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Abstract

In 1999, tota rice production in Laos was more than 2.1 million tonnes, enough to make the
nation self-sufficient in rice. Over the past 2 decades, total production has increased by about 100%,
with most of the increase occurring in the rainfed lowlands where production jumped from
705000t in 1980 to 1502 000 t in 1999. Even though the dry-season irrigated environment has
increased production by almost nine times in the past decade (from 41 000 t in 1990 to 354 000 t
in 1999) and further small-scale irrigation schemes are planned to achieve a total dry-season
irrigated area of about 180 000 ha by 2005, the wet-season lowland environment will remain the
most important rice-producing environment for the foreseeable future. Higher yields and reduced
year-to-year variability in production can be expected with further intensification of production
systems in the lowlands. However, further improvements in production will depend on higher
levels of inputs and continued alleviation of some production constraints. The uplands will become
less important for rice production as alternative, more sustainable technologies are developed to
replace the current ‘slash-and-burn’ and shifting cultivation practices. This paper summarizes the
known main abiotic and biotic production constraints in each of Laos's rice-producing environ-
ments. wet-season lowlands, dry-season irrigated, and rainfed uplands, but not those socioeconomic
constraints that can also have significant impact on farmer attitudes and production. The major pro-
duction constraints in the main rice-producing environment—the wet-season lowland ecosystem of
the Mekong River Valley—are drought and poor soil fertility. However, more than 10% of the wet-
season lowlands in the central and southern agricultural regions are aso regularly affected by
flooding of the Mekong River. In these areas, flood damage is often regarded as a greater produc-
tion constraint than drought. In the dry-season irrigated environment, poor soil fertility is the main
abiotic constraint. Insect pests are becoming increasingly important in both these production sys-
tems. In existing production systems in the rainfed uplands, the main constraints are, in decreasing
order of significance, weeds, rodents and drought. Farmers’ perceptions of the relative importance
of production constraints in the uplands are generally more accurate than those in the lowlands.
Poor sail fertility is often not rated among the most important constraints in the wet-season low-
lands and dry-season irrigated environments, despite experimental evidence that often the greatest
yield increases can come from improved plant nutrition. Until recently, farmers' perceptions of the
importance of insect pests in the lowlands often exaggerated their economic significance.

RICE is the single most important crop in Laos. In
1999, the area planted to rice was about 717 600 ha,
representing more than 80% of the nation’s cropped
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land. About 83% of rice production came from low-
land and upland cropping during the wet season,
with the lowland ecosystem accounting for about
67% of the total area and 71% of production and the
upland systems for 21% of the area and 12% of pro-
duction (Figure 1).

Total rice production in 1999 was more than 2.1
million tonnes (Table 1)—this was the first year that
production had reached or exceeded such a number.
The level was regarded as sufficient to meet the
country’s immediate grain needs.
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(a) Area planted to rice in Laos, 1999

Rainfed uplands (21%)
(153 371 ha)

Irrigated environment (12%)
(87 030 ha)

Wet-season lowlands (67%)
(477 176 ha)

(b) Rice production in Laos, 1999

Rainfed uplands (12%)
(246 790 t)

Irrigated environment (17%)
(354 000 t)

wlands (71%)
025 t)

Wet-season lo
(1502

Figure 1. Area planted (a) and production (b) in the rice-
growing environments of Laos, 1999.

Between 1976 and 1999, the area planted to the
main wet-season lowland crop increased by 50%,
from about 317 000 to about 477 000 ha. Production
increased by more than three times, from about
455 000 to 1.5 million tonnes (Table 2). However, in
percentages, the greatest expansion in area and pro-
duction over this period took place in the dry-season
irrigated environment, from 2700 ha, producing 3500
tonnes, in 1976 to 87 000 ha, producing 354 000
tonnes, in 1999. For the rainfed uplands, officia
statistics from the Lao Ministry of Agriculture and
Forestry show that the area planted to upland rice
reached apeak in the early 1980s (almost 300 000 ha),
with a subsequent steady decline during the 1990s
(Table 2). This decline partly reflects official govern-
mental policy to replace al upland rice production
based on ‘slash-and-burn’ and shifting cultivation
systems with more sustainable production practices.
In 1999, the area under upland rice cultivation was
about 153 000 ha, producing almost 247 000 tonnes
(about 12% of total production).

Systematic research aimed at improving produc-
tivity in the different rice production systems of Laos
began in 1991 with support from the Swiss Govern-
ment through the International Rice Research Insti-
tute (IRRI). In recent years, several other agencies
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have aso supported the development of the Lao
national rice research program.

The impact of the research output has been
greatest through the development and adoption of
improved varieties in the wet-season lowland and
dry-season irrigated production systems. Between
1991 and 1999, the adoption of improved varietiesin
the wet-season lowlands of the main rice-producing
area of Laos—provinces in the Mekong River
Valley—increased from about 5% to 70% of the area
(Schiller et a. 2000a8). Most of these varieties are
Lao improved glutinous varieties.

Research in other areas has highlighted a range of
other production constraints in each rice-producing
environment that, if alleviated, would probably result
in substantial yield improvements and reduced year-
to-year variability in production. Laos may well be
able to considerably increase its rice production, thus
increasing its annual rice surplus available for either
export and/or the maintenance of a nationa rice
reserve.

The main production constraints for each of the
three rice-producing environments of Laos are
summarized below.

Wet-Season L owlands

About 84% of the rice-growing area in the wet-
season lowlands is located in the central and southern
agricultural regions, mainly in provinces lying in the
Mekong River Valey (Table 1). Savannakhet
Province, in the lower central agricultural region, has
the largest area of wet-season lowland rice of any
single province, encompassing 103 400 ha in 1999
(22% of the total area). Despite a significant expan-
sion of the dry-season irrigated area, the wet-season
lowland environment will remain the most important
ecosystem for rice cultivation in the foreseeable
future.

Abioctic constraints
Droughts and floods

With most of the planted area under rainfed con-
ditions, annual rice production is highly susceptible
to climatic variability. The rainfall pattern throughout
the country is weakly bimodal with a minor peak in
May and early June and a major peak in August and
September. About 75% of the rainfall is received
between May and Octaber (Figure 2). In some of the
more northern provinces (e.g. Sayabouly and Luang
Prabang), the total annual rainfall drops to between
1200 and 1300 mm. In most provinces of the Mekong
River Valley, rainfall ranges from about 1500 to
2200 mm. Therainfall pattern can vary from year-to-
year, causing large fluctuations in rice production.
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Table 1. General rice production statistics for Laos, 1999.

No:  Region and province

1999 Wet-season lowland

1998/99 Dry-season irrigated

1999 Wet-season rainfed upland

Total 1999

Harvested Yield Production Harvested Yield Production Harvested Yield Production

Harvested Yield Production

area(ha) (t hal) (®) area(ha) (t hal) (t) aea(ha) (thal) (®) area(ha) (t hal) ®

| Northern Region 73034 3.30 241 304 7925 3.36 26 650 113 358 1.62 183 906 194 317 2.33 451 860
1 Phongsaly 5747 3.26 18 761 115 313 360 15 800 1.57 24 802 21 662 2.03 43923
2 Luang Namtha 7 485 3.30 24 692 860 3.40 2921 11 200 1.64 18 410 19 545 2.35 46 023
3 Oudomxay 8731 3.23 28 205 890 3.62 3222 24 201 1.64 39 805 33822 211 71232
4 Bokeo 9775 3.35 32 740 210 3.34 702 5280 1.65 8720 15 265 2.76 42 162
5 Luang Prabang 9677 331 32 050 2280 3.40 7745 32 000 1.65 52 813 43 957 211 92 608
6 Huaphanh 11 285 3.30 37 252 1525 2.99 4 557 12 657 1.58 20 050 25 467 243 61 859
7 Sayabouly 20334 3.32 67 604 2045 349 7143 12 220 1.58 19 306 34 599 2.72 94 053
1 Central Region 271 422 3.19 864975 55710 4.15 231 300 26 904 1.60 43 046 354 036 322 1139321
1 Vientiane M. 47 683 331 158 007 16 730 4.30 71 949 0 — 0 64 413 357 229 956
2 Xieng Khuang 13103 3.03 39 650 320 3.03 971 12 320 1.58 19510 25743 2.34 60 131
3 Vientiane 35317 3.25 114 906 5 600 3.98 22 300 4308 167 7207 45 225 3.19 144 413
4 Borikhamxay 23983 3.00 72 050 6 050 4.20 25400 2908 1.59 4612 32941 3.10 102 062
5 Khammouane 42 990 3.02 129 930 6720 4.10 27 550 1250 1.60 2003 50 960 3.13 159 483
6 Savannakhet 103 396 3.25 336 037 20 155 4.10 82 629 4170 1.56 6 510 127 721 3.33 425 176
7 Special Region? 4 950 291 14 395 135 371 501 1948 164 3204 7033 257 18 100
111 Southern Region 132 720 2.98 395 746 23 395 411 96 050 13109 151 19 838 169 224 3.02 511 634
1 Saravane 38 142 2.98 113 750 5820 4.16 24 239 6 767 151 10 215 50 729 2.92 148 204
2 Sekong 2788 3.10 8 641 430 381 1640 3142 153 4810 6 360 2.37 15 091
3 Champassak 79 490 3.00 238853 16 700 4.10 68 470 0 — 0 96 190 3.19 307 323
4 Attapeu 12 300 281 34 502 445 3.82 1701 3200 1.50 4813 15 945 2.57 41016

