0.86 

Indonesia 0.71 

Lao PDR 0.32 

Malaysia 0.13 

Myanmar 2.5\ 

Philippines 1.20 

Thailand 8.57 

Vietnam 1.76 

Souree: IRRI (1993) 

The yield of rainfed lowland rice is low and varies 
from 1.5 tlha in Cambodia and Malaysia to 3 tlha in 
Indonesia and Myanmar. The overall average yield 
for Asia is 2.3 tlha. It is not possible to examine the 
pattern of yield growth by ecosystem for most coun­
tries as time-series data by ecosystems are generally 
not available. Limited data for India and the Philip­
pines indicate that, as compared to irrigated ecosys­
tems, yield growth in rainfed lowland rice is not only 
low but also variable, as measured by the coefficient 
of variation (Table 2). The existing level of yield in 
the different states of India correlates well with the 
proportion of the rice-growing area that is irrigated 
(Fig. 1). Rainfed lowlands not only have low and var­
iable yields but also have a higher incidence of pov­
erty. For example, the proportion of poor people is 
greater in Bihar, Orissa and Madhya Pradesh, where 
rice is produced mostly under rainted conditions 

Area as % of total rice area 

47 

35 

66 

53 

48 

7 

56 

21 

52 

35 

85 

28 

Yield (t/ha) 

2.5 

2.4 

2.2 

2.5 

1.5 

3.0 

2.1 

1.5 

3.0 

2.0 

1.8 

2.0 

(Fig. 2), than in other states, where rice is predomi­
nantly irrigated. The green revolution, which led to a 
rapid growth in productivity of irrigated rice, has had 
a relatively modest impact on the yield of rainfed rice. 

Depending on the environmental conditions, 
rainfed lowlands may be classified into favourable 
and unfavourable ecosystems. In favourable rainfed 
areas, which are intermediate between rainfed and 
irrigated ecosystems, field water cannot be com­
pletely controlled but rainfall is usually adequate and 
weIJ distributed. Favourable rainfed areas account for 
about 20% of the total rainfed lowlands (Mackill et 
al. 1996). Farmers mostly grow modern varieties and 
yields are on the higher side of the range for rainfed 
ecosystems. More than 50% of the favourable rainfed 
lowlands are in Southeast Asia. The remaining 80% 
of the rainfed lowland area is less favourable and rice 
in these areas suffers from varying degrees of 

Table 2. Growth rate and coefficient of variation (CV) of rice yields by ecosystem. 

India (1956-87) 

Growth rate in yield (%) 

CV of yield (%) 

Philippines (1961-87) 

Growth rate in yield ('fa) 

CV of yield (%) 

Source: lRRI Rice Data Base 

Irrigated 

2.5 

10.0 

3.2 

6.0 

2 

Rainfed lowland 

1.0 

12.0 

2.4 

8.0 

Upland 

0.3 

16.0 

1.4 

8.0 



drought, submergence and both drought and submer­
gence. As a result, yields are low and highly variable. 
More than 60% of the unfavourable rainfed lowlands 
are in southern Asia. 
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Although the classification of rice-growing areas 
by ecosystem helps focus on major constraints rele­
vant to each of the ecosystems, the boundaries are not 
static. Changes may occur for several reasons. Previ­
ously rainfed areas may become irrigated areas with 
expansion of irrigation systems. Similarly, areas clas­
sified as irrigated may actually resemble rain fed con­
ditions due to lack of irrigation. Although the 
physical area under a particular ecosystem may 
remain the same, the area of rice planted changes 
with changes in the cropping intensity of rice. 
Although the total rice area in Asia remained more or 
less the same from the late 1970s to early 1990s, the 
distribution between the different ecosystems has 
changed considerably. Upland, deepwater and rainfed 
areas have shown a decline but the irrigated area, 
especially during the dry season, has increased. The 
total rainfed lowland area has decreased by about 
10% compared to the late 1970s but the distribution 
across the Asian countries is not uniform. There has 
been a substantial increase in Cambodia, Lao Peo­
ple's Democratic Republic (Lao PDR), Vietnam, 
Myanmar and Thailand and a reduction in the Philip­
pines, Nepal, Bangladesh, Malaysia, China and India 
(Huke and Huke 1996). 
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Figure 2. Association between the percentage of the rice-growing area that is irrigated and poverty level in Indian rice­
growing states (Hossain 1995). 
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Emerging Trends 

Population growth and increasing demand for 
food 

Population growth will continue to be a major 
factor determining the rate of growth of demand for 
food grains in the coming decades. According to 
recent projections, by the year 2010 global food 
demand will increase by about 40% from the 
1989-91 level (Rosegrant et al. 1995). If the current 
growth rate of 1.7% per year continues, the Asian 
population of about 3 billion will increase by 
another 2 billion in the next 30 years. In addition to 
this population-induced increase in demand for rice, 
income increases in countries such as India, Bangla­
desh, Indonesia and China in the coming decades 
will lead to further increases in demand for rice. 
These countries account for more than 70% of the 
total rice consumption and have a positive income 
elasticity of demand. Although higher income coun­
tries, such as Japan, Korea and Taiwan, have a nega­
tive income elasticity of demand and hence will 
reduce their consumption of rice with further 
increases in income. the net effect of income growth 
on rice demand will be positive due to the greater 
importance of low income countries in determining 
the total demand. Recent projections show that at 
the prevailing price level, the demand for rice is 
likely to increase from the current level of 500 mil­
lion tonnes by as much as 69% by 2025 (Hossain 
1995). 

Urbanisation 

The percentage of the total population living in 
urban areas has increased in almost every country in 
Asia (Table 3). During 1990-95, the average annual 
growth rate of the urban population in various rice­
producing Asian countries was at least 3%. In 1994, 
about a quarter of the Asian population was living in 
urban areas. It has been estimated that by 2015, there 
will be at least 16 cities with populations exceeding 
10 million (Table 4). 

This trend towards increased urbanisation has sev­
eral implications for the organisation of rice produc­
tion systems in the coming decades. First, an 
increasing number of rice consumers will be depend­
ent on the marketed surplus of rice, and rice produc­
tion systems need to be geared towards producing a 
marketed surplus. Second, demand for water for 
urban use will increase, creating pressure to divert 
water from agricultural use. Rice production systems 
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of the future will therefore need to be water efficient. 
Third, urbanisation competes with agricultural use of 
land, creating pressure for increased rice production 
with less land. 

Table 3. Urban population as a percentage of Iota I 
population. 

Country Urban population (%) 

1975 1985 1994 

Bangladesh 9.3 13.7 17.0 

India 21.3 24.3 26.0 

Nepal 5.0 8.5 12.0 

Sri Lanka 22.0 21.1 22.0 

Cambodia 10.3 10.8 12.0 

Indonesia 19.4 25.3 32.0 

LaoPDR 11.4 15.9 20.0 

Malaysia 30.7 38.8 44.0 

Myanmar 23.9 24.0 25.0 

Philippines 35,6 40.0 44.0 

Thailand 15.1 19.5 35.0 

Vietnam 18.8 19.6 20.0 

Source: ADB (1995) 

Table 4. Asian cities with populations above 10 million. 

1994 2015 

Tokyo Tokyo 

Shanghai Shanghai 

Bombay Bombay 

Jakarta Jakarta 

Calcutta Calcutta 

Seoul Seoul 

Beijing Beijing 

Osaka Osaka 

Tianjin Tianjin 

Delhi 

Manila 

Dhaka 

Lahore 

Hyderabad 

Bangkok 

Karachi 

Source: World Bank 



Increase in wage rate 

The Asian economies are currently growing at an 
unprecedented rate. The annual GNP growth rate for 
many Asian countries in 1994 was more than 5% 
(Table 5). Economic growth leads to structural 
changes. reducing the share of agriculture in GNP and 
in employment. As a result of an increase in labour 
productivity and income in the non-farm sector, there 
is movement of labour from the agricultural to non­
agricultural sector. This is accompanied by a rapid 
increase in agricultural wages, not only due to the 
demand pull from the non-farm sector, but also due to 
increased peak labour demand in agriculture, which 
results from increased intensity of land use. The 
extent of wage increases depends on the rate of 
growth of the economy, the capital intensity in the 
non-farm sector, the rate of population growth and the 
nature of agricultural production technology. Varia­
tions in these factors create differences in the growth 
rate of agricultural wages and the subsequent degree 
of labour scarcity across countries. However, it is 
inevitable that agricultural production systems ulti­
mately have to face the problem of labour scarcity. 

Commercialisation of agriculture 

Commercialisation refers to the process by which 
non-traded inputs are substituted for traded inputs, 
and outputs are primarily sold rather than consumed 
by the fam1 households. Examples of non-traded 
inputs are family labour and farmyard manure and 
those of traded inputs are hired labour, machinery 
and chemical fertilisers. Compared to subsistence 

Table 5. GNP per capita (US$, 1993) and percentage 
growth rate (1985-94). 

1993 GNP per 1985-94 Growth rate 
(US$) of GNP per capita (%) 

Nepal 160 2.3 

Bangladesh 220 2.0 

India 290 2.9 

Sri Lanka 600 2.9 

Indonesia 730 6.0 

Philippines 830 1.7 

Thailand 2040 8.6 

Malaysia 3160 5.6 

China 530 7.8 

Source: ADB (1995) 
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farming, where the farm household is both a produc­
ing and a consuming unit, commercialisation leads to 
the separation of these two units. The consumers and 
the producers may be spatially separated, as in the 
case of urban consumers obtaining their food supplies 
from the rural areas. The separation occurs even in 
the case of rural producers who, instead of consum­
ing their own produce, purchase from the market. 
Commercialisation thus leads to an increased reliance 
in the market for both inputs and outputs. 

Commercialisation of agricultural production is 
another facet of structural change whereby traded 
inputs become relatively cheaper than non-traded 
inputs, leading to a substitution of the latter by the 
former. An increase in the opportunity costs of land 
and labour makes labour-intensive inputs, such as 
farmyard manure, more expensive compared to 
chemical fertilisers. The price ratio swings further in 
favour of manufactured fertilisers as technological 
changes in these industries reduce the unit cost of 
production. The price of chemical fertilisers has been 
declining for some time, encouraging their increased 
application for rice production. Similarly, other man­
ufactured inputs, such as machinery and herbicides, 
are being increasingly used as a result of rises in 
wage rates. 

Commercialisation has major implications for the 
organisation of agricultural production. Technologies 
that are based on the use of non-traded inputs are not 
appropriate for commcrcialised agriculture. When 
inputs and outputs are valued at the market price, the 
main factor that governs decisions on what and how 
to produce becomes the economic profit. Integration 
with the non-farm sector also means that the perform­
ance of agriculture becomes much more sensitive to 
the performance of the non-farm economy. 

Diversification of agriculture 

Commercialisation of agriculture leads to the 
development of a diversified market-oriented produc­
tion system. Diversification can be considered at the 
farm, regional, sectoral and intersectoral levels. 
Farm-level diversification implies an increase in the 
number of agricultural enterprises that a farm house­
hold undertakes. Farm-level diversification performs 
at least three functions. It enables agricultural 
resources to be spread more evenly across activities 
and over the agricultural season; provides protection 
against yield and price risks; and provides flexibility 
to take advantage of improved market opportunities 
by shifting resources across activities. Although 



traditional farming systems are highly diversified, the 
more recent trend towards diversification away from 
rice in the humid and subhumid tropics, especially in 
the rapidly growing economies of Southeast Asia, has 
been in response to slower growth of farm income 
due to increased rice productivity and the subsequent 
decline in the long-term price of rice (Timmer 1992). 
This trend towards diversification has been encour­
aged by the availability of irrigation and the income­
induced growth in demand for high value products 
such as fruits, vegetables and meal. 