Total 477 176 315 1502025 87 030 4.07 354 000 153 371 161 246 790 717 577 293 2102815

aSaysomboun Specia Zone.

Source: Ministry of Agriculture and Forestry, Department of Agriculture, unpublished data, 2000.



Table 2. Rice production statistics for Laos, 1976 to 1999.

Y ear Harvested area (' 000 ha) Production (' 000 t)

Rainfed Rainfed  Dry-season Total Rainfed Rainfed  Dry-season Total

Lowland Upland irrigated lowland Upland irrigated
1976 317.7 204.1 27 524.5 455.5 202.0 35 661.0
1980 426.9 2974 7.7 732.0 705.0 337.0 111 1053.1
1985 383.1 2704 10.0 663.5 1023.3 345.3 26.5 1395.1
1990 392.4 245.9 12.0 650.3 1081.1 369.4 41.0 14915
1991 322.8 234.1 133 570.2 842.1 3375 437 12233
1992 392.5 200.1 155 608.1 11534 293.6 55.3 1502.3
1993 350.4 188.3 130 551.7 9214 283.7 45.6 1250.7
1994 380.9 219.1 11.0 611.0 1197.7 3415 37.8 1577.0
1995 367.3 179.0 136 559.9 1071.3 296.1 50.4 1417.8
1996 363.1 172.6 18.0 553.4 1076.0 266.0 715 14135
1997 421.1 153.6 26.6 601.3 1299.5 247.0 1135 1660.0
1998 430.2 134.2 531 617.5 1248.9 2135 212.1 1674.5
1999 477.2 1534 87.0 717.6 1502.0 246.8 354.0 2102.8

Source: Ministry of Agriculture and Forestry, unpublished data, 2000.

Every year, at least part of the country is affected
by either drought or floods or a combination of both
(Table 3). The drought problem in the Mekong River
Valey (the main wet-season, |owland-rice-growing
area) is aggravated by the permeable nature of the
sandy soils that prevail in much of the area. Farmers
throughout the central and southern regions regard
drought as their most serious constraint.

Savannakhet Province has most of its soils in the
sandy and sandy-loam categories and, of the
provinces, suffers most from drought, either early or
late in the season (Fukai et al. 1998). Early season
drought usually occurs from mid-June to mid-July as
the monsoons change from south-east to south-west.
The effects of this drought can be reduced by appro-
priate crop practices, particularly by matching crop
phenology with water availability (Fukai et a. 1998).
Late-season drought occurs if the regular monsoon
rainsend early. Fukai et a. (1995) have demonstrated
that late-season drought alone can reduce grain yields
by an average of 30%. The use of earlier maturing,
improved varietiesto replace later maturing, and often
lower yielding, traditional varieties can significantly
reduce the potential impact of late-season drought.
Fukai et a. (1998) have also demonstrated that the
effect of drought on grain yield also depends on soil
fertility, and that improved soil fertility increases
grain yield, even in drought-affected seasons.

More than 10% of the area planted to wet-season
lowland rice in the central and southern agricultural
regions is affected by regular flooding of the Mekong
River. During 1991 to 1999 significant areas were
affected by flooding on five occasions: 1994, 1995,
1996, 1997 and 1999 (Table 4). In 1991, more than
21% (about 70 000 ha) of the tota rice area was
destroyed by floods. In 1995, almost 30% of the
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planted area in the central agricultural region was
lost. Flooding of the Mekong River in 2000 has also
resulted in large crop losses, with preliminary
estimates of the area destroyed in the central and
southern regions being about 61 000 ha (i.e. about
14%). As periods of submersion associated with the
flooding of the Mekong River can often extend to
2 weeks, total crop loss usualy results. Those areas
that are particularly flood prone are not cropped in
the wet season, being used only for dry-season
irrigated production. Floods in the northern more
mountainous agricultural region are usualy of
shorter duration but potentially capable of causing
significant levels of soil erosion.

Rainfall (mm)

=k

1 2 3 4 5

Month

Figure 2. Annual rainfal distribution (average of
1985-1997) for the different agricultural regions of Laos:
southern = -B-; Savannakhet, Saravane and Champassak
Provinces; central -(O-; Vientiane and Khammuane
Provinces; northern = -A-; Huaphanh, Luang Prabang,
Oudomxay, Xayaboury and Xieng Khuang Provinces (after
Linquist et a. 1998).
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Table 3. Occurrence of damage to rice crops by floods
and drought, Laos, 1966—1998.

Year Type of damage Region affected®

1966 Severe flood Centra

1967 Drought Central, southern

1968 Flood Central

1969 Flood Centra

1970 Flood Centra

1971  Severe flood Centra

1972  Flood and drought Central

1973  Flood Centra

1974  Flood Southern

1975 Drought All regions

1976  Flash flood Central

1977  Severe drought North-central (Savannakhet)

1978 Largeflood Central, southern

1979 Drought (D) and Northern (D), southern (F)
flood (F)

1980 Flood Centra

1981 Flood Centra

1982 Drought All regions

1983  Drought All regions

1984 Flood Central, southern

1985 Flash flood Northern

1986 Flood and drought Central, southern

1987 Drought Central, northern

1988 Drought Southern

1989 Drought Southern

1990 Flood Central

1991 Flood and drought Central

1992 Flood (F) and Central (F and D),
drought (D) northern (D), southern (F)

1993 Flood and drought Central, southern

1994 Food (F) and Centra (F and D),
drought (D) southern (D)

1995 Flood Central, southern

1996 Flash flood, drought Central

1997 Flood Central, southern

1998 Drought All regions

1999 Flood Central, southern

Source: Ministry of Agriculture and Forestry, Department
of Meteorology, unpublished data, 2000.

Temperatures

In the wet season (May to October), temperatures are
relatively stable, and within the range (20° and 30°C)
regarded as suitable for rice cultivation. However, in
much of the northern agricultural region, the maturity
time of varieties normally grown in the central and
southern regions can be extended by 20 to 40 days, as
aresult of significant decline in both night and day-
time temperatures in the latter part of the growing
period (Figure 3). The impact is believed to mainly
affect maturity time rather than yield potential. How-
ever, extended maturity time can prevent the planting
of a second crop under dry-season irrigated con-
ditions. This constraint is now being reflected in the
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varietal improvement program, which is aiming to
develop varieties more specifically adapted to the
conditions of the northern region.

Table 4. Wet-season lowland crop losses (hectares
destroyed) to flood damage, Laos, 1991-2000.

Region 19912 1994 1995 1996 1997 2000°
Centra

(ha) 28 783 55061 41863 26 300 40112

(%) (13.7) (29.0) (17.5) (10.2) (13.5)
Southern

(ha) 3135 5759 23720 6750 20790

(%) (26) (49 (@187 (520 (141
Northern

(ha) 4464 1500 354 225 150

(%) (83) (25 (05 (03) (0.2
Total

(ha) 70000 36382 62820 65937 33275 61052

(%) (213) (95 (169) (153) (7.9 (117

3Regional flood damage data are unavailable.

bPreliminary estimates.