The potential for diversification out of rice depends 
both on both the biophysical and economic environ­
ments (Pingali 1992). In the lowland, the trend 
towards diversification is most evident in irrigated 
ecosystems. The potential for diversification is low in 
the wet season due to drainage constraints but in the 
dry season, irrigation facilitates the successful cultiva­
tion of a range of upland crops such as vegetables, 
wheat, oil seeds and other seasonal crops. In addition 
to this seasonal diversification, year-round diversifica­
tion into activities such as fruit trees, aquaculture and 
poultry have occurred in response to the declining 
profitability of rice. As the farmers' incentive for 
diversification is to supplement their income by 
engaging in enterprises whose outputs have increasing 
market demand, diversification has only been success­
ful in areas with good marketing infrastructure. 

In rainfed lowland areas, the possibilities for sea­
sonal diversification are limited due to the lack of 
irrigation. Non-rice crops are unsuitable during the 
rainy season, except in well-drained fields. In poorly 
drained fields, it is more advantageous to grow rice. 
During the dry season, possibilities exist for diversifi­
cation if supplementary irrigation is available. Sea­
sonal diversification in Batac, northern Luzon, is 
based on the availability of groundwater. Farmers 
grow a range of vegetable crops during the dry season 
using groundwater (Lucas et al. 1996). Similarly, the 
expansion of the rice-wheat system in eastern India is 
supported by the availability of groundwater to pro­
vide supplementary irrigation to wheat. Depending on 
the length of the rainy season, some opportunities 
also exist for growing short-duration non-rice crops 
before or after rice. 

Overall, drainage constraints during the rainy sea­
son and the lack of supplementary water during the 
dry season limit the extent of diversification of 
rainfed lowland areas. Rapid expansion of groundwa­
ter irrigation, as in the case of eastern India, may 
relax the water supply constraint and encourage farm­
ers to grow a range of post-rice crops with high mar-
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ket demand. Without the expansion of irrigation, the 
majority of rainfed lowlands will continue to be used 
for rice monocropping. However, year-round diversi­
fication is possible, if strong market demand for non­
rice crops makes investment in drainage and irriga­
tion profitable. These pressures are likely to exist in 
peri-urban areas and farmers may switch out of rice 
completely to engage in year-round production of 
fruit trees, vegetables, sugarcane, cattle, poultry, etc. 
Since the demand for these products increases only 
when incomes are rising rapidly, countries with faster 
rates of economic growth are first to experience such 
diversification. 

Reduced profitability of irrigated rice production 

The success of the green revolution in irrigated rice 
ecosystems during the past three decades has made 
these ecosystems the main rice bowl of the world. 
Currently, irrigated ecosystems generate over 75% of 
the total rice supply although they account for only 
55% of the total rice area. Rice yield in irrigated areas 
ranges from 3-9 tlha with an average yield level of 
4.9 tiha. Despite the overwhelming importance of 
irrigated ecosystems in generating the bulk of the rice 
supply, there are indications that this ecosystem alone 
will not be able to provide all the additional supplies 
required to meet the increasing demands in the com­
ing decades. Relatively higher costs associated with 
providing new irrigation facilities, the maintenance 
of existing irrigation infrastructure, trends towards 
diversification out of rice in order to maintain farm 
incomes, environmental concerns associated with 
further intensification of irrigated rice production and 
the lack of an economically exploitable 'yield­
gap'are some of the major factors limiting the possi­
bility of further increases in rice production from irri­
gated ecosystems (Rose grant and Svendsen 1993; 
Pingali 1994). 

Reduced profitability of intensified irrigated rice 
production in rapidly growing economies such as 
Malaysia, China and Indonesia - countries relying 
mainly on irrigated rice production - could lead to 
serious rice deficits. According to estimates made by 
Hossain (1995), the average yield in irrigated ecosys­
tems would have to increase from the existing level 
of 4.9 tlha to 9.5 tlha by 2025 to satisfy the total 
demand, if yields under rainfed conditions remained 
at the existing level of 1.9 tlha. Even if cultivars can 
be developed with the potential to produce such high 
yields, the levels of input usage required for such 
yields will generate substantial negative externalities. 



Trade Liberalisation 

Trade liberalisation under the World Trade Organisa­
tion will put pressures on the rice production systems 
of the future to be more cost-efficient. This will 
require an increase in yield and/of a reduction in the 
cost of production. High-cost producers will nnd it 
difficult to compete with low-cost producers. To the 
extent that environmental constraints limit productiv­
ity gains. production will shift from the more difficult 
environments towards more favourable ones because 
the per unit cost of production in these environments 
will be relatively high comparcd to more favourable 
areas. This tendency will be reinforced if the produc­
tion of other commodities suitable to such areas 
becomes more prontable with trade liberalisation. 
For example, it may be possible to switch from rice to 
agroforestry in the uplands and marginal rainfed 
environments. 

The effect of trade liberalisation on rice production 
systems may therefore be to reinforce the trends 
towards increasing wage rates, increasing commer­
cialisation and diversification of agriculture. 

A Conceptual Framework 

Overall, the nature of rice production systems may be 
determined by population density, the stage of eco­
nomic development and the agroclimatic conditions. 
These factors determine the nature of production sys­
tems through their effects on rice demand and supply. 
The first two variables work by influencing both the 
supply and demand factors. The agroclimatic condi­
tions influencc the supply by determining the produc­
tion potential. 

Population density 

PopUlation density affects food demand in relation 
to the available land area for production. When the 
population density increases there is greater pressure 
to intensify production to meet the demand. The 
labour supply needed to intensify production also 
increases with an increase in population density. Pop­
ulation pressure is one of the major factors determin­
ing land-use intensity (Boserup 1965, 1981). When 
the population density is low, any increase in popUla­
tion pressure initially results in expansion of agricul­
tural areas because the returns to labour, which is a 
relatively scarce factor, are maximised by such a 
land-extensive strategy. 
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As the land frontier approaches its limit due to con­
tinuous expansion of population, however, and the 
labour productivity declines as a consequence, meth­
ods are sought to increase production from the lim­
ited land area by intensification. The production 
system will be predominantly subsistence-oriented 
unless possibilities exist for trading with other socie­
ties. If technologies are not available to increase the 
yield rapidly enough, labour productivity will con­
tinue to decline. Low and falling labour productivity 
encourages exploitation of marginal land, thus lead­
ing to a cycle of low productivity, poverty and 
resource degradation. Thus, low productivity, high 
levels of poverty, small farm sizc and subsistence­
oriented production systems are typical of densely 
populated agricultural societies, which are not able to 
intensify production rapidly enough to meet the 
demand or to trade with other societies due to limited 
market access. 

Economic growth 

Economic growth affects the agricultural sector in 
two ways. Firstly, it alters the income-induced 
demand for staples, and, secondly, it draws resources 
away from agriculture. The effect of economic 
growth on food demand depends on the current levels 
of income. When incomes are low, demand for sta­
ples tends to increase with an increase in income due 
to positive income elasticity of demand. Consump­
tion levels increase as people are able to afford more 
staples. Many low-income countries in Asia have a 
positive income elasticity of demand for rice and will 
increase their rice demand in the future. However, at 
high levels of income, income elasticity for rice 
becomes negative, leading to a decline in its con­
sumption, as vegetables, fruits and meat are substi­
tuted for rice. East Asian economies, such as Japan 
and Korea, and rapidly growing Southeast Asian 
countries are now in this stage. Rice production sys­
tems change as farmers attempt to respond to such 
income-induced changes in consumption patterns. As 
mentioned earlier, a more diversified production sys­
tem is likely to evolve with economic growth. 

The second effect of economic growth results from 
the structural transformation that results in with­
drawal of resources from agriculture. A shrinking 
agricultural sector has to increasingly compete with 
an expanding non-farm sector for land. labour and 
capital. In response, technologies and production 
methods are adopted that help maintain profits in the 
face of rising input costs. The increasing cost of land 



encourages the adoption of yield-increasing technolo­
gies while the growing scarcity of labour forces the 
adoption of mechanical technologies. Because of the 
economy of scale associated with mechanised farm­
ing there is a trend towards increased farm size. 

The effects of population density and income 
levels on the nature of production systems 

The combined effect of population density and the 
level of economic growth (as indicated by income 
levels) on the nature of the agricultural production 
systems is depicted in Figure 3. When both income 
levels and population density are low, agricultural 
production systems tend to be land-extensive and 
subsistence-oriented because of the lack of demand 
from a relatively smaller non-farm sector (e.g. Cam­
bodia, Myanmar and Lao PDR). Population density 
in these countries ranges from 18 persons/km2 in Lao 
PDR to 63 persons/km2 in Myanmar with per capita 
annual incomes of around US$300. On the other 
hand, subsistence-oriented, labour-intensive and 
small farm-based production systems dominate when 
the population density is high but the income level is 
low (e.g. India, Bangladesh and Nepal). The popula­
tion density in these countries ranges from 134 per­
sons/km2 in Nepal to 768 persons/km2 in Bangladesh, 
with per capita income of less than US$300. In these 
densely populated areas, the non-farm sector has a 
limited capacity to absorb the rapidly increasing pop­
ulation, resulting in high levels of poverty in the farm 
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Figure 3. The effects of population density and income 
levels on the nature of production systems. 
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sector. As the level of poverty is inversely related to 
the productivity of the agricultural sector, at low lev­
els of income, poverty reduction requires rapid tech­
nological innovation in the agricultural sector. 

When countries with high population pressure and 
low levels of income are finally able to increase their 
incomes, diversified and commercialised production 
systems are likely to evolve. Initially, the farms will 
be small due to the high population pressure but 
increased demand for a range of agricultural products 
at higher levels of income encourages diversification. 
Similarly, increased linkages between the farm and 
non-farm sectors through both the input and output 
markets provide incentives for commercialisation. 
Thailand, Sri Lanka, the Philippines and Indonesia all 
fall into this category. The per capita income in these 
countries is more than US$600 and the population 
density is greater than 90 persons/km2• 

Specialised, commercialised and mechanised pro­
duction systems tend to evolve when income levels 
increase further but the population density is low. 
Under these conditions, labour scarcity in the farm 
sector will force the adoption of labour-saving innova­
tions. Whether or not specialisation at the farm level 
occurs depends not only on the agroclimatic factors 
but also on the nature of the evolving marketing sys­
tems. Malaysia, with a per capita income of US$3160 
and a population density of 56 persons/km2, provides 
an example of a highly commercialised and mecha­
nised production system that is becoming increasingly 
specialised. Agroclimatic conditions permitting, farm­
level specialisation occurs as management-intensive 
methods of production, which become desirable at 
high levels of income, limit farmers' abilities to effi­
ciently manage multiproduct farms. 

Figure 3 is a representation of the major long-term 
determinants of the characteristics of agricultural pro­
duction systems. At any point in time, a country can 
display all four characteristics, especially if market 
imperfections and/or agroclimatic characteristics 
make a different pattern of growth possible in each 
region. For example, income levels are high and the 
agricultural production systems are increasingly com­
mercialised in the Indian Punjab, where agricultural 
productivity increased rapidly due to the green revo­
lution. In contrast, eastern India has subsistence-ori­
ented production systems with low income and high 
population pressure. Although the policy environ­
ments are similar in both these regions, a less favour­
able agroclimatic environment combined with a 
slower growth of the non-farm sector in eastern India 
has resulted in a different type of production system. 



The somewhat static pattern depicted in Figure 3 
could also be used to trace out an evolutionary path as 
agricultural production systems undergo change. For 
example, agricultural production systems of Type I 
could change directly to Type IV if societies with low 
population are able to grow rapidly and achieve struc­
tural transformation before a major increase in popu­
lation density occurs. This was mainly the pattern of 
growth of the contemporary developed countries. 
Rapid economic growth generated by the industrial 
revolution in the 19th century led to the transforma­
tion of subsistence-oriented production systems to 
commercialised and specialised farms (Type IV). 

The production system could change from Type I 
to Type 11 if the economic growth is slow but the pop­
ulation is expanding rapidly. The production system 
will then change from Type 11 to Type III if rapid 
economic growth is achieved. The Type III produc­
tion system may ultimately change to Type IV as 
increased labour absorption by the non-farm sector 
results in labour scarcity in agriculture. 

The relevance of the scheme shown in Figure 3 for 
designing agricultural development strategies in devel­
oping countries is that reduction in poverty cannot be 
achieved without rapid growth in agricultural produc­
tivity, at least in the initial stages of economic growth. 
The increase in agricultural productivity since the 
green revolution has been a major factor in reducing 
poverty in many developing countries. However, a 
sustainable reduction in poverty cannot be achieved 
without a rapidly expanding non-farm sector so that 
popUlation pressure on the agricultural sector is 
reduced as the country undergoes structural transfor­
mation. Unless interventions are in place that make the 
process of structural transformation relatively easy, 
some areas within a region move ahead while others 
lag behind and suffer from poverty. Therefore, agricul­
tural research targeted to these lagging areas alone may 
not be an efficient way of addressing poverty resulting 
from the problems of structural transformation. For 
example, if an economy has a Type 1I agricultural sec­
tor only, economic growth and poverty alleviation can­
not be achieved without a rapid growth in agricultural 
productivity. However, if the overall growth in income 
is rapid enough for a major section of the agricultural 
sector to acquire the characteristics of Type III and 
Type IV, poverty problems in areas that still have Type 
11 characteristics will most likely require interventions 
designed to exploit the opportunities of income 
enhancement offered by the rapidly growing non-farm 
sector. 
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This implies that policies designed to increase the 
incomes of rural producers in these areas by develop­
ing better linkages with the non-farm sector are likely 
to be more effective in poverty alleviation than 
attempts to increase the productivity of food crops 
under subsistence production systems. A switch in 
agricultural research policies from improving the pro­
ductivity of subsistence food production to develop­
ing a more flexible and responsive agricultural sector, 
which can adapt to and benefit from new opportuni­
ties arising from economic growth, is needed for 
addressing the poverty problem in the long run. 

A Research Agenda for the Rainfed 
Lowland Rice System 

What are the high priority research areas in the rain fed 
lowland rice ecosystems of Asia, given the emerging 
trends and the likely evolution of the nature of the 
agricultural production systems? As compared to irri­
gated rice environments, which have benefited from 
yield-increasing green revolution technologies, most 
rain fed lowland rice ecosystems currently have low 
and unstable yields due to a host of abiotic and biotic 
stresses. Land-use intensity is low, production sys­
tems are predominantly subsistence-oriented and 
farmers mostly practice rice monocropping in the wet 
season. As a result of these characteristics, the level of 
poverty among rural households is high. Most of the 
countries where rainfed lowland rice ecosystems pre­
dominate also have a low per capita national income 
that is growing slowly, although some countries in 
Southeast Asia have now achieved a higher rate of 
economic growth. Thus rainfed lowland rice produc­
tion systems mainly fall into the Type I and 11 systems 
shown in Figure 3, with some fast-growing countries 
having Type III characteristics (Table 6). Given the 
underlying trend towards increased commercialisation 
of agriculture, the long-term goal of rice research for 
rainted lowlands should be to develop technologies 
that facilitate the transition from subsistence oriented 
to commercially oriented production systems. In the 
medium term, differences in the economic structure of 
countries in the above categories indicate that a some­
what targeted approach is needed for rice research. 

Broadly speaking, low productivity in Type I regions 
is not due to the lack of production potential per se but 
is the result of lack of demand due to low population 
density or limited access to export markets. Farmers 
lack incentives to adopt yield-increasing input-inten­
sive technologies as land is not a restricting factor. 



Table 6. Major characteristics of selected Asian countries with rainfed lowland rice. 

Country Population density Income per capita Major types of rainfed I 
rice system 

Rainfed lowland rice 
area (million ha) (per km2) US$(1993) 

Cambodia 

Myanmar 

LaoPDR 

India 

Nepal 

Bangladesh 

Vietnam 

Thailand 

Philippines 

Indonesia 

Sri Lanka 

na = not available 
I See Figure 3 
Source: IRRI (1993) 

47 na 

63 519 

18 290 

264 290 

134 160 

768 220 

209 170 

113 2040 

218 830 

97 730 

265 600 

Rice research technologies that enhance labour pro­
ductivity are more suitable for these areas. Labour-sav­
ing technologies for land preparation, crop 
establishment and weeding can help improve labour 
productivity. The adoption of these technologies will 
be constrained, however, unless the non-farm sector or 
export market grows rapidly enough to increase the 
demand for rice and marketing infrastructures are suffi­
ciently developed to make additional supplies available 
to consumers cost-effectively. 

For areas that have the dominant rainfed lowland 
system with Type II characteristics, improvements in 
rice productivity could be the key to income enhance­
ment and poverty reduction. Multiplier effects associ­
ated with income growth from improvement in rice 
productivity could encourage other non-farm rural 
activities and provide additional sources of income. 
As abiotic constraints such as submergence and 
drought are the major factors limiting rice yields in 
rainfed environments (Widawsky and O'Toole 
1990), technologies to stabilise and enhance rice 
yields can play a major role in improving food secu­
rity. Breeding for rice cultivars which can escape or 
withstand the effects of these abiotic stresses is hence 
likely to have high payoff. Similarly, improved crop 
management technologies, which lead to better crop 
establishment and more effective utilisation of mois­
ture and nutrients, are needed to stabilise and 
improve rice yields. In addition, technologies such as 
shorter-duration rice cuItivars and improved crop 
management practices can help intensification of 
agriculture based on a rice-upland cropping pattern. 
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11 

n 
11 

11 

III 

n,m 
n,m 
n,m 

0.86 

2.51 

0.32 

13.93 

0.94 

5.17 

1.76 

8.57 

1.20 

0.71 

0.45 

Even in countries with Type II characteristics, the 
long-term reduction in poverty cannot, however, be 
achieved without the demand pull exerted by a rap­
idly growing non-farm sector. 

Regions belonging to category III have mostly 
achieved a high rate of economic growth and are 
undergoing rapid structural transformation. Produc­
ers of food grains suffer not so much from low 
yields as from low incomes. Research for rainfed 
rice systems in these countries should be targeted 
towards increasing the income of rice farmers rather 
than just the yield of rice. Even if rice yields are 
low, income could be increased by designing input­
efficient methods of production (such as mechanisa­
tion), by growing premium quality rice, by creating 
opportunities for diversification of farm enterprises 
and by developing technologies which help generate 
income from processing and marketing of agricul­
tural products. The vertical integration of both input 
and output markets will also pave the way for an 
efficient and specialised rice production system. In 
the drive for improving the cost-efficiency of rice 
production, marginal rain fed rice-growing areas in 
these economies will switch out of rice to other 
crops and production will be concentrated in the 
more favourable rainfed and irrigated areas. In addi­
tion, relatively higher costs of production of rice in 
these countries may encourage them to import rice 
from other low-cost countries withType I and Type 
II characteristics. 



Conclusions 

Increased rice production from rainfed lowlands is 
critical for ensuring global food security in the com­
ing decades. Although the green revolution led to a 
rapid increase in rice production in irrigated areas 
during the past two decades, future demand for rice is 
unlikely to be met without an increase in the produc­
tivity of rain fed lowland ecosystems. Also, as rainfed 
rice producers are often poor and unable to purchase 
rice from the marketplace, the importance of invest­
ing in improved productivity for rain fed rice ecosys­
tems is evident. 

Rice productivity in rainfed lowland rice ecosys­
tems is constrained mainly by abiotic stresses such as 
drought and submergence. Improvement in rice pro­
ductivity therefore requires research on breeding 
cuItivars that can either escape or withstand the 
effects of such stresses as well as on crop manage­
ment to develop techniques that help the crop to per­
form better in adverse conditions. 

Although abiotic stresses are the main limiting 
factors for increasing yields in rainfed lowland eco­
systems, socioeconomic factors determine the type 
of technologies demanded by farmers. Population 
density and the level of economic growth are major 
factors determining the nature of farming systems 
and the type of technology that will be employed. 
Based on different levels of these two socio­
economic variables, a somewhat targeted approach 
to rice research in rain fed areas is suggested. In areas 
where low effective demand (due to low population 
density and/or poorly developed export markets) 
constrains rice productivity, labour-saving methods 
of rice production are likely to be more important 
than yield-increasing technologies. In addition, 
investment in infrastructure and policy reforms are 
often preconditions for substantial output expansion 
in such areas. In areas with rapidly growing non­
farm economies and increasing demand for non-rice 
food products, rice farmers are likely to be more 
concerned about maintaining their income than 
increasing yields per se. Rice research that helps 
farmers maintain their incomes at parity with those 
of the non-farm sector would hence be demanded. 
Research to improve the quality of rice and for 
developing opportunities for diversification out of 
rice would therefore be desirable. Yield-enhancing 
technologies are most appropriate when the rainfed 
rice production system is predominantly subsistence­
oriented, poverty is widespread and the non-rice 
economy is poorly developed. 

II 

It is essential to envisage how rainfed rice ecosys­
tems are likely to be affected by emerging trends 
when viewed in the broader context of economic 
development and structural change. Urbanisation, 
increasing wage rates, commercialisation and diversi­
fication of agriculture and trade liberalisation are the 
major factors that will force farmers to be more com­
petitive and cost-efficient. These trends will hence 
make subsistence-oriented modes of rice production 
- so common in many rain fed rice areas - increas­
ingly obsolete. Farmers will increasingly demand 
technologies that will help them maintain a higher 
level of income through input saving, product diver­
sification and expansion of farm sizes. The challenge 
to rainfed rice researchers is not only to develop and 
supply such technologies but also to make them 
affordable to rice farmers. 
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Rice-Based Cropping Systenls 
in Northeastern Thailand 

Anan Polthanee* 

Abstract 

Examination of existing rice· based cropping systems in Northeastern Thailand has shown an important role 
for upland crops planted before and after rice in increasing the intensity of land use and productivity. Ex· 
amples of upland crops in the fainfed wetland rice system are sesame and kenafbefore and after rice, peanut 
after rice and waternlelon before rice. During the dry season, soil moisture around the root zone is important 
for the success of the existing cropping patterns. In Northeastern Thailand there are large paddy areas where 
the water tahle during the dry season is low. In these areas, research aiming to improve rice-based systems 
by growing upland crops before or after rice has shown that the yield of upland crops is highly variable from 
field to field and from year to year. depending on rainfall distribution. The upland crop species that have 
been grown most reliably before or after rice are mungbean. grain and green pod cowpea, and baby corn. 
However, successful rice-based cropping systems require rice cultivars mat are suitable for double crop­
ping, with early-maturing rice cultivars to accommodate upland crops after the rice harvest Alternatively, 
if cultivars could be transplanted late in the season but still produce a high yield, an upland crop could be 
included before rice. 

The characteristics ofthc farming systems in Northeastern Thailand, induding decision-making process­
es and objectives within farm households, also need to be considered when developing rice-based cropping 
systems to suit the socioeconomic and human setting of farmers in Northeastern Thailand. 

THE Northeastern Region is the largest region of 
Thailand, with total land area of approximately 64.9 
million ha. The region has a popUlation of about 20 
million, which is over one-third of the population of 
the country. Most of the people in this region are 
engaged in agriculture and it is the largest rice and 
field crop production region in the country. However, 
per capita income is the lowest in the country, due to 
low and unstable agricultural productivity. The criti­
cal constraints are lack of sufficient irrigation (less 
than 30%), erratic rainfall, and poor soil. 

The rainfall patterns observed in most of the mete­
orological stations in Northeastern Thailand are best 

fitted to a bimodal distribution, according to gamma 
distribution analysis (Vorasoot et al. 1985). The first 
peak occurs during May-June and the second in 
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Kaen Univcrsity, Khon Kaen, Thailand 40002 
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July-October. A dry period of 3-4 weeks usually 
occurs between the two rainfall peaks. 

There are 35 different soil types in Northeastern 
Thailand, but, with the exception of some limestone 
areas in the hills, they are all derived from sandstone, 
shale or silt-stone and are therefore inherently low in 
potassium, calcium, magnesium and phosphorus and 
have extremely low organic matter and cation 
exchange capacity (Craig and Pisone 1988). 