Sources. Unpublished reports of the Ministry of Agricul-
ture and Forestry and the Ministry of Labour and Social
Welfare.
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Figure 3. Mean monthly minimum (open symbols) and
maximum (solid symbols) temperatures for different
regions of Laos: southern (circles) = Savannakhet, Sara-
vane and Champassak Provinces; central (squares) = Vien-
tiane, Borikhamsay and Khammuane Provinces; northern
(triangles) (after Linquist et al. 1998).

Soil fertility

The soils throughout the main lowland rice-growing
areas in the central and southern agricultural areas
are generdly infertile, highly weathered, old aluvial
deposits that comprise a series of low level terraces
with an elevation of about 200 m above sea level
(Lathvilayvong et a. 1996). Texturaly, they are
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predominantly loams, sandy loams and sands.
Systematic studies on the soil nutrient status and
potential yield responses from fertilizer application
in the wet-season lowland environment began in
1991 with the initiation of the development of a
national rice research program. The studies were
extended throughout the country as the rice research
network expanded during 1992 to 1996.

Early studies aimed to characterize responses to
N, P and K on the maor soil groups, followed by
quantifying the minimum input levels required to
sustain yield improvements for those nutrients
shown to be deficient (Lao—RRI, unpublished tech-
nical reports for 1992, 1993, 1994, 1995 and 1996).
Studies in the latter part of the 1990s were aimed at
maximizing nutrient-use efficiency (particularly N
and P), together with characterizing potential
responses to K and S (Lao—RRI, unpublished tech-
nical reports for 1997, 1998 and 1999). Linquist
et a. (1998) summarized the main findings of the
nutrient response work.

Nitrogen is the most limiting nutrient in all
regions of the country, with 86% of experiment sites
responding to N in the central and southern regions,
and 50% in the northern region (Figure 4). The
average yield response to N in the central and
southern regions was 1.2 t hal and 0.5t hal in the
northern region. The agronomic efficiency of applied
N in the centra and southern regions is generaly
considerably greater than in the northern region
(20 kg kgt inthe former, and 8 kg kg in the latter).

100

O South-central
@ Northern

b

Fertiliser application regime

80
60

1

40
20
N only N P

Sites (%)

I

Acute P
deficiency

NPK

Figure 4. Percentage of sites in Laos responding signifi-
cantly (P < 0.05) to N only, N (difference between NPK and
PK treatments), P (difference between NPK and NK tresat-
ments), K (difference between NPK and NP treatments) and
a combined application of NPK. An acute P deficiency is
where no response to N was observed, unless P was first
applied (after Linquist et al. 1998).

Phosphate was the second most limiting nutrient
in all regions, with 80% of sites responding to P in
the central and southern regions, and 33% in the
northern region. The yield response to P averaged
0.9 t ha! in the former and 0.3 t ha! in the latter.
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The P-deficient soils of the north generaly have
higher P requirements than in the centra and
southern regions, probably because of higher clay
contents and, possibly, different clay mineralogy
(Linquist et a. 1998). In much of the central and
southern regions, P deficiency is acute; 30% of sites
where studies were undertaken did not respond to N
application unless P was applied first (Figure 4).

Potassium was the least limiting of the nutrients
tested, with 27% of sites in the central and southern
regions giving ayield response to K, and 13% in the
north. Responses to K and a need for K inputs are
expected to increase as production is increased
through double cropping (wet-season and dry-season
cropping) and as rice yields increase as a result of
improved varieties being used in combination with
increased fertilizer inputs and improved agronomic
practices.

The potential for using green manure (GM) crops
as an organic source of N in the wet-season lowland
production system is limited. Lathvilayvong et al.
(1996) demonstrated Seshania rostrata to be the GM
crop with the most potential for this environment.
However, the growth of S rostrata in much of the
Mekong River Valley has aso been demonstrated to
be highly dependent on the soil’s P status (Schiller et
al. 1998). In studies undertaken in 1994 and 1995 in
the Savannakhet and Champassak Provinces, the
yield response of S rostrata increased 4 to 12 times
on application of P,Os at 20-30 kg ha® (Figure 5).
Linquist et a. (1998) demonstrated that P levels
needed for optimizing potential biomass production
and N inputs into the production system must be sub-
stantially higher than those needed for rice alone on
the coarse-textured soils that prevail in lowland areas
of much of the centra and southern agricultural
regions. For these and other reasons, farmers are
unlikely to adopt the use of S rostrata or other GM
crops as a source of organic N in the wet-season
lowland production systems.

Biotic constraints
Insect pests

In the wet-season lowlands, insect pests are rated by
farmers as being among the top three production
constraints in almost all the rice-producing provinces
of the Mekong River Valley (Table 5) (Khotsimuang
et a. 1995). Drought was the only factor to be con-
sistently ranked as being more important than insect
pests.

Most of the pest problems perceived are those that
are highly visible, with most farmers believing that
leaf-feeding insects cause yield loss (Rapusas et d.
1997). Few farmers were aware of the presence of
beneficial arthropods naturally occurring in their rice
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Figure 5. Yield response of Seshania rostrata, a green manure crop, to phosphorus (P) fertilization, Savannakhet and

Champassak Provinces, Laos (after Schiller et al. 1998).

Table 5. Farmers' ranking of the three most important of 11 potential constraints to rice production in the rainfed lowlands,

Laos.
Province District Ranking of production constraints
1 2 3

Vientiane M. Nasaythong Drought Weeds Insects
Vientiane P. Thourakhom Insects Drought Weeds
Khammouane Thakhek Drought Insects Weeds
Savannakhet Champhone Drought Crabs and snails Weeds
Saravane Vapi Drought Insects Weeds
Champassak Sanasomboune Drought Insects Weeds
Champassak Phonethong Drought Insects Weeds
Sayabouly Phiang Drought Insects Weeds

Source: Khotsimuang et a. (1995).

fields. Although they were often aware of other
insects and animals (spiders, crickets, dragonflies
and frogs) in their fields, but not feeding on therice,
farmers generally did not know what the organisms’
roles in the fields were.

However, the perception of the importance of
insect pests on production is not associated with high
levels of pesticide use (Rapusas et al. 1997; Heong et
a., in press), even though most farmers strongly
believed that insects decrease production and should
be controlled with pesticides. The low use of pesti-
cides in Laos is probably due to both the farmers
lack of resources for purchase and the unavailability
of pesticides.

Although insect pests are believed to significantly
limit yield, attempts to demonstrate their economic
impact have usually not been successful (Lao-IRRI,
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unpublished technical reports for 1994, 1995 and
1996). One exception is the rice gall midge (Orseolia
oryzae), which is economically important in some
areas, particularly in the central agricultural region
(Inthavong 1999). A screening program is being
implemented to identify varieties and breeding lines
with potential resistance to those gall midge biotypes
that are important in some lowland areas of Laos.

The rice bug (Leptocorisa spp.) is also becoming
increasingly cited by farmers as causing substantial
yield loss in the provinces of the Mekong River
Valley (Rapusas et a. 1997). Locally, at least, the
rice bug is a problem that appears to be increasing in
importance from year to year. Studies are currently
under way to better understand the significance of
the rice bug problem and develop appropriate control
strategies.
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Diseases

Although diseases are reported and recorded
throughout the main rice-growing areas (leaf and
neck blasts, bacterial leaf blight, brown spot and
bakanae or “foolish seedling” disease), they are
generally not of economic significance under the
relatively low-input production systems that still
prevail in the lowlands of Laos. However, some
exceptions do occur. Parts of Phiang District of
Xayaboury Province where the soils are K deficient,
brown spot disease (Helminthosporium oryzae Breda
de Haan) can significantly limit yield when inappro-
priate varieties are used, or the K deficiency is
aggravated through the use of chemica fertilizers
without a K component (Lao-IRRI, unpublished
technical reports for 1997 and 1998).

Dry-Season Irrigated Environment

The area planted to rice under irrigated conditions in
the 199899 dry season was about 87 000 ha
(Table 2; Figure 1). This contrasts with 13 000 hain
1992-93. This expansion reflects the official national
policy of supporting the continued development of
small-scale irrigation schemes, particularly in the
main rice-growing areas of the Mekong River Valley.
This expansion of irrigated production is aimed at
increasing total rice production, while at the same
time reducing the year-to-year variability of produc-
tion resulting from the vagaries of weather in the
traditional main (and wet) cropping season, when
both drought and flooding can significantly affect
production. By 2005, the area of dry-season irrigated
rice production is expected to have expanded to about
180 000 ha and to account for about 26% of annua
production.