Northeastern Thailand can be classified into four 
landfonn types: hilly, undulating (mini-watershed), 

non-tloodplain and tloodplain (KKU-Ford Cropping 
Systems Project 1982). 

Rice-based cropping systems are practiced widely 
in the traditional agriculture of Northeastern Thailand 
(polthanee 1988). This paper describes the existing 
rice-based cropping systems and the results of field 

trials designed to develop improved systems in the 
region. However, growing rice is only one of many 
activities within a farm household. Therefore, exist-



ing farming systems, decision-making processes and 
the overall objectives of farm households also need to 
be reviewed. This review is designed to help 
researchers develop rice-based cropping systems that 
suit the local physical, biological, socioeconomic and 
human setting of farmers in Northeastern Thailand, 
and also rice breeders who wish to develop plant­
breeding strategies in the region. 

Agroecological Systems in 
Northeastern Thailand 

Farming in Northeastern Thailand is traditionally 
crop-based. Four distinctive agroecological systems 
can be identified in the region: mini-watershed, non­
floodplain, tloodplain and hilly land (Fig. I). 

Of the total agricuituralland area of about 8.9 mil­
lion ha in Northeastern Thailand, mini-watershed 
covers about 4.9 million ha, non-flood plain 2.9 mil­
lion ha and tloodplain 1.1 million ha. The mini­
watershed areas comprise 2.2 million ha of upland 
fields (field crops 1.8 million ha and fruit tree and 
grazing land 0.43 million ha) and about 2.7 million ha 
of paddy fields (upper paddies 0.91 million ha and 
lower paddies 1.8 million ha). 

In economic terms, the mini-watershed areas are 
the most important for field crop production, while 
non-floodplains play an important role for rice pro­
duction in the region. However, within the mini­
watershed landscape, the lower paddies are most 
important for home consumption of rice. 

• Hilly land § Mini-watershed 

D Non-tloodplain Im Floodplain 

Figure l. Landform map of Northeastern Thailand (adapted from Department of Agricultural Extension 1995); see map on 
page x (Introduction). 
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Mini-watershed 

The watershed occurs throughout the northeast. It 
includes three types of land: upland, upper paddy and 
lowland paddy. Paddy fields occupy a slightly greater 
area than upland fields. The upland areas are planted 
each year to sugarcane, cassava, kenaf, peanut, water­
melon. cucumber, green corn, and other field crops. 
Monocropping of rice is commonly practiced in 
upper paddies. However, upper paddies are usually 
left fallow in drier years when there is insufficient 
water available for transplanting rice. To avoid the 
problem some farmers grow direct-seeded rice in 
upper paddies, and transplant rice only in lower pad­
dies. In addition, some farmers have converted the 
upper paddies to upland fields for growing sugarcane 
or cassava. Lowland paddies are planted with rice, 
followed by vegetables in some areas, with hand-irri­
gation using water from a small pond. 

In general, crop yield is low due to the low water­
holding capacity and low fertility of the soil in the 
watershed. Rice production from each farm may only 
be sufficient (or be insufficient) for home consump­
tion. Generally, the major cash income is from upland 
crops. Farm labour in traditional systems is evenly 
distributed throughout the year (Fig. 2). 

Type of land Feb Mar Apr May Jun 

I 

Upland area 

Non-floodplain 

Non-f100dplains are at a slightly higher elevation 
than the floodplains. There are two types of field: 
upland and paddies. Upland areas within the non­
floodplain are usually small, and are used to grow 
field crops such as sugarcane, cassava, kenaf and pea­
nut. Monocropping of rice is a common cropping pat­
tern in paddy fields. However, in some limited areas, 
for example in Bureram, sesame or watermelon is 
grown before the rice crop. Farmers often construct 
small ponds or dig shallow wells in areas where the 
water table is shallow and hand-irrigate vegetables 
and tobacco after the rice crop, for example in Roi-Et 
and Yasothon Provinces. Many farmers have 
changed from transplanting to direct-sown (wet­
seeded or dry-seeded) rice in order to adjust to the 
current labour shortage. 

The soils are usually good paddy soils, and there is 
always sufficient water accumulated from rainfall to 
allow planting of rice in july-August. Rice produc­
tion is usually sufficient for home consumption and 
excess is sold. 

Jul Aug Sep Oct Nov Dec Jan 

"" "" 
Kenaf or cassava planting and weeding 

Paddy field 

""- "" Rice seedbed and land preparation 

Lowland paddy 
~ Rice transplanting 

Upper paddy ~ Rice transplanting 

Upland area 
Kenal harvesting ""- ""-

Upper paddy 
Rice harvesting "'- "'-

Lowland paddy Rice harvesting ~ 

Figure 2. Seasonal distribution of labour for a farmer cultivating small plots on lowland paddy, upper paddy and upland 
(Polthanee 1988). 
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FIoodpIain 

The flooopIains occur along the Chi and Mun riv­
ers in the northeast. The pattern of cultivation is very 
similar to that of the non-floodplains. Rice is the 
main crop. Commonly, vegetables are grown after the 
rice crop along the lower reaches of the Chi and Mun. 
Because of the current family labour shortage, direct­
sown rice is preferred. 

The soils are usually good paddy soils. Floooing 
can become a problem for rice proouction in some 
years. Both fishing and rice are sources of household 
income. 

Hilly land 

The hilly lands occur along the Petchabun and 
Dong Prayayen mountains in the west, Sankampaeng 
and Pranomdongrak mountains in the south. and 
Pupan mountains across the northeast and southeast 
of the region. 

In some limited areas, field corn, mungbean, cow­
pea, cassava and upland rice are planted. However, 
rice production is usually insufficient for home con­
sumption. Cattle are an additional source of household 
income, and non-timber prooucts such as bamboo and 
mushrooms are collected from forest lands. 

Decision Making in Farm Households 

Farmers in Northeastern Thailand often experience 
drought problems. Their decision to grow crops such 
as cassava, kenaf and sugarcane is associated with 
minimising risks from drought, because the proouc­
tivity of these three crops seems to be more stable 
than that of grain crops in this highly variable rainfall 
environment. Also, these three crops are harvested 
for vegetative materials rather than grain, and this 
reduces drought risk. Generally, farmers prefer to 
grow at least two crops. For example, farmers may 
decide to grow cassava and kenaf to minimise the risk 
associated with falling prices, or receive cash income 
from kenaf in November for payment in the new 
year. Cassava is harvested early in the rainy season, 
providing cash to buy inputs such as chemical ferti­
liser for rice production. In addition, the farmers who 
grow cassava prefer to plant twice (early and late 
rainy season), for a more even family labour and 
income distribution. 
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Objectives of farm households 

The primary objective of farming in Northeastern 
Thailand is household fooo security. Rice is the most 
important erop for most farms. For home consumption, 
both quantity and quality of the products (e.g. taste) is 
very important. Rice yield usually depends on rainfall 
and this leads to the organisation of village ceremonies. 
For example, the purpose of the Bun Bang Fai cere­
mony is to request the best rainfall distribution for crop 
growth. Rice therefore serves as a social link. Three of 
the 11 main ceremonies during the year (Bun Punkao­
chi, Bun Kaotoktak and Bun Kaosart) use rice to 
request happiness for family members who have died 
(see Fig. 3). Because rice is such an important factor in 
their lives. farmers often grow rice even if the land is 
not suitable for rice proouction; when there is a labour 
shortage, time spent planting or weeding for rice pro­
duction receives priority over that for other crops. 

Rice-Based Cropping Systems 

In rice-based cropping systems sequential cropping is 
common. Two important patterns occur in the rice 
paddies of Asia: first, the all-rice sequential cropping 
patterns (rice-rice, rice-rice-rice); and secondly, the 
mixed rice and upland crops sequential eropping pat­
terns (rice-upland crop, upland crop-rice, 
rice-rice-upland crop, upland crop-rice-upland crop 
(Gomez and Gomez 1983). In Northeastern Thailand, 
growing upland crops before or after rice has been 
practiced for many years (Polthanee 1988). Several 
factors have influenced the existing double-cropping 
patterns. However, the primary factor that determines 
cropping patterns in the northeast is water availabil­
ity. Generally, crop land can be distinguished accord­
ing to the source of water (rainfed or irrigated). 

Double Cropping Under the 
Rainfed System 

In some places residual soil moisture at the end of the 
rainy season is sufficient for gennination and initial 
growth of a crop that follows rice. Water obtained 
through the roots from a lower-lying water table 
allows the completion of crop growth. Therefore, 
crop yield is stabilised by using soil moisture pro­
vided from ground water during the dry perioo 
(Fig. 4). The level of rainfall before the wet season 
determines the annual variation in yield. 



Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 

Bun Totpapa and New Year 

Bun Punkaochi 

I Bun Prawed 

Bun Songkran 

Bun Bung Fai 

Bun Kaotoktak 

Bun Kaosart 

Bun Augpunsa 

Hgure 3. Annual calendar of family and village festivals (Polthanee 1988). 
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Figure 4. Soil moisture (cm) during the growing season after rice (farmer's field, Surin Province) (Jintrawet et al. 1983). 
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In some areas the groundwater level after rice har­
vesting is usually 1.5-2 m below the top soil layer 
around planting (polthanee 1990), and additional 
rainfall before the wet season (February-March) is 
required for germination and early growth. In gen­
eral, before deciding to plant, the farmers estimate the 
minimum amount of rainfall that would moisten soil 
to at least 30 cm soil depth. This ensures that soil 
moisture is sufficient for plant growth up to a certain 
stage, even though the amount and distribution of 
rainfall in the period before the wet season is quite 
poor. Roots must elongate to take up soil moisture 
from depths where sufficient water is provided from a 
low-lying water table. In this cropping pattern, the 
yield of the field crop before rice is stabilised due to a 
low-lying water table during the drought period in 
June-July. 

Rice/peanut cropping systems 

Peanut after rice 

In certain areas of Surin Province peanut is planted 
after harvesting rice, from the last week of November 
to the second week of December (Fig. 5). Land is pre­
pared by ploughing followed by harrowing (three to 
four times) followed by a last ploughing that makes a 
slightly deeper furrow between rows. Seed is dropped 
in the furrow and covered by soil when the next row is 
ploughed. Farmers in some villages pregerminate 
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Figure 5. Cropping system for peanut after rice in Surin 
Province; monthly rainfall. 
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seeds before planting by submerging them in water 
for a day, draining the water, and covering the seed 
with a soaked cloth for a day. There is no need for 
weeding, and no insecticides are used during the 
growing season. Generally. peanuts give best yields 
when the rains come early in February, indicating that 
soil moisture is commonly inadequate for maximum 
pod development. Peanut is a fairly drought-resistant 
crop because the plants have deep roots that can 
extract water from deep in the soil (Alien et al. 1976). 

Rice/sesame cropping systems 

Sesame before rice 

In certain areas of Bureram Province, sesame is 
planted when the rain comes during February-April 
(Fig. 6). There is a single ploughing, followed by 
broadcasting of seed and harrowing. Some farmers 
plough twice at the end of the rainy season (after 
harvesting the rice) and immediately before planting 
the sesame, when the rain comes. Generally, sesame 
is harvested during a dry period in June-July. 

300 
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Figure 6. Cropping systems for sesame before (a) and 
after (b) rice in Bureram Province; kenaf before 
(c) and after (d) rice in Chaiyaphum Province; 
monthly rainfall. 



Sesame after rice 

In other areas of Bureram Province, sesame is usu­
ally planted in January, after harvesting rice (Fig. 6). 
In general, the crop will be harvested during a dry 
period in June-July. Land is prepared by ploughing 
once and the soil is allowed to dry for two weeks. 
Seeds are then broadcast into the soil and the land is 
ploughed again. 