More than 64% of the area irrigated in the
1998-99 dry season was in the central agricultural
region. Provinces with the largest areas of irrigated
rice were Savannakhet (20155 ha), Vientiane
Municipality (16 730 ha) and Champassak (16 700
ha) (Table 1). The adoption of improved rice produc-
tion technology is highest in the irrigation scheme
areas. This reflects a combination of better extension
services and relatively higher farm incomes (and
therefore purchasing power for inputs) in these areas.

Abioctic constraints
Temperatures

In the wet season (May to October), temperatures are
relatively stable. However, dry-season temperatures
are initially cool, then increase dramatically toward
the end of the season (Figure 3). Critical low and
high temperatures for rice are normally below 20°C
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and above 30°C, with considerable variability
according to the crop’s growth stage (De Datta
1981). The critical high temperature during panicle
initiation and grain filling is 30°C; higher tempera-
tures result in yield loss. The critical temperature for
flowering is about 35°-36°C.

Within the critical limits, lower temperatures
favour higher yields because of higher net photo-
synthesis. Low temperatures increase crop growth
duration in both the vegetative and reproductive
phases and lowers photorespiration. Therefore low
dry-season temperatures would likely have a greater
effect on rice performance in northern Laos where
minimum temperatures can fal below 5°C. In
southern and central Laos, high temperatures during
late March and April, which can coincide with
flowering and grain filling, may result in sterility and
smaller grain size.

Soil fertility

More than 95% of the area used for dry-season
irrigated rice cultivation is aso cropped during the
wet-season. The description of nutrient status and
nutrient responses of soils used for wet-season low-
land rice (Linquist et a. 1998) applies also to the
dry-season irrigated areas. Nitrogen and phosphorus
are the main limiting nutrients, with soils in
provinces in the central and southern agricultural
areas within the Mekong River Valley generally
showing more widespread deficiencies and greater
responses to nutrient inputs than soils in the northern
agricultural area.

The levels of nutrient inputs recommended for
dry-season irrigated cropping are generally higher
than for the main wet-season crop in rainfed low-
lands. For example, an application of N at about
60 kg hal is recommended for most rainfed low-
lands in the wet season, whereas N at 90 kg hal is
recommended for most areas under dry-season
irrigated cultivation. The higher rates recommended
for the dry season reflect the lower risk to farmers
with the removal of the potential drought constraint.
As with areas cropped during the wet season, an
increased need for K inputs is anticipated for dry-
season irrigated areas as cropping intensifies.

Biotic constraints
Insect pests

As did the farmers in the wet-season lowlands,
farmers in the dry-season irrigated environment
invariably perceived insect pests as being among
the top three production constraints (Table 6)
(Lao-IRRI, unpublished technical report for 1996).
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Table 6. Farmers' ranking of the three most important constraints of 11 potential constraints to rice production in the dry-

season irrigated environment, Laos.

Province District Ranking of production constraints
1 2 3
Vientiane M. Nasaythong Weeds Insects L abour
Sikhotabong L abour Fertility Weeds
Hadsayfong Weeds Insects L abour
Saythany Insects Fertility Lack water
Vientiane P. Phonethong Lack water Insects Weeds
Khammouane Thakhek Weeds Insects L abour
Savannakhet Saybouly Insects Weeds Fertility
Saravane Saravane Weeds L abour Fertility
Champassak Champassak Credit Labour Weeds
Source: Lao— RRI, unpublished technical report for 1996.
The brown planthopper (BPH) has occasionally Golden apple snail

caused severe damage and was observed for the first
time in 1979 when about 2000 ha of paddy fields in
Vientiane Municipality, representing almost all the
dry-season irrigated area at that time, was severely
damaged (B. Somrith, unpublished data, 1991).

The last severe outbreak of BPH was in the
1990-91 dry season when more than 40% of the
irrigated area was damaged. Again, this outbreak
centred on Vientiane Municipality and was preceded
by, and believed to be related to, a BPH outbreak
and high levels of pesticide use in the central, lower
northern and north-eastern regions of Thailand in the
wet and dry seasons of 1989 and 1990 (B. Somrith,
unpublished data, 1991).

Improved varieties with resistance to some of
BPH biotypes are now available in Laos. BPH infes-
tations are still recorded where non-resistant varie-
ties are being used, with areas of hopper burn.
However, most of the recent damage observed has
been on arelatively local rather than general scale.

Many farmers in the central and southern regions
of Laos believe that the stem borer is economically
important in dry-season crops. Although usualy
observed in most areas of irrigated production,
studies undertaken during 1993 to 1997 to monitor
infestations in farming areas and to measure yield
loss failed to demonstrate any consistent yield loss of
economic significance that might require specific
control measures.

Studies in Vietnam, Philippines and Indonesia
indicated that the levels of deadheart and whitehead
(both caused by stem borer activity) need to reach
about 30% before control measures can be economi-
cally justified. In monitoring studies in most parts of
the Mekong River Valley, theincidence of both dead-
heart and whitehead has rarely been greater than 5%
(Lao—IRRI, unpublished technical report for 1998).
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Of more recent significance in dry-season irrigated
areas (and areas double cropped in the wet-season) is
the golden apple snail (Pomacea spp.). The snail was
probably introduced from neighbouring Thailand as
an aquatic food to Vientiane Municipality about 1991
(Agricultural Extension 1994). Flooding in Vientiane
Municipality in 1992 may have then encouraged its
spread into areas of dry-season irrigation, where it
quickly became established as a significant pest. In
1995, the snail was aso recorded in Sing District of
Luang Namtha Province, with Yunnan Province in
China being the probable source.

The snail has spread to almost al irrigated areas
in the central and southern regions, damaging crops
shortly after transplanting, and becoming increas-
ingly difficult to manage. Pesticides are not used for
control, their use being actively discouraged by the
Government. Farmers are therefore developing their
own strategies for collecting and destroying the
snail, including water management and the use of
‘botanical’ lures to attract them for easy collection
and disposal.

Diseases

As with the wet-season lowlands, although the
diseases blast, bacterial leaf blight, brown spot and
bakanae are recorded and can occasionally be impor-

tant on alocal basis, they are not regarded a serious
overal constraint to production.

Rainfed Uplands

Rainfed upland rice cultivation in Laos is almost
exclusively based on the ‘dash-and-burn’ and
shifting-cultivation systems. In the early 1990s,
Chazee (1994) estimated that about 2.1 million ha
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(about 8.8% of the national territory) was being used
on arotational basis for ‘slash-and-burn’ cultivation,
most of which is rice-based. About one third of the
upland rice area was believed to be ‘dashed and
burned’ from dense forest, with the remaining area
comprising a mixture of previously cropped uplands
but now covered with scrub and tree regrowth, and
areas where some land preparation is carried out
before direct seeding the rice crop.

The northern agricultural region accounts for 74%
of upland rice cultivation, with the Luang Prabang
and Oudomxay Provinces having the largest areas,
about 32 000 and 24 000 ha respectively (Table 1).
Most upland rice cultivation is concentrated on
slopes at atitudes usualy ranging from 300 to
1200 m above sea level, but being as high as 1500 m.
About 69% of the area used for upland agriculture
has slopes of 20% or more (World Bank 1995).

Many production systems are found in the
uplands, with the nature of the systems being deter-
mined by a range of factors, the most important of
which are the ethnic group of the farmers (the
greatest ethnic diversity is found in the uplands),
population pressure, land availability, soils, topo-
graphic characteristics, food preferences, market

opportunities, and past and present governmental
policies (Roder 1997).

Most rice-based upland cropping is practised on a
rotational basis. In most situations, a single wet-
season crop is followed by a period of falow.
Critical to the stability of the system is the length of
this period, which can range from 2 to 10 years,
depending on population pressure and land availa-
bility. Occasionally, farmers may grow two succes-
sive rice crops on the site before moving to another.
Sometimes a farmer will plant a rice crop, with a
non-rice crop following in the second year. Rice is
rarely monocropped, being planted with any of a
range of grain and vegetable crops. Most upland
farmers produce insufficient rice to meet their imme-
diate household needs.