Ricelkenaf cropping systems 

Kenaf before rice 

In certain areas of Chaiyaphum Province, kenaf 
(Hibiscus cannabinus) is planted in February-March, 
after harvesting rice in December (Fig. 6). Land is 
prepared by one or two ploughings after burning the 
rice straw. At the last ploughing, seeds are dropped 
on the soil surface and covered by soil when the next 
row is ploughed, with a plant spacing of 50 x 40 cm. 
Weeds are removed one or two times during the 
growing season. Chemical fertiliser 15-15-15 
(N, P20 S' K20) at the rate of 100--200 kglha is 
applied at planting. A similar cropping pattern is 
found in certain areas of Roi-Et Province. However, 
kenaf grown in this area is H. sabdariffa instead of 
H. cannabinus, because this area is drier than the area 
in Chaiyaphum Province where H. cannabinus is 
grown. H. sabdariffa is better adapted to drought, 
while H. cannabinus is better adapted to waterlog­
ging. Some farmers prepare land after harvesting rice 
in December and plant kenaf at the onset of rainfall. 
This ensures a longer growth period before rice is 
transplanted, and also fewer weed problems, stabilis­
ing the kenaf yield. 

Kenaf after rice 

In other areas of Chaiyaphum Province, kenaf (H. 
cannabinus) is planted in January, after harvesting 
rice in December (Fig. 6). Land is prepared by one or 
two ploughings after burning the rice straw, and is 
harrowed several times immediately after ploughing. 
Seeds are dropped in furrows made by a hoe at a plant 
spacing of 40 x 40 cm, and covered with soil. In some 
years, the crop may suffer from wateriogging at later 
stages of crop growth. However, kenaf is considered 
to be a waterlogging-tolerant crop (pruchareonvanich 
1996). Plants develop adventitious roots, which are 
an adaptation to waterlogging, allowing absorption of 
oxygen (Jackson 1955). 
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Rice/watermelon cropping systems 

Watermelon before rice 

In Bureram Province, planting of sesame before 
rice is gradually being replaced by a cropping pattern 
of watermelon before rice. Farmers think that during 
the last five years sesame has produced poor yields 
due to the lack of additional rainfall after planting, 
before the wet season. In addition, watermelon gives 
a higher net income than does sesame. 

Double Cropping Under Irrigation 

Only a limited area is covered by the state irrigation 
scheme where irrigation water is taken from dams and 
main rivers using electric pumps. For the irrigation 
scheme, double rice cropping is common. Another 
common double cropping system is to grow field 
crops such as peanut, soybean, tomato and green corn, 
after the rice harvesting. Another source of irrigation 
water is a shallow well and on-farm pond. Water is 
applied by hand. In general, the water table depth in 
these areas is greater than that of the non-irrigated 
area. Crops commonly grown in this system are 
tobacco, chili and tomatoes. 

Tobacco after rice 

In certain areas of Roi-Et Province, tobacco is 
planted under the supervision of a private company 
after the rice is harvested in December. Tobacco is a 
crop whose water input must be controlled through­
out the growing period, because absorption of excess 
water produces poor quality leaves. This makes 
tobacco particularly suitable in areas where water is 
in short supply or where water is available only dur­
ing a short period after the rice harvest. The crop is 
hand-irrigated for the first 3-4 weeks, using water 
from shallow wells. 

Chili after rice 

In certain areas of Ubon Ratchathani Province, chili 
is planted in December, after harvesting the rice crop. 
It is hand-irrigated with water from shallow wells. 

Tomato after rice 

Tomato is planted under the supervision of a pri­
vate company for hybrid seed production. In general, 
tomatoes are planted in November-December, after 
harvesting the rice. They are hand-irrigated using 
water from small farm ponds constructed in paddy 



fields to store water during the rainy season. This 
cropping pattern is practiced in certain areas of Khan 
Kaen Province. 

Research for Development of 
Improved Systems 

Because most of the rice production areas in North­
eastern Thailand still depend on rainfall, rice-based 
cropping systems under rainfed conditions have been 
evaluated in numerous studies. 

Field crops before rice (upper paddy) 

The upland crops mungbean, cowpea, peanut, soy­
bean and sorghum have been tested before rice trans­
planting in Khon Kaen Province. The yield of these 
field crops was highly variable, from tleld to field and 
from year to year, depending on rainfall distribution 
and drainage management in the upper paddies. The 
double-cropping system worked well in one year, when 
the first rain was light but with no drought period, but 
gave poor yields in another year, when drought 
occurred (Table I), particularly at the flowering stage 
of crop growth. In addition, it gave a poor yield when 
the early rains were heavy, because the crops suffered 
from temporary waterlogging. The most reliable results 
were obtained by early planting (from the last week of 
April to the second week of May) of mungbean and 
cowpea, which are short-duration crops, usually matur­
ing before the drought period and flooding events of 
July-August (polthanee et a!. 1982; Polthanee 1988; 
Vichienson et a!. 1992). Efforts to develop a drainage 
system by ridging to eliminatc flooding were not suc­
cessful because most soils are sandy in texture. 

Table 1. Drought period in Khon Kaen Province, 
1989-94. 

Year Month Duration 

1989 13 July-4 August 3 weeks 

1990 13 June-4 July 3 weeks 

1991 4 June-2 July 4 weeks 

1992 16 June-7 July 3 weeks 

1993 30 July-22 August 2 weeks 

1994 1 July-2 August 4 weeks 

1995 nil nil 

In the existing double cropping that was mentioned 
earlier, field crops are commonly planted before rice 
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in May. Early planting in Fcbruary-April is usually 
not successful because the plant may die at seedling 
stage during the period before the wet season due to 
the deep soil water table in the paddy areas. In gen­
eral, most of the paddy areas in Northeastern Thai­
land have a deep soil water table. 

Field erops before rice (lowland paddy) 

Upland crops such as mungbean, cowpea, soy bean, 
peanut and sorghum were tested in fanners' fields in 
Khon Kaen Province. The yield of field crops planted 
before rice was highly variable, from field to field 
and from year to year, similar to the yields obtained 
in the upper paddies (Polthanee et al. 1982; Polthanee 
1988), However, in the lowland paddies flooding 
occurred earlier and for longer than in upper paddies 
and early planting of short-duration crops such as 
cowpea (for green pod) and baby corn is possible. 

Field crops after rice (upper and lowland paddy) 

Field crops such as peanuts, mungbean, cowpea, 
soy bean and sorghum were tested after harvesting rice 
both in upper and lowland paddies in fanners' fields in 
Khon Kaen Province. The objective was to detennine 
how to take advantage of residual soil moisture at the 
end of the rainy season. Several seeding methods were 
tested, including sowing with and without land prepa­
ration, direct seeding in rice stubble and broadcasting 
seed before rice harvesting. None of the crops or seed­
ing methods produced satisfactory yields. The seeds 
gemlinated and grew well at first, but the plants later 
died or produced almost no yield because of insuffi­
cient soil moisture at the end of the growing period 
(polthanee et a!. 1982; Polthanee 1988). Because the 
soil water level at the end of the wet season goes down 
quickly, shallow groundwater does not contribute to 
soil moisture in the root zone during later stages. Early 
planting of short-duration crops such as mungbean in 
October is possible after rice harvesting, because 
residual soil moisture seems to be sufficient for crop 
growth for two months as shown for castorbean in 
Figure 7. 

Implications for Rice 
Cultivar Requirement 

Upland crops before rice 

The key to success in the use of upland crops before 
rice is to harvest them for vegetative parts instead of 
grain. This is because in Northeastern Thailand the 
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Figure 7. Soil moisture during growth of castorbean in upper paddy (fanner's field, Khon Kaen Province) (Polthanee and 
Ta-un 1995). 

important ciimatological factors during the period 
before rice growth are drought at the vegetative stage 
and excessive wetness during the stage from flower­
ing to maturity. To obtain an economic yield, the veg­
etative crops may need to be tolerant to waterlogging 
and require a reasonably long growing period. 

If the crop is to be harvested late (e.g. in August), 
rice cuItivars that can be transplanted this late but still 
produce high yields are therefore required. 

Upland crops after rice 

The important stress factors in the upland crops 
planted after rice are drought and high temperature. 
Thus, quick-maturing crops have been observed to 
adapt better to cropping after rice. Early planting also 
minimises the exposure of crops to acute stress late in 
the growing season. Short-duration, photoperiod 
insensitive rice cuItivars that are harvested in October 
are therefore needed. Early planting of the field crop 
after rice may be successful by following direct-
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seeded rice planted early in the season. Therefore, 
rice cultivars that are suitable for direct seeding may 
be a key for successful double cropping. For exam­
ple, early seedling vigour, combined with weed and 
drought tolerance, may enable the rice to remain 
competitive. 
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Processes Determining Crop Yield 

D.W. Puckridge* 

Abstract 

Yields in tropical rain fed rice fields average less than 2.4l1ha, even though solar radiation in the wet season 
is adequate for yields of over 5 lIha. Rainfed rice fields have uncertain water supply, and yields are usually 
far below the potential. Many breeders consider that the ideotype approach (design of specific character­
istics) offers no real advantage for yield improvement, but at least a conceptual ideotype is necessary in 
oplimising the design of phenotypes to make efficient use of Ibe environment. The predominant yield 
potential improvements so far have been in the patterns of partitioning and the timing of development, not 
in the efficiency of the major metabolic and assimilatory processes. Convincing evidence of improvements 
for photosynthesis, respiration, translocation or growth rate is lacking. Increase in harvest index in cereal 
crops has been confined to stcm shortening and to the reduction of non-car-bearing tillers. Although the 
ideotype approach and selection of traits on physiological evidence are not considered to have made much 
progress, similar problems are apparent with empirical selection. The problem is nol that either approach is 
wrong - it is that we do not have enough manipulative skills to lift the yield potential. Rather than aban­
doning either approach, more input and integration is necessary. 

THIS paper gives a very brief review of some selected 
literature concerning our knowledge of the main 
processes determining crop yield, and some sugges­
tions on how these might be related to grain produc­
tion in rainfed environments. The perspectives of the 
single plant and the plant community are considered, 
along with the realisation of yield potential in the 
field. An outline of the main topics is given in Figure 
I. Much of the content of this paper is based on the 
comprehensive 500-page review of over 2000 refer­
ences on crop evolution, adaptation and yield by 
Evans (1993a). A summary of what appear to be his 
main conclusions is presented in Table I. 

Evans (1993a) stated that there is no indication that 
the genetic yield potential of any of the major crops is 
reaching its limit, and that it might be considered that 
physiological research would identify plant traits that 
would enable plant breeders to make more rapid 
progress in yield improvement. 

* International Rice Research Institute, PO Box 9-159, 
Bangkhen, Bangkok 10900, Thailand 
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Yield potential, defined as the grain yield obtained 
when growth is not limited by water, nutrients, or 
pests, is determined by varietal characteristics and 
climatic variables such as temperature and solar radi­
ation during the growing season. Thus, crop yield 
potential differs by location, and at the same location 
it differs by year and season (Kropff et al. 1994). 

In assessing the requirements for solar radiation, 
Y oshida (1981) suggested that the right cultivar and 
good management could achieve a yield of 5-6 tlha 
during the wet season. The yield potential of current 
high-yielding cultivars grown under the best condi­
tions in the tropics is JO tlha during the dry season 
and 6.5 tlha during the wet season (Khush J995b). In 
the 28 years since IR8 was released, rice yield poten­
tial has remained constant (Peng et a1. 1994). 

Over 50% of rainfcd lowland rice areas are subject 
to drought, or have soils with potentially major fertility 
constraints. Modern cultivars and technologies have to 
date been adopted only in the highly favourable areas 
with good rainfall distribution. Due to the harshness of 
the environment, the productivity of rainfed lowland 
systems remains low, with average yields of approxi­
mately 2.3 tlha overall (Zeigler and Puckridge 1995). 
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Figure 1. Topics covered in this paper and some relationships between single plants and communities and between potential 
yields and achieved yields. 

Evans (I993a) and Bingham and Austin (1993) 
concluded that over the past 50 years or so, about half 
the increase in crop yield is attributable to plant 
breeding, and half to improved agronomy and man­
agement. Since 1950 in the U.K., for instance, a 
series of new cultivars matched by advances in 
agronomy (notably in the application of nitrogen (N) 
fertiliser, grass weed and disease control) have led to 
a threefold increase in the national average yield of 
wheat, from 2.5 to 7.5 tlha. Bingham and Austin sug­
gested that the yield potential of cultivars recently mar­
keted or in national wheat trials points to plant 
breeding as having more to contribute to future yield 
increase than does agronomy, and that agronomic 
practices are now probably close to optimum for yield. 

MarshalI (1991) considered that there are two ways 
commercial yields can be increased by plant breed­
ing. These are directly (by increasing yield potential 
above that of standard cultivars in the same environ­
ment), or indirectly (by genetically removing or over­
coming biotic or abiotic constraints on crop 
production). 

Pre-green revolution (transplanted) rice cultivars 
were tall and leafy with weak stems and had a harvest 
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index (ratio of dry grain weight to total dry matter) of 
0.3. They tillered profusely, grew excessively tall, 
lodged early, and yielded less when nitrogenous ferti­
liser was applied (Khush 1993). In contrast, rice culti­
vars such as IR8, with high yield potential and greater 
responsiveness to applied N, had short sturdy stems 
and leaves that were erect, short, narrow, thick, and 
dark green. Convinced of the advantages of this new 
plant type, rice breeders initiated crossing programs 
to develop short-statu red cultivars (Khush 1993). 

Mackill et al. (1996) suggested that the plant 
design, or ideotype, concept is best suited to irrigated 
rices, and that the traits associated with high yields 
under irrigated conditions are less important under 
rainfed lowland conditions. The rainfed rice systems 
share one major characteristic: uncertain moisture 
supply. Fields may have too much water, too little 
water or both within the same cropping season. This 
uncertainty is the basis upon which resource-poor 
farmers must make decisions on investment of scarce 
resources, and the degree of risk they are willing to 
take. There is a need to minimise their exposure to 
risk by making available cultivars with more stable 
and responsive yields (Zeigler and Puckridge 1995). 



Table 1. Possible contribution of various factors to potential yield of cereal crops (extracted from Evans 1993a). 

Potential yield Crop growth rate (CGR) Leaf photosynthesis 

About half the increase in potential The maximum CGR of crops does not There has been no increase in 
yield is attributable to plant breeding seem to have been increased by maximum CO2 exchange rate per unit 
and half to improved agronomy and selection so far. However, growth of leaf area (CER) with increase in 
management. under unfavourable conditions and yield potential for many crops, 
There is no indication that the duration and rate of photosynthesis including rice. 
genetic yield potential of any of the and growth after anthesis have 

Canopy photosynthesis major crops is reaching its limit. improved. 
Unlike single leaf photosynthesis 

Adaptation Relative growth rate (RGR) canopy photosynthesis often bears a 

The adaptation of crops to harsh When comparisons are made under close relationship to yield. In the 

environments has depended more on standard conditions, there is no early stages of crop development, 

changes in the length and timing of evidence that crop improvement has canopy photosynthesis is more closely 

their life cycles than on changes in been accompanied by an increase in related to leaf area growth than to 

ability to tolerate such environments. RGR. single-leaf CER. 

Partitioning Sources and sinks Respiratory losses 

Partitioning at the organ level has There is no clear evidence of a Growth respiration (photorespiration) 

been central to crop improvement. marked imbalance between source is relatively independent of 

As we approach the limits to harvest and sink for modem crops. Further environmental conditions or cultivar 

index, we will need greater insight increases in yield potential will differences, and is unlikely to be 

into the factors which control depend on coordinated increases in improved by plant breeding. 

partitioning. both source and sink capacities. Maintenance respiration (biomass) 
may have some scope for selection. 

Harvest index (HI) Yield components 

In rice the increase in HI from 0.36 to more than 0.5 largely accounted for the There are many paths to high yield. 
rise in yield potential. Increase in HI seems to have been confined to stem Because they are determined 
shortening and to the reduction of non-ear-bearing tillers. Other organs and sequentially, the yield components 
reserves have not been conspicuously reduced. Many mechanisms are involved. often behave in a compensatory 
Further rises in yield and HI are likely to require a coordinated increase in the manner. 
duration of both grain growth and leaf photosynthesis. 

CONCLUSIONS 

The predominant yield potential improvements have been in the patterns of partitioning and timing of development, not in 
efficiency of major metabolic and assimilatory processes. There is no convincing evidence of improvements in 
photosynthesis, respiration, translocation or growth rate. 
Empirical selection is an extremely powerful agent of change, but selection by design may yet prove to be even more 
powerful when our understanding of the physiology of crop yield is more comprehensive than at present. The genetic 
variation in adaptive responses to soil and climatic conditions in the world's gene banks is little known relative to that in 
resistance to pests and diseases, but it may be the most important genetic resource of all. 

In rainfed crop environments the yield potential is 
seldom reached. For wheat in South Australia, for 
example, the yield potential of the best available 
spring cuItivars is of the order of 8 tlha, but farm 
yields average less than 2 tlha and seldom exceed half 
the potential yield (Marshall 1991). Therefore, culti­
vars considered most likely to maximise average 
yields and profits were those that perform better in 
the more favourable years. 
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The question then is: which plant processes or mor­
phological traits can contribute to higher yields, and 
how can they be included in a plant breeding pro­
gram? There are many doubts about how this can be 
done. Whan et al. (1993) stated that apart from the 
manipulation of major genes governing plant struc­
ture and phenology, physiology has had little impact 
on developing new cultivars because breeders have 
not been convinced of the value of these physiologi-



cal traits to improve yield. On the other hand. Loomis 
(1993) suggests that plant breeders do not reccive 
sufficient training in physiology. 

Ideotypes 

As early as 1968, Donald suggested that the concept 
of crop ideotypes cannot be tested within the frame­
work of conventional breeding programs, and that 
only the conscious pursuit of ideotypes can lead to 
potentially high yield in novel environments. Mar­
shall (1991) stated that the basis of Donald' s philoso­
phy was that, from known principles of physiology 
and agronomy, it should be possible to design a plant 
capable of greater production than existing types, but 
indicated that the development of model plants or 
ideotypes has been adopted by relatively few pro­
grams as a major breeding philosophy, and that most 
breeders have formed the view that the ideotype 
approach offers no advantage in terms of yield 
improvement breeders may have reached this con­
clusion either because of perceived difficulties or 
because of disadvantages with the ideotype approach, 
or perceived advantages of alternative approaches. 

Hamblin (1993) concluded that the ideotype 
approach has been more successful for identifying 
characters related to high yield in high-input, low­
stress environmcnts, and has been less successful in 
environments with stress, particularly those involving 
drought stress. 

In contrast, Evans (l993b) stated that successful 
plant and animal breeders have always had specific 
features in mind when making their selections, and 
Loomis (1993) stated that at least a conceptual ideo­
type is necessary to optimise the design of pheno­
types that can make eftlcient use of the environment. 

Marshall (1991) considered that the primary practi­
cal problems in developing ideotypes are the lack of 
the appropriate genetic diversity, the strong interrela­
tionships among individual traits of importance to the 
ideotype breeder (such as compensation among plant 
parts which may hinder progress in cultivar develop­
ment) and the increase in the number of traits for 
selection. Marshall also stressed the difficulty in 
establishing, for any given environment, that a partic­
ular character, even a well-studied qualitative trait 
such as the presence or absence of awns, is unambig­
uously advantageous. This difficulty is greatly exag­
gerated for quantitatively varying traits such as leaf 
length, width, thickness, specific weight and angle. 
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Progress towards crop ideotypes is constrained by 
the lack of knowledge of adaptive controls of growth 
and development, for example, and most basic meta­
bolic systems (e.g. photosynthesis, respiration, bio­
synthesis) appear to represent 'efficient evolutions' 
with little room for further removal of slack in the use 
of carbon (Loom is 1994). 

Breeders are concerned with agronomic traits -
the morphological characteristics that make a plant 
suitable for a particular production method or grow­
ing environment - because those traits are related to 
yield (Mackill et al. 1996), and breeders can select for 
only a very limited number of trails in any segregat­
ing population. Marshall (1991) gave an example of 
two parental cu1tivars differing by 20 loci governing 
traits of interest to the breeder. If breeders select for 
10-15 ideotype characteristics plus the usual array of 
disease resistances and quality, then 20 loci are in 
fact a modest number. Assuming all loci are inde­
pendent, then less than one plant in a million in the F2 
of a cross between such parents will carry the desira­
ble allele at each of the 20 loci. 

Nevertheless, this is not too different from standard 
breeding, where large populations arc necessary for 
progress. If several traits are important, on what basis 
will the breeder decide which to include and how will 
they be incorporated in an empirical breeding program? 

Since the development of the IR8 plant type, only 
marginal improvements in the yield potential of rice 
have occurred, because rice improvement efforts 
were directed towards incorporation of disease and 
insect resistance, shortening the growth duration, and 
improving grain quality (Khush 1995b). However, 
the International Rice Research Institute (IRRI) now 
has a specific ideotype for irrigated rice. A breeding 
effort to develop a 'new plant type' became a major 
core research project of the IRRI work plan (Peng et 
al. 1994). The major components desired are low till­
ering capacity with 3-4 panicles per plant when 
direct-seeded; no unproductive tillers; 200-250 
grains per panicle; 90-100 cm tall; sturdy stems; vig­
orous root system; multiple disease and insect resist­
ance; 110-130 days growth duration; harvest index of 
0.6; and a target yield potential of 13-15 t/ha. 

Harvest Index and Partitioning 

Yield is a function of the total dry matter or biomass, 
and the harvest index (the grain to straw ratio). 
Therefore yield can be increased by enhancing either 
the total biomass production or the harvest index, or 



both. The harvest index of modem high-yielding rice 
cultivars is around 0.5, which means that the biomass 
comprises 50% grain and 50% straw. Under optimum 
tropical conditions these cultivars can produce 20 
tonnes of biomass per ha; thus their yield potential is 
to tlha. To increase the yield potential to 13 tlha, the 
harvest index needs to be raised to around 0.6 and the 
biomass to 22 tlha (Khush 1995b). 

Harvest index (HI) is an expression of partitioning 
within the plant. Partitioning of assimilates can be 
between leaf area growth and higher carbon exchange 
rate (CER), between photosynthesis assimilation and 
respiratory loss, between sugar and starch formation, 
between carbohydrates and other compounds, or 
between the various organs of the plant. Partitioning 
at the organ level has been central to crop improve­
ment (Evans 1993a). 

Increase in HI seems to have been confined to stem 
shortening and to the reduction of non-ear-bearing 
tillers (Evans 1993a). Many mechanisms appear to be 
involved, and further rises in yield and HI are likely 
to require a coordinated increase in the duration of 
both grain growth and leaf photosynthesis. As we 
approach the limits to HI, we will need greater insight 
into the factors that control partitioning (Evans 
1993a). Selection for specific changes in partitioning 
(larger/smaller, sooner/later) must affect the rest of 
the plant through feedback (Loomis 1994). 

Changes in the ratio of grain to straw associated 
with short stature of modem wheat cultivars in the 
U.K. were the most significant factors for improved 
yields (Bingham and Austin 1993). Bingham and 
Austin tested four pre-1908 cultivars, which had a 
mean yield of 5.65 tJha, against five modem cultivars 
that gave a mean yield of 9.36 tlha, an increase of 
66%. There was little difference in biomass (18.36 
compared to 17.07 tlha), so the gain in yield was 
almost entirely due to diversion of the plant's 
resources from the straw, with a large increase in HI. 
Fischer (1993) suggests that further reductions in 
stem investment for wheat may be counterproductive 
once the optimum plant height of 70-80 cm is 
achieved. 