Abiotic constraints
Droughts

Drought is ranked by upland farmers as their third
most important production constraint (Figure 6).
Average annua rainfal throughout most of the
upland environment is usually above 1200 mm but it
fluctuates widely, with some areas receiving more

Weeds

Rodents

Insufficient rainfall

Land availability

Insects

Labour

Soil fertility

Erosion

Domestic animals

Wild animals

Diseases

Unsuitable varieties

T T T T T
40 50 60

Respondents (%)

90

Figure 6. Farmers' perceptions of major constraints to upland rice production, Laos (after Lao-IRRI, unpublished technical

report for 1992).
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than 2500 mm. In the upland environment, dry con-
ditions at or about the time of seeding (late April to
May) usualy has the greatest impact, by affecting
crop germination and establishment. Late-season
drought (i.e. when the wet-season rains end early) is
not normally a concern under upland conditions
because most upland crops are harvested by mid-
October (30 to 50 days earlier than for lowland crops
in the same region). Usudly, the frequency and
effects of drought in the uplands are less than in the
lowlands, that is, for the decade 1990 to 1999,
drought affected upland crops in the northern areain
only the years 1992 and 1998 (Table 3).

Soil fertility

Soils maps of most upland areas are not yet avail-
able, but complex soils generally predominate in the
hillier areas. Under the traditiona ‘slash-and-burn’
and shifting cultivation systems that have prevailed
in the past for upland rice cultivation, natural fallow
rotation has been the primary means of fertility
management. The restoration of soil fertility under
these systems depends on the levels of biomass pro-
duction of fallow crops. While traditional systems
are generaly sustainable with long falows, they
collapse with reduced periods of fallows because
they fail to restore soil fertility levels (Sanchez and
Logan 1992; Roder et al. 1997b). Between the 1950s
and early 1990s, as population pressure increased,
average falow periods in much of northern Laos
dropped from more than 30 to 5 years or fewer
(Roder et a. 1997a, b).

Many areas of Luang Prabang Province, which
has the largest area of upland rice of any single
province, are currently being cropped, based on a
fallow period of only 2 or 3 years. These reduced
fallow periods are too short to enable soil fertility to
be restored between successive rice crops. Roder et
a. (1997b) report that the soil pools of organic C and
total N are reduced substantially during cropping and
the short fallow period. Fallow periods of 2 years are
regarded as being too short to reverse the downward
trend, and soil organic C and N levels are expected
to decrease further with subsequent cropping-fallow
cycles until an equilibrium has been reached (Roder
et a. 1997b). The low upland-rice yields being
recorded throughout much of northern Laos reflect,
in part, this continued decline in soil fertility. Yield
decline is also associated with a significant increase
in the levels of weed infestation and competition
under the shorter fallow periods (Roder et a. 1977a).

Although few systematic studies exist on potential
rice yield responses to fertilizer inputs under the
upland conditions of Laos, substantial yield increases
with the application of N fertilizer have been recorded
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(Lao-IRRI, unpublished technical reports for 1994
and 1995). In studies conducted in Luang Prabang
Province in 1994, N application (at 100 kg ha™l)
increased yields by over 90% at two of three sites. No
responses were measured for P inputs. Large differ-
ences in yield between sites in on-farm variety trials
(Lao-IRRI, unpublished technical report for 1999)
can be attributed to differencesin soil fertility, which,
in turn, largely reflect differences in the duration of
fallow between successive rice crops.

Biotic constraints

Generaly, and in contrast to the lowlands, biotic
constraints comprise the most important constraints
to rice production in the uplands (Roder 1997).
Surveys of upland rice farmersin four districts of the
northern provinces of Luang Prabang and Oudomxay
revealed 90% of respondents indicating weeds to be
the major production constraint (Lao—RRI, unpub-
lished technical report for 1992). Other constraints
cited (Figure 6) were rodents (54%), drought (47%),
land availability (41%), insect pests (34%), insuffi-
cient labour (24%), poor soil fertility (21%) and soil
erosion (15%).

Weeds

The need for weed control provides the single
greatest demand on labour inputs during the cropping
cycle, and the greatest constraint to labour produc-
tivity. Between 40% and 50% (140 to 190 days ha1)
of an average labour input of about 300 days hal is
used to control weeds (Roder et al 1997a). This com-
pares with an average of less than 10 days hat
through much of the lowlands (Khotsimuang et a.
1995).

The most common weed in the upland environ-
ment is Chromolaena odorata, which was introduced
to Laos in the 1930s. Other important weeds are
Ageratum conyzoides, Lygodium flexuosum and
Commelina spp. (Table 7) (Roder et a. 1997a).
Although C. odorata is the most abundant weed
species, its growth habit allows a much easier control
by hand than do other species such as L. flexuosum
and Commelina sp. (Lao—IRRI, unpublished tech-
nical report for 1992).

Many of the constraints cited by farmers are inter-
dependent (weeds, lack of land, insufficient labour,
low soil fertility and soil erosion). Reduced fallow
periods have been clearly associated with increased
weed problems (Roder et al. 1995). In some areas,
the average fallow period has shrunk from 38 years
in the 1950s to about 5 yearsin 1992. Over the same
period, the average weeding input has increased
from 1.9 weedings in the 1950s to 3.9 in 1992.
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Table 7. The most important weeds in upland-rice fields, as perceived by households surveyed in Luang Prabang and

Oudomxay Provinces, Laos.

Weed species Frequency (% of respondents)
Oudomxay Districts of Luang Prabang Province Average
Province
Viengkham Pakseng Xiengngeun

Ageratum conyzoides 59 70 50 56 59
Chromolaena odorata 88 55 15 26 46
Commelina spp. a4 38 50 41 43
Panicum trichoides 34 9 40 21 26
Lygodium flexuosum 34 43 5 6 22
Imperata cylindrica 16 28 30 3 19
Pueraria thomsoni 13 36 10 15 18
Panicum cambogiense 6 38 10 18 18
Cyperus triaiatus 13 36 10 15 18
Cyperus pilosus 31 11 0 0 11
Dioscorea spp. 0 15 25 0 10

Source: Roder et a. (1997a).

Rodents

The uplands carry a high endemic rodent population.
The damage rodents do to upland crops is not con-
fined to rice, although reports of damage most often
relate to this crop. This reflects the significance of
rice in the uplands where it accounts for more than
75% of the cultivated land area. Upland farmers
regard the rodent problem as the production con-
straint over which they have least control.

Although actual grain losses due to rodents have
yet to be quantified, they probably account for at
least 15% of the annual rice harvest. At irregular
intervals, conditions favour massive population
explosions of rodents, resulting in local losses of
more than 50% of the rice crop. Occasionally, entire
crops are lost, as was reported by some villages in
the northern province of Luang Prabang, where the
1991 wet-season crop was totally lost (Singleton and
Petch 1994). Other provinces that have reported
similar population explosions and large grain losses
in the past 10 years include parts of Sayabouly,
Oudomxay, Houaphanh and Sekong.

Upland farmers associate these population
explosions with mid wet-season flowering and
fruiting of certain species of bamboo. The bamboo's
fruiting provides an early food source for the
rodents, which thereby massively increase their
numbers. In the search for food for the extra numbers
they move into upland rice and other annual crops.

Rodents damage rice crops not only during the
period approaching harvest, but also before heading,
when rodents move from nearby forested areas. In
severe infestations, a rice crop can be destroyed
within a couple of nights. Chronic annual losses are

probably due to Mus species, while the periodic
eruptions may be due to a species of Rattus
(G. Singleton, pers. comm., 2000). In other upland
crops, such as maize, pulses and cassava, larger
rodents such as Bandicota spp. appear to cause most
damage. The rodent problem in the uplands of Laos
is apparently shared by the uplands of neighbouring
Vietnam, Myanmar and Thailand (Schiller et a.
1999).

Insect pests

Little research has been undertaken on the role of
insect pests and diseases in limiting yield of upland
rice crops. A major insect pest, according to Lao
farmers, is the white grub (larvae of scarab beetles),
which feeds on living roots. In the tropics, the grubs
have a 1-year life cycle, with the adults emerging
from the soil after the first heavy rains of the wet
season. They lay eggs a the same time as the
farmers seed upland rice. After several months, the
long-lived white grubs become sufficiently large so
that two or three larvae can denude the root system
of a mature rice plant. This intensity of damage is
rare but wilting can occur when root loss is com-
bined with moisture stress.

In an attempt to quantify potential white-grub
damage in the uplands of Laos in 1992 and 1993,
their incidence and damage was monitored in
farmers fields in the northern provinces of Luang
Prabang and Oudomxay (Lao—IRRI, unpublished
technical report for 1994). Although grub damage
was observed as early as 3 weeks after seeding
(WAS) in Luang Prabang Province and recorded in
more than 50% of hills at 7 WAS, the level of
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damage in both provinces and in both years declined
significantly as the rice crops matured. No correla
tion was established between yield and white-grub
damage, athough, in drought years, white-grub
damage to roots is believed to affect the plants
ability to tolerate moisture stress and to subsequently
recover.

Nematodes

The increased intensity (frequency) of upland rice
cropping has also been associated with increased
populations of parasitic rice root-knot nematodes,
which can cause significant yield losses (Plowright
et al. 1990). In 1993, a survey was undertaken of
upland rice fields in Luang Prabang Province to
study the relationship between yield, fallow period,
number of successive rice crops between fallows,
major weeds and nematode population densities.

Low rice yields were found to be associated with
short fallows, long successive rice cultivations, high
populations of the weeds Ageratum conyzoides and
Lygodium flexuosum, and root-knot nematodes, par-
ticularly the Meloidogyne spp. Galls caused by
Meloidogyne were observed on the roots of A.
conyzoides (Roder et al. 1998), suggesting that this
nematode may be a major limitation to rice yield if
the fallow duration is short and attempts are made to
grow successive rice crops on the same piece of
land, particularly in areas where A. conyzoides is a
significant weed component (Roder 1997).

This finding is consistent with farmers' observa-
tions that, in some upland areas, successive cropping
of upland riceis generally not possible for more than
2 years because of the development of ‘root nodules
onrice plantsin the third year. Nematodes may com-
prise a potential constraint in the development of
aternative, technologies in which upland rice is
maintained in the system but are more sustainable
than shifting cultivation. Periods of fallow or crop-
ping with selected grain legumes are known to
reduce the nematode problem (Table 8).

Table 8. Effect of rice cropping and mulching treatments
on nematode numbers, Laos uplands.

Treatment Nematode Meloidogyne
graminicola
No. per gram No. per
of roots cm3 soil
Continuous rice—burnt 742 2.0
Continuous rice—mulched 187 0.7
Ricef/fallow/rice—burnt 3 <0.01
Rice/cowpealrice—mul ched 1 <0.01

Source: Roder et al. (1998).

Diseases

The main disease encountered in upland rice cropsis
blast (Pyricularia oryzae Cav.), which is aggravated
by high fertility (mainly N) and dry conditions.
Although no reports of quantifying the economic
significance of blast are known, in some years of on-
farm testing of upland varieties, little yield is har-
vestable because of blast (Lao-IRRI, unpublished
technical report for 1999).

Discussion

Although the nationa rice production has signifi-
cantly improved over the past decade, further sig-
nificant increases are possible, particularly in the
wet-season lowlands. Recent research has aready
developed, and future research is expected to pro-
vide, technical recommendations capable of bringing
further and substantial yield improvements, higher
yield potential and reduced season-to-season varia
bility in production. However, inadequately devel-
oped extension services in many areas have helped
prevent widespread farmer adoption of recom-
mended improved practices.

Wet-season lowlands
Improving plant nutrition

The level of fertilizer use in the wet-season lowlands
remains low in both regional and international terms
(Linquist et al. 1998; Pandey and Sanamongkhoun
1998). Research over the past decade has clearly
demonstrated that, to achieve the potential benefits
from the use of improved varieties and changes to
some agronomic practices, increased fertilizer inputs
and improved fertilizer management are required.
The potential improvements to yield by the adoption
of a combination of technical recommendations,
rather than just improved varieties, have been clearly
demonstrated at village level in farming systems in
Vientiane and Champassak Provinces (Schiller et al.
2000b). Under farming conditions, average yields of
between 3.2 and 3.7 t hal were readily achievable
when all recommendations were followed, that is,
about 1.4 t ha higher than when farmers adopted
just improved varieties. Farmers who adopted the
combination of technica recommendations more
than doubled their yields and net returns in both
provinces, relative to those who failed to adopt any
recommendations (Figure 7).

Linquist et al. (1998) have aso highlighted the
importance of improved straw management as a
means of maintaining soil K balance. Potassium
deficiencies are expected to become more wide-
spread as production is intensified. Under existing
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(after Schiller et al. 2000).

cultural practices, much of the K is removed from
the field as straw |eft over from threshing. The straw
is often fed to buffalo and cattle.

Variety improvement

Until recently, the main aim of the varietal improve-
ment program for the lowlands has been to develop
higher yielding varieties with good general adapta-
bility. Current activities in the ongoing varietal
improvement program are expected to develop
further varieties with more specific adaptability to
particular growing conditions. New varieties would
be released with the following traits: greater drought
tolerance; improved resistance to gall midge, blast
and bacterial leaf blight; and improved tolerance of
low temperatures of the northern region. The availa-
bility and use of such varieties will help reduce
season-to-season production variability.

The emphasis of past varietal improvement
research had also focused on glutinous varieties on
account of the Laotians' preference for this type of
rice. However, with increasing consumption of non-
glutinous rice in urban areas, and the increasing pro-
portion of surplus production that will be availablefor
export, varietal improvement research is expected to
focus more and more on non-glutinous varieties and
varieties with particular quality traits, such as aroma.
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Minimizing the impact of drought

Fukai et al. (1998) outlined a range of strategies that
can reduce the rice crop’s susceptibility to drought.
Potential yields from direct-seeded rice are as high as
from transplanted crops, provided crop establishment
is successful and weeds are controlled. The lack of
standing water at optimal time for transplanting is a
common problem in rainfed lowland rice. Delayed
transplanting results in the use of older seedlings,
with a resulting reduction in yield potential. Some-
times, the soil istoo dry for transplanting and farmers
may fail to grow a rice crop. These problems can
potentially be eliminated, or at least alleviated, by
adopting direct seeding in place of seeding and trans-
planting. Early planted, direct-seeded crops also
mature earlier than later planted, transplanted crops
(for photoperiod-insensitive varieties), thereby poten-
tially avoiding the effects of |ate-season drought.

Drought problems can aso be minimized grestly
if supplementary water can be made available at
critical times (Bhuiyan 1994). This water might
come from on-farm storage tanks, underground
water sources or, occasionally, streams. Such tech-
niques have yet to be assessed under Lao conditions,
although some non-governmental organizations are
testing such systems.
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Flood avoidance

The nature of flood damage in the Mekong River
Valley makes developing varieties to reduce the
impact of floods on yield unlikely. Instead, strategies
will be developed for flood avoidance. Among these
may be greater efforts to grow shorter and early
maturing varieties that can be harvested before the
most likely onset of the flood period. However, such
a strategy would result in such varieties having to be
harvested during the period of heaviest rainfal, with
resulting problems of grain drying and poor quality
grain. Direct seeding with early maturing varieties
after the flood period may also provide an option.
However, as national production increases, a more
practical strategy may be to promote the production
of other, potentially higher return, and shorter
maturing crops than rice, particularly vegetables, as
late wet-season crops in flood-prone areas.

Dry-season irrigated environment
Improving plant nutrition

As in the wet-season lowlands, current levels of
nutrient inputs in the dry-season irrigated environ-
ment are lower than recommended, with a potential
for considerable improvement in yield through a
combination of higher levels of fertilizer inputs and
improved management of these inputs. Technical
recommendations for these changes are available.

Variety improvement

The development of improved varieties suited to the
low temperatures experienced in much of the potential
dry-season irrigated environment in the northern agri-
cultural region, isthe most immediate challenge of the
varietal improvement program. During the 1999-00
dry season, minimum temperatures were recorded as
being below 0°C in much of this area, resulting in
failed crops of most of the varieties currently avail-
able. Collaborative research, facilitated by the
ACIAR, and the introduction and evaluation of a
range of varieties and breeding lines from other
countrieswith low-temperature regimes during part of
the production cycle, should result intheidentification
of varieties better adapted to the northern region.