Mackill et aJ. (1996) suggested that many rainfed 
lowland farmers prefer traditional cultivars because 
they are taller (usually> 140 cm) than modem semi­
dwarf cultivars « 120 cm). This is contrary to the 
need for increasing HI. They also stated that breeders 
and farmers often find different plant characteristics 
appealing, but consider that some of the base charac­
teristics needed in all rainfed lowland eultivars are 
intermediate height, sturdy cui ms, moderately long, 
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erect leaves, moderate to high tillering, large panicles 
with many grains, seedling vigour, and early vegeta­
tive vigour. On the other hand, Surapong Sarkarung 
(IRRI-Bangkok, personal communication) has 
reported very good plant types with intermediate till­
ering, 6-8 productive tillers per plant when trans­
planted, and very dense panicles due to the 
introduction of new genetic backgrounds from South 
America. 

Optimisation of partitioning is a key feature in the 
design of ideotypes. It is particularly important to 
achieve a smooth progression through developmental 
phases of the crop's life cycle, and it will become 
increasingly important to give greater attention 
towards fine-Iuning of the fit between genotype and 
the environment (Loom is 1994). 

Growth Duration 

For most farmers growing rainfed lowland rice, 
growth duration (or flowering date) is the most 
important characteristic differentiating rice cultivars 
and their adaptation to particular growing conditions 
(Mackill et al. 1996). Most traditional cultivars in 
tropical and subtropical Asia mature in 160-170 days 
and many are photoperiod sensitive, whereas IR8 and 
subsequent irrigated cuItivars such as IR20 and IR26 
mature in about 130 days, and IR36 in 110 days 
(Khush I 995a). Because of higher growth rates at 
earlier stages, the short-duration cultivars such as 
IR36 are able to producc approximately the same bio­
mass in 110-115 days as the medium-duration culti­
vars do in 130-135 days. 

Very short-duration cultivars are not suitable for 
most rain fed conditions because they are sensitive to 
delayed transplanting; they mature during periods of 
heavy rainfall, which makes proper harvesting and 
drying difficult; they tend to be short and compete 
poorly with weeds; and they are not specifically 
adapted to the stresses that are common in rainfed 
lowlands, particularly drought (Mackill et al. 1996). 
The authors have suggested that short-duration culti­
vars would probably be adopted more widely in 
rainfed areas if efforts were stepped up to develop 
cultivars that are adapted to rain fed lowland condi­
tions. Sarkarung (personal communication) reports 
success in producing such types by selection in situ 
for specific conditions. 

In many irrigated areas the key to success of short­
duration cultivars was the selection of genotypes with 
rapid vegetative vigour at early growth stages (Khush 



1993). Such cultivars are more competItIve with 
weeds, and because the field duration is 20-25 days 
shorter, they use less irrigation water. Per day pro­
ductivity is much higher for the short-duration cuIti­
vars because they produce the same amount of grain 
in fewer days (Khush 1993). 

Total biomass production is higher in cultivars 
with longer growth duration, but is accompanied by a 
sharp decrease in HI. Biomass is increased with 
greater N assimilation. However, increased biomass 
production in the vegetative stage from greater N 
uptake may not be reflected in the final biomass due 
to a considerable increase in respiratory losses during 
the ripening stage (Akita 1988, quoted by Akita 
1994). 

Grain-filling duration was not considered in the 
IRRI new plant ideotype, and thus the source of the 
increased assimilate for a higher yield potential is 
not clear (Kropff et al. 1994). The effective grain­
filling period must increase from the present 25 
days to 38 days to produce the required dry matter 
for a yield of 15 t/ha. A longer duration of green 
leaf area and active canopy photosynthesis is 
needed to meet the need of a longer period of effec­
tive grain filling. The authors state, however, that 
there is no evidence that direct selection for a larger 
panicle size will indirectly lead to a longer grain­
filling duration. 

The basic parameters that must be modified to 
achieve a major increase in yield potential of rice 
grown in tropical environments are: increased sink 
size (Le. more spikelets/m2), a longer period of effec­
tive grain filling, and a longer duration of green-leaf 
area and active canopy photosynthesis to match the 
increase in grain-filling duration (Kropff et al. 1994). 

Photosynthesis and Respiration 

Under favourable conditions, light and temperature 
are the main factors determining crop growth rate. A 
plant community with vertically oriented leaves 
gives better light penetration and higher carbon 
assimilation per unit of leaf area. Droopy or hori­
zontal leaves increase the relative humidity and 
decrease the temperature inside the canopy due to 
reduced light penetration and air movement (Tanaka 
1976 and Akiyama and Yingchol 1972, quoted by 
Peng et al. 1994). 

Compared to other C-3 (photosynthetic pathway) 
species, rice has a relatively higher net photosynthe­
sis rate per unit of leaf area, with values to 4-5 g car-
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bon dioxide per m2 per hour, and leaf photosynthetic 
rate is well correlated linearly or curvilinearly with 
leaf N (Yoshida 1983). 

In simulations, leaf N status had a greater impact 
on yield potential in the dry season (DS) than in the 
wet season (WS). The maximum rate of carbon diox­
ide assimilation at high radiation levels depended on 
the leaf N concentration, and reasonable simulations 
were obtained only when the actual specific leaf N 
for each of the treatment seasons was also included as 
input. However, preliminary analyses with the 
ORYZAI model indicated little gain from changing 
the vertical N gradient in the canopy because the 
extinction coefficients are similar for N and light dis­
tribution in the rice canopy (Kropff et al. 1994). 

Several options have been proposed to increase the 
maximum rate of net assimilation by the rice plant, 
including modification of physiological processes 
such as suppression of photorespiration and reduction 
of maintenance respiration, although these proposi­
tions are highly speCUlative (Kropff et al. 1994). 
Loomis (1993) concluded that the basic biochemical 
processes, including those of photosynthesis, are gen­
erally both efficient and genetically conservative, 
leaving little room for improvement. 

Leaf photosynthesis is the main source of carbohy­
drates, but Evans (J993a) notes that there is no evi­
dence that higher-yielding cultivars were superior to 
wild species or old cultivars in photosynthesis rate. For 
crop after crop, there has been no increase in maximum 
CER with increase in yield potential. For many crops, 
including rice, the highest CERs were recorded for the 
wild species, and in many instances the comparisons 
among cultivars revealed a negative relation between 
CER and yield. An important paradox is that there is 
substantial variation in CER within most crops that is 
heritable and can be readily selected. The very crux of 
the paradox is that yield is favoured by environmental 
improvement of CER but not, so Jar, by genetic 
improvement of individual leaf rates. Increases in CER 
associated with highcr irradiance or carbon dioxide 
levels generally result in increased yields, but genetic 
increases in CER do not. 

Canopy photosynthesis, however, unlike single­
leaf CER, often bears a close relationship to yield. In 
the early stages of crop development, canopy photo­
synthesis is more closely related to leaf area growth 
than to single-leaf CER. In later stages of crop devel­
opment, varietal differences in canopy photosynthe­
sis may reflect differences in demand rather than be 
the cause of differences in yield (Evans 1993a). 



For several crop species, longer green leaf duration 
during grain filling has been a major achievement of 
breeders in the past decades (Evans 1990, quoted by 
Kropff et al. 1994). The duration of canopy photosyn­
thetic activity can be likewise prolonged by fertiliser 
N application later in the growing season, and by 
improved crop protection against endemic late season 
diseases. The mechanisms that govern leaf senes­
cence, however, are poorly understood (Kropff et al. 
1994). It is also predicted for high yield levels that if 
the panicle was lowered to 40% of canopy height, 
canopy photosynthesis would improve by 25-40% 
(Kropff et al. 1994). 

Respiratory losses account for about half the car­
bon fixed in photosynthesis, while photorespiration 
reduces the amount of carbon initially fixed by C-3 
crops in photosynthesis by a further 15-20%. Many 
attempts have been made to reduce the photorespira­
tion losses, but so far less effort has been given to the 
search for reduction in 'dark' respiration, possibly 
because of the view that, as the product of long evo­
lution, respiration is already a highly efficient proc­
ess. Growth respiration (photorespiration) is 
relatively independent of environmental conditions or 
cultivar differences. and is unlikely to give much 
scope for improvement by plant breeding (Evans 
1993a). 

Maintenance respiration (related to biomass) may. 
on the other hand, have some scope for selection, 
possibly at the expense of adaptation to stress (Evans 
I 993a). While there is evidence of genetic variation 
in maintenance respiration, the magnitude of such 
differences is small (Gifford et al. 1984, quoted by 
Kropff et aI. 1994). One component of maintenance 
respiration which might be manipulated without 
adverse effect is the energy consumption for remobi­
Iising protein. A reduction in the energy required for 
remobilising proteins during leaf senescence would 
help maintain net assimilation and root activity dur­
ing later growth stages (Akita 1994). 

Growth Rates 

Relative growth rate (RGR), the exponential rate of 
increase in the mass of plants, falls as plant size and 
absolute growth rate increase. While differences in 
RGR do occur, there is no evidence that crop 
improvement has been accompanied by an increase in 
RGR when comparisons are made between seedlings 
over the same size range and under standard condi­
tions (Evans 1993a). 
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Crop growth rate, the increase in dry weight of the 
crop per unit ground area per unit time. integrates the 
gains by photosynthesis and the losses by respiration, 
the compensatory effects of leaf area and photosyn­
thesis rate, and the trade-offs between the geometric 
effects of crop height, leaf inclination and shape. Crop 
growth rates of different genotypes can be validly 
compared only when crop canopies are funy intercept­
ing radiation. Growth under unfavourable conditions 
has been improved, and also the duration and rate of 
photosynthesis and growth after anthesis, but crop 
growth rates do not seem to have been increased by 
selection so far (Evans 1993a). The maximum crop 
growth rate of rice is around 30--36 g/m2 per day in 
the Philippines (Yoshida and Cock 1971, quoted by 
Peng et aI. 1994). 

Sources, Sinks and Storage 

In crop production both a source of carbohydrates and a 
sink (grain) for carbohydrates are needed (Kropff et al. 
1994). The source is formed by chlorophyll-containing 
tissues, mainly in the leaves. The amount of dry matter 
stored in the grains (the sink) comes from stem reserves 
produced in the vegetative phase, and assimilates pro­
duced in the grain-filling period. Thus the source for 
grain production is determined by three components: 
the amount of stem reserves allocated to the grains; the 
rate of dry-matter production in the gmin-filling period; 
and the length of the grain-filling period. 

Yield depends on how resources of carbon, water 
and nutrients are used over the life of the crop and 
thus on the order and pattern of growth of carbon 
sources and sinks. Loomis (1993) wrote that once 
carbon is partitioned in growth it generally cannot be 
employed again. If a first use of carbon is non-opti­
mal in some sense (for example, for excessive leaf 
area), the majority of that carbon is lost from the train 
of yield accumulation, and water transpired in its pro­
duction will not be available to support photosynthe­
sis later in the season. Loomis suggests that where 
water and nutrients are non-limiting, the largest 
yields are generally obtained through rapid attain­
ment of full light interception, so that the crop is 
source limited (sink dominated) for most of its 
growth cycle. 

Fischer (1993) states that modem wheat cultivars 
appear to be sink limited with respect to grain filling 
and final kernel weight, having unused photosynthetic 
capacity, while Setter et al. (1994) suggested that. for 



rice, source limitation is certainly relevant in the WS, 
whereas a sink limitation may exist in the DS, 

On the contrary, Evans (l993a) suggested that 
feed-forward effects of source on sink indicate that 
source and sink are not independent entities, Feed­
back effects of storage capacity on photosynthetic 
rate and duration also highlight their mutual inde­
pendence. The source at one time feeds forward to 
determine the later sink, while sink activity feeds 
back to modulate the photosynthetic source. Clear 
evidence of a marked imbalance between source and 
sink under conditions to which modem crops are 
adapted has not been found. Some spare capacity on 
both sides, for which there is evidence, is needed so 
that yields are not too sensitive to environmental con­
ditions. Therefore, further increases in yield potential 
will depend on coordinated increases in both source 
and sink capacities. 