Cultural practices

Studies in 1996 and 1997 of the impact of hill
spacing on grain yield of improved varieties
(Lao-IRRI, unpublished technical reports for 1996
and 1997) highlighted the importance of close hill
spacing—resulting in high plant populations and
improved plant nutrition. When hill spacings of
25 x 25 cm, 20 x 20 cm and 15 x 15 cm were com-
pared under three N regimes (0, 45 and 90 kg ha™),
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obvious benefits occurred with closer hill spacing
under each N regime. In terms of absolute yield, this
benefit was greatest under the highest N application
rate. In the 1996 study, under the O N regime, yield
increase from the widest to closest hill spacing was
about 900 kg hal. Under the 90 kg hal treatment,
the corresponding yield increase was 1500 kg ha.
A similar association was demonstrated in 1997
(Table9). The yield improvement associated with
closer hill spacing was largely associated with higher
panicle density.

Table 9. Relationship of yield to hill spacing and nitrogen
application regime under dry-season irrigated conditions
for two rice varieties, Laos.2

Hill N rate (kg hal) Mean
Spacing yield
(cm) 0 45 90
Yield of variety ‘ Thadokkham-1 (TDK1)’

(kg ha't) in 1997
25x 25 1392 2218 3100 2236 ¢
20x 20 1866 2498 3668 2677 b
15x 15 2279 3309 4609 3399 a
Mean 1846 ¢ 2675b 3792 a

Yield of variety ‘Namthane-1 (NTNZ1)’

(kg ha) in 1996
25x 25 1168 2045 2923 2045 b
20x 20 1286 2111 3077 2158 b
15x%x 15 1890 2971 3989 2950 a
Mean 1448 ¢ 2376 b 3329 a

aMeans not sharing common letters are significantly
different at the 5% level (DMRT) between N rates and
between hill spacings (N x spacing interaction was not
significant for either year).

In traditional, low-input, wet-season, production
systems, using traditional varieties, wide hill spacing
(25 x 25 cm) has been usual. Thiswider spacing may
have been appropriate for using the tall, lower
yielding traditional varieties with limited or no
nutrient inputs. Farmers have sometimes been reluc-
tant to adopt closer spacing for improved varieties
and an improved nutrient regime with an expanded
area under irrigation. However, changing to higher
plant populations is essential for achieving the yield
potential, and the water- and nutrient-use efficiency
of irrigated regimes. Similar changes are believed to
be necessary (but are yet to be clearly demonstrated)
for wet-season lowland production systems to maxi-
mize the yield potential of improved varieties and
improved nutrient regimes.
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Pest management

The rice bug (Leptocorisa spp.) is now a significant
yield constraint in much of the dry-season irrigated
area of the Mekong River Valley. Strategies for its
management and control have yet to be developed.
The problem has become the focus of current research
in the integrated pest management (IPM) program in
the dry-season irrigated and wet-season lowland
environments. Similarly, strategies for controlling the
golden apple snail have yet to be developed. As both
pests are also becoming increasingly manifest in the
wet-season lowlands (particularly in double-cropped
areas), any management recommendations devel oped
for the irrigated environment should be equally as
applicable to wet-season conditions.

Rainfed uplands

Although national policy aims to reduce the cultiva-
tion of annual crops, including rice, in the uplands,
to ensure food self-sufficiency in these areas until
such time improved technologies for the uplands
mean increased incomes for upland farmers who can
then buy surplus rice from the lowlands, rice will
have to remain part of the upland production system.
However, the yield potential of traditional upland
varieties does allow them to be grown on a reduced
areq, if the means can be found for aleviating the
constraints that currently reduce yields to 1.5 t hat
and less in most upland areas.

The production constraints outlined in this paper
for the rainfed upland production system relate to
existing ‘dlash-and-burn’ and shifting-cultivation
systems. Recent research initiatives in Laos have
been aimed at developing aternative, more sustain-
able, upland production systems to replace the
traditional ‘slash-and-burn’ and ‘ shifting-cultivation’
approaches to production in the uplands, in line with
Lao governmental policy (MOAF 1999). The same
congtraints to existing production systems will
probably apply to any new ‘technologies where
annual crops such as rice are part of the production
system.

Weeds are expected to remain the major con-
straint. Where burning is no longer practised, weed
competition may increase. Rodents are also expected
to continue being a major production constraint in
any new production system that maintains or pro-
vides natural habitats and food sources for them.
Current research to better understand the ecology of
rodents in the uplands of Laos will probably help in
developing strategies for better managing and con-
trolling the populations of those rodents doing most
damage in the uplands.

Among potential new constraints in the uplandsis
low soil fertility, particularly as cultural practices
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change to improve sustainability and reduce shifting
cultivation. Strategies to help prevent soil erosion in
the uplands will also become increasingly important.
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Economics of Lowland Rice Production in Laos:
Opportunities and Challenges

Sushil Pandey?!

Abstract

Laosis asmall South-East Asian country where most of its labour force is engaged in producing
its staple crop—rice. Although rice production suffered during years of interna disturbances and
subseguent political changes, new liberal market policies and other initiatives have positively
affected rice production in recent years. Laos has a high population growth rate for the region and
its agricultural sector remains predominantly subsistence oriented. As a result, tremendous
challenges lie ahead to ensure food security for Laos and, at the same time, develop acommercially
oriented agricultural sector that can provide a basis for the country’s sustainable economic growth.
The paper gives an overview of these challenges and offers suggestions on the nature of the

technological and policy interventions needed to increase rice production.

Laos, with a population of 5 million, is a small
developing country in South-East Asia. Agriculture
is its magjor economic activity, employing more than
80% of the labour force and accounting for over 50%
of the gross domestic product (GDP) (IMF 2000).
With a total per capita income at US$330, the
country is one of the poorest in the region (World
Bank 2000). The overall poverty ratio is 46% with
the incidence of poverty being higher in rural areas
(53%). Although the GDP grew by 4% in 1999,
relative to 1998, the population growth of 2.5%
eroded much of thisincome growth (ADB 2000). As
aresult, GDP per capita grew by only 1.5% between
1998 and 1999. Population growth rates in Laos
(2.5%) and Cambodia (2.6%) are much higher thanin
neighbouring Vietnam (1.9%) and Thailand (1.0%).
Rice production is the major agricultura activity
in Laos, with rice accounting for over 75% of the
gross cropped area. An essential part of the Lao diet,
rice also accounts for more than 67% of total calorie
consumption. Per capita consumption of milled rice
is high for the region, at 163 kg. Given the economic
importance of the crop in Lao agriculture, increased

1Socia Sciences Division, International Rice Research
Ingtitute, Los Bafios, Laguna, Philippines.
E-mail: sushil. pandey@cgiar.org

rice production is essential for national economic
growth. This paper presents an overview of the Lao
rice economy, briefly analyses the micro-economics
of rice production, and discusses research and policy
issues for enhancing rice production.

Rice Production in Laos

Rice ecosystems in Laos fal into three groups:
upland, lowland rainfed, and lowland irrigated.
Upland rice is grown mostly in the mountainous
northern areas under a system of shifting cultivation.
Lowland environments predominate with more than
75% of production grown in the wet season in the
central and southern agricultural areas. Much of this
production is rainfed-based, although some areas now
have access to supplementary irrigation. Irrigated rice
is grown mainly in the dry season, and mostly in
provinces along the Mekong River.

In recent years, the area under upland rice had
diminished as a result of governmental policies on
rice production in the uplands. In 1990, upland rice
was grown on 246 000 ha (or almost 38% of the total
area planted to rice) and contributed to 25% of the
total output (Table 1). By 1999, the area under
upland rice had declined to about 153 000 ha with
the share of upland rice in total output faling to

KEYWORDS: Rainfed rice, Technology adoption, Productivity trend, Research priority
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12%. From 1990 to 1999, the share of wet-season
lowland rice, including irrigated rice, in total area
planted to rice and total production increased by
22% and 39%, respectively.