Yoshida (1981) estimated that translocation of pre­
anthesis assimilates were equivalent to 2.0 t/ha of 
grain when the yield was 7.8 tlha. Setter et al. (1994) 
report that for rice cultivars grown at IRRI, typical 
values for accumulated shoot carbohydrates range 
from 10 to 15% of dry weight during the WS, and 15 
to 25% during the DS, while in temperate climates 
values for total shoot carbohydrates can be 30-40% 
(quoting unpublished data of R.L. Williams and L. 
Lewin, New South Wales Agriculture, Australia), 
presumably due to factors such as the greater radia­
tion per day and lower night temperatures. Rice 
appears to have a greater capacity to utilise accumu­
lated carbohydrates than wheat. 

Yield Components and Panicle Size 

Modem high-yielding rice cultivars have many more 
panicles than the traditional rice cultivars they 
replaced. There is a limit, however, to how far panicle 
number can be increased. Additional tillers become 
unproductive and lead to excessive leaf area index and 
vegetative growth, and a higher percentage of unfilled 
grains (peng et al. 1994). Eliminating unproductive 
tillers should allow more solar energy and mineral 
nutrients - particularly N for growth of productive 
tillers, but the magnitude of the potential contribution 
to yield has not been quantified. Peng et al. report that 
in a rice crop yielding 10 tlha of grain, up to 70% of 
the tillers were unproductive. but they represented only 
a small fraction of total primary production. 

There are many paths to high yield, and because 
yield components are determined sequentially, they 
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often behave in a compensatory manner (Evans 
1993a). A reduction in filled spikelets per panicle 
with greater plant density appears to limit potential 
yield gains from higher panicle numbers. Hence, to 
achieve increased sink size, redueed panicle number 
in low-tillering plant types must be compensated for 
by a relatively greater increase in panicle size (peng 
et al. 1994). 

For rain fed lowland rice no firm data are available 
on optimum tiller number, though many widely 
grown rainfed lowland rice eultivars compensate for 
lower tiller number with large panicle size. Breeding 
for large panicles has thus been seen by many minfed 
lowland rice breeders as a more important objective 
than breeding for abundant tillering (Mackill et al. 
1996). The low tillering trait was hypothesised to be 
associated with larger panicle size by Peng et al. 
(J 994) and became a trait selected for IRRI's new 
high-yielding irrigated plant type. In recent studies, 
heavy panicle type cuItivars were found to have a 
higher accumulation rate of prcanthesis non-struc­
tural carbohydrate (Akita 1994). Large panicle size is 
not necessarily associated with low tillering; the culti­
var Mahsuri, for example, can have many large pani­
cles (Surapong Sarkarung, personal communication). 

Water-Use Efficiency 

Drought resistance and tolerance will be considered 
in detail by other authors in this workshop. Produc­
tivity of a crop grown under moisture stress will be 
less than its productivity when it is grown with ample 
supplies of soil moisture; therefore, biological immu­
nity to the effects of drought is not a possibility (Qui­
zenberry 1982). On the other hand, a small quantity 
of water either saved by the plant through reduced 
transpiration or more efficiently used in plant photo­
synthesis can mean a relatively large increase in eco­
nomic yield, and the amount of improvement needed 
in water-use efficiency does not have to be large to 
have a considerable influence (Quizenberry 1982). 

Drought stress is less damaging during the vegeta­
tive phase than during the reproductive phase. Unlike 
leaf tissue, rice panicles have no mechanism for 
inhibiting water loss and thus for stabilising water 
content and water potential (Mackill et al. 1996). 
Flowering of rice also takes place over a very short 
time period, and plants have no further opportunity to 
compensate for reduced seed set. 

Many adaptive traits have been proposed for use in 
breeding programs for drought-prone areas. 



Unfortunately, few hard data are available about the 
contributions of these traits to drought resistance 
(Mackill et al. 1996). Comparisons are difficult. For 
example, the apparent differences in water-use effi­
ciency of an upland rice over IR20 and IR36, which 
was a result of differences in rooting depth, disap­
peared when dry-matter production of the cultivars was 
compared on the basis of water used (Puckridge and 
O'Toole 1981). 

Deep root systems are often mentioned as a factor 
in drought resistance, but as Quizenberry (1982) 
pointed out, unlike mechanisms that reduce water use 
or increase metabolic efficiency, the development of 
deep or extensive root systems can only occur 
through the use of part of the photosynthate produced 
by the plant, with a compensating reduction in other 
dry weight. A large part of the crop photosynthate 
goes to the root system. For example, Martin and 
Puckridge (1982) calculated that the total amount of 
fixed carbon translocated below ground by field­
grown wheat over the growing period was about 30% 
of the total carbon fixed. 

Empirical Selection 

Among many reasons why the rise in yield potential 
of cereal crops has been sustained so far, Evans 
(l993b) suggests that the first is the great integrating 
power of empirical selection (based on observation or 
experiment). That is especially significant with a 
characteristic like yield potential, to which many 
physiological processes contribute and for which they 
must act in a balanced and coordinated way much 
more than, for example, in vertical resistance to pests 
and diseases. The second is the reciprocation between 
plant breeding and agronomic innovation. 

Substantial benefits may yet be gained by further 
research in 'defect elimination' (Marshall 1991), but 
although empirical selection is an extremely powerful 
agent of change, selection by design may yet prove to 
be even more powerful when our understanding of 
the physiology of crop yield is more comprehensive 
than it is at present (Evans 1993a). 

Evans (I993b) believes that empirical selection for 
yield potential continues to be highly effective in the 
major crops despite the diffuse and poorly defined 
nature of the characteristic and the frequent claims 
that an entirely new approach is needed to sustain 
progress, but there are limitations. For example, 
improvement in grain yield by increasing early vig­
our, total biomass production and grain growth is 
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limited because simple selection techniques are not 
available (Whan et al. 1993). Seed and seedling vig­
our can give an effective early start, particularly in 
competition with weeds, but do not necessarily con­
tribute to yield in themselves. TeKrony and Egli 
(1991) concluded that for grain crops a yield response 
to seed vigour occurs only when plant densities are 
lower than the density required to maximise yield. or 
in later than normal planting. 

Yield Stability and Adaptation 

A cultivar usually has a stable yield when it is able to 
resist the environmental stresses that limit productiv­
ity (Mackill et al. 1996). Traditional rice cultivars are 
noted for their high yield stability, although that qual­
ity is often associated with low yield potential. 

The adaptation of crops to harsher environments 
has depended more on changes in the length and tim­
ing of their life cycles than on changes in ability to 
tolerate such environments (Evans 1993a). Drought 
stress, for example, often has its greatest impact on 
yield when it occurs during meiosis and anthesis. 
Both escape (timing) from and avoidance (ability to 
maintain high turgor) of water stress involve many 
components and have contributed a great deal to the 
adaptation of crops to dry environments. It is less 
clear to what extent greater tolerance of dehydration 
(ability to sustain less injury when turgor is lost) has 
also contributed to adaptation (Evans 1993a). 

The wealth of genetic variation in adaptive 
responses to soil and climatic conditions conserved in 
the world's gene banks is little known and less used 
relative to that in resistance to pests and diseases, but 
it may yet prove to be the most important genetic 
resource of all (Evans 1993a) 

Constraints to Realising Yield Potential 

A main conclusion is that production is limited by the 
environment. Yet we seldom quantify seasonal varia­
tion in the environment. Most models of the growth 
of the rice plant are for irrigated conditions, and their 
main inputs include radiation, development of leaf 
area, tillering, nutrient uptake and photosynthetic 
capacity to fill grains. These models are less suitable 
for rainfed crops because they do not predict environ­
mental conditions, particularly random events such as 
drought and flood. 



Modem rainfed rice cultivars have the potential to 
produce high yields of grain under favourable condi­
tions. However, the realisation of that potential is 
often limited by constraints such as poor establish­
ment, drought, lack of fertiliser, weeds, flood, pests 
and diseases. Despite this, detrimental effects in one 
stage of growth can be modified to a limited extent by 
compensation of plant parts at subsequent stages. 

In order to estimate the effects of various condi­
tions and constraints on realisation of the yield poten­
tial of rice, a very simple spreadsheet 'model' was 
developed. The aim was to visualise cumulative 
effects of different environment stresses. Inputs into 
the spreadsheet are estimates of the amount by which 
different events during the growing season are likely 
to change stem numbers or panicle sizes. 

The spreadsheet (Table 2) starts with an estimate of 
potential numbers of stems and potential weight of 
grain per panicle, and then includes the researcher's 
sequential estimates of how the potential will be 
reduced or increased by events. Coefficients given to 
each 'event' (such as establishment, drought, tillering, 
disease, etc.) are estimates of how much the stem 
number or panicle weight is or is likely to be affected 
by that event. Note that there are no physiological 
inputs, and that values for coefficients are best guesses 
from field observations and subject to change. For 
example, poor soil preparation and lack of rainfall one 
year may result in only 70% establishment, so the 
coefficient is 0.7 and an initial seed rate of 400 
seeds/m2 would give only 280 plants/m2. That number 
is still sufficient for the potential yield (6.0 tlha in this 
example), but drought in that season may further 
reduce the number of stems by 40% (coefficient 0.6); 
in another season it may have no effect (coefficient 
1.0), or an event may occur more than once in a sea­
son. In the example in Table 2, if the potential yield is 
to be reached, good tillering is needed in step 4 to 
increase the number of stems. However, the field con­
ditions may only allow increase in stem numbers to 
1.3 x 168 = 218, and that number will be further 
reduced by the natural loss of some of these tillers, 
possibly 40%, leaving only 218 x 0.6 = 131. If weed 
competition further decreases stem numbers by 10% 
(coefficient 0.9), then only 118 stems produce pani­
cles, and the yield will be low. Similar reasoning and 
calculations can be applied to events that eventually 
affect panicle weight. 

This is not a true model, but it is a useful way of 
recording the effect of events during the growth of the 
crop. It could be considered a digital diary of crop 
growth and interaction between plant and environ-
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ment. Researchers can input values after every visit to 
the field, thus giving an up-to-date assessment of the 
expected yield for the season, and the relative influ­
ence of different events. Research can then be directed 
to reducing the effect of the constraints identified. The 
method of calculation can be used for any crop. The 
main point is that in many cases researchers and 
breeders do not have a clear record of the events dur­
ing the season, and are thus unlikely to make a correct 
interpretation of the results of their work. 

Conclusions 

Optimal designs for crops and cropping systems must 
deal on the one hand with great complexity and on 
the other with the fact that, in agriculture, small dif­
ferences are important: a 5% change in system per­
formance can be of enormous benefit, yet be very 
difficult to measure (Loomis 1994). 

Evans (1993a) concludes that the predominant 
yield potential improvements so far have been in the 
patterns of partitioning and the timing of develop­
ment, not in the efficiency of the major metabolic and 
assimilatory processes. Convincing evidence of 
improvements for photosynthesis, respiration, trans­
location or growth rate is lacking. Crop yield is the 
integrated end product of many processes, and focus­
ing on anyone of these, however important, is likely 
to have counterintuitive effects, even when supported 
by quite comprehensive simulation models. 

Crop physiologists have developed some strong rela­
tionships between mechanisms and adaptation to 
drought based on accepted approaches to plant growth 
and development (Quizenberry 1982), but the plant 
breeder has, for the most part, failed to utilise these 
mechanisms. The reasons given include difficulty in 
measuring the mechanism; lack of convincing evidence 
to support a relationship with increased productivity; 
insufficient knowledge about inheritance; poor commu­
nication with crop physiologists; and a sense of help­
lessness associated with the phenomenon of drought. 

It can be argued that whole-plant physiology which 
showed the ideotype approach has failed to provide 
substantial on-farm benefits via clear guidelines to 
breeders or through other routes, but plant breeders' 
efforts to improve yields based on the conventional 
approach of 'crossing the best with the best and hop­
ing for the best' has similarly been uninspiring (Mar­
shall 1991). Other breeders would contend that 
parents are selected to complement each other, not the 
best with the best. 