During the mid-1990s, the Government of Laos
launched a program to expand irrigation to increase
rice production. Large investments were made to
install high-capacity pumps for small-scale irrigation
development, pumping directly from the Mekong
River and its tributaries. Irrigated area increased
seven-fold from about 12 000 ha in 1990 to about
87 000 hain 1999. As aresult, the share of irrigated
rice in total rice output increased to 17%. This share
is expected to increase further if the Government’s
target of expanding irrigated areas to 130 000 ha by
2003 is realized.

Overall, the wet-season lowland ecosystem domi-
nates rice production in Laos, accounting for 66% of
the rice area and more than 70% of total output. The
rainfed lowland system is of similar importance in
Cambodia and Thailand, athough in Vietnam, it
accounts for only 30% of the total rice area. The
expansion of irrigated rice production in the Mekong
Delta, which is the main rice bowl of Vietnam, has
led to a reduced share for rainfed lowland rice.

The average yield of ricein Laos during 1991 and
1999 was 2.6 t hal. Thus, in terms of average yield,
Laos currently ranks second to Vietnam in the region
(Table 2). The average yield in Laos is about 1.3 t
ha® below that in Vietnam. Although Cambodia had
dlightly higher yields during 1961-1970, an absolute
decline in yield especialy during the years of polit-
ical upheaval (1971-80) has put Cambodia behind
Laos in terms of rice yield. For Thailand, where the
rainfed lowland ecosystem predominates in the

north-eastern region, the average yields were consist-
ently higher than those in Laos until 1980. But a
faster pace of growth in Laos subsequently has put
this country ahead of Thailand in terms of average
yield.

An examination of growth rates in rice yield for
1961-1999 shows that, of the four countries in the
region, Laos has been able to maintain the highest
average growth rate in yield of 3.45% per annum
(Table 3), even though it started from the lowest
average yield (Table 2). Despite this growth rate in
yield, the growth rate in area planted was negative for
almost two decades (1971-1990). In 1999, the area
planted to rice in Laos was still below that of 1961—
1970. The internal disturbances and political uncer-
tainty are the major reasons for the decline in area
planted during 1965-1975. In Cambodia, political
disturbances caused a decline in area planted as well
asyield. For example, during the decade 1971-1980,
the area planted to rice was less than half of that
planted in 1961-1970. Thus, for both Cambodia and
Laos, opportunities till exist for expanding the area
planted to rice. Thisis not the case in Vietnam where
area planted is reaching a ceiling level.

As a result of overal reduction in area planted,
rice output in Laos grew at the compound rate of
only 2.81% per year during 1961-1999. This growth
rate was barely adequate in matching the population
growth rate of 2.5% per year during the late 1990s.
Although the growth rate in production was almost
5% during 19911999, the source of more than 50%
of this growth was expansion in area planted to rice.
Yield growth even during 1991-1999 was only
2.59%. Thus, the challenge is to increase yidd as
future area expansion will most likely slow down.

Table 1. Percentage shares in area and production of different ecosystems for rice production in Laos.

Y ear Area Production
Tota ha Ecosystem share (%) Total tonnes Ecosystem share (%)
(thousands) (thousands)
Rainfed Upland Irrigated Rainfed Upland Irrigated

1990 650 60 38 2 1492 72 25 3
1991 570 57 41 2 1223 69 28 3
1992 608 65 32 3 1502 77 19 4
1993 552 64 34 2 1251 74 23 4
1994 611 62 36 2 1577 76 22 2
1995 560 66 32 2 1418 76 20 4
1996 554 66 31 3 1414 76 19 5
1997 601 70 26 4 1660 78 15 7
1998 618 70 21 9 1675 74 13 13
1999 718 66 22 12 2103 71 12 17
Avg. 604 65 31 4 1531 74 20 6

Source: Lao—IRRI (2000).
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Table 2. Average area, yield and production of rice in selected South-East Asian countries, 1961-1999.

Country 1961-70 1971-80 1981-90 199199 Overdll
Cambodia
Area (hain thous) 2229 1066 1508 1808 1648
Yield (t hal) 1.20 115 133 1.63 132
Production (t in thous.) 2670 1278 2013 2962 2212
Laos
Area (hain thous.) 752 644 645 591 659
Yield (t hal) 0.97 1.29 2.0 2.6 1.68
Production (t in thous.) 718 832 1261 1535 1075
Thailand
Area (hain thous) 6 654 8101 9403 9329 8347
Yield (t hal) 181 184 2.02 231 1.98
Production (t in thous.) 12 070 14 933 19072 21540 16 784
Vietnam
Area (hain thous) 4797 5191 5729 6 868 5615
Yield (t hal) 1.93 2.10 277 3.65 2.59
Production (t in thous.) 9245 10 887 15930 25221 15 066

Source: Calculated from the FAO database (2000).

Table 3. Growth rates (%) in rice areg, yield and production in selected South-East Asian countries, 1961—1999.

Country 1961-70 1971-80 1981-90 199199 Overal
Cambodia
Area -0.39 -2.56 2.19 1.98 -0.29
Yield 4.28 —4.62 3.35 5.27 111
Production 3.84 -7.26 5.53 7.25 0.82
Laos
Area 1.25 -0.26 -2.85 2.32 -0.65
Yield 5.33 0.66 4.89 2.59 3.45
Production 6.58 0.39 2.04 491 2.81
Thailand
Area 1.38 3.19 0.19 1.67 1.23
Yield 1.17 -0.36 0.54 0.79 0.80
Production 2.55 2.83 0.74 2.46 2.04
Vietham
Area 0.17 1.87 0.53 2.29 1.18
Yield -0.52 -1.42 342 3.16 213
Production -0.34 0.45 3.95 5.45 3.30

Source: Estimated from the FAO database (2000) using a log-linear trend equation.

A feature of rice production in Laos is the high
variability of production around the trend (Figure 1).
Although Laos achieved self-sufficiency in rice
production in 1999 with the total production of 2.1
million tons, rice output can fall dramatically below
national requirements in years of drought and/or
flood. This is indicated by the large deviation of
production around the trend (Table 4). It reflects the
uncertainty associated with rainfed rice production.
The variability is similar for Cambodia where
rainfed lowland systems predominate. Variability is
lowest in Vietnam where the rainfed ecosystem is of
relatively minor significance.

Table 4. Average percentage deviationa from the trend in
rice production, South-East Asia, 1991-1999.

Country % deviation from trend®
Cambodia 10.6
Laos 10.3
Thailand 4.8
Vietnam 15

aThe average percentage deviation from the trend is
estimated as the root mean-square error of the regression of
the natural logarithm of production on a time trend.
Source: Estimated from the FAO database (2000).
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Figure 1. Trendsin rice production in selected South-East Asian countries, 1961-1999.

Micro-Economics of Rainfed Lowland Rice
Production in Laos

The analyses presented in this section are based on a
survey of 700 rainfed rice farmers from 15 villages of
Champasak and Saravan provinces of the southern
plains of Laos, following survey procedures
described by Pandey and Sanamongkhoun (1998).
The results pertain to the 1996 wet-season rice crop.

The average farm size in the surveyed villages was
2 ha per household, with the range being from 1.3 to
3.4 ha Thisis arelatively large farm size, compared
with those found in more densely popul ated southern
and south-eastern Asian countries. Because of the
lower population pressure (20 persons km=2) and
relatively large farm size, the agricultural system of
Laos is somewhat ‘extensive'.

Rice production is undoubtedly the most important
economic activity in the villages surveyed. Gener-
dly, land preparation consists of two passes of
ploughing and one of harrowing. Animals are the
main source of draught power for land preparation.
Rice is mostly established by transplanting, with
seedling age varying between 3 and 8 weeks,
depending mainly on the growth duration of the
variety and field conditions. Harvesting startsin mid-
September and is completed by the end of November.
Because of labour shortage during this peak period,
harvesting is staggered over several weeks. Overall,
rice production is based on the use of family and
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exchange labour. Mechanization is limited and con-
sists mainly of power tillers and threshers.

The average yield of rice for the sample was
1.2t hal, which was considerably lower than the
official estimate of 2.5 t hal for 1996 when the
survey was undertaken. The lower average yield in
the sample was probably the result of inundation that
affected rice production in the surveyed villages.
Average village-level yields varied from 0.8 to
2.1t hal, indicating a high variability of yield in
L ao rice production environments.

Farmers may allocate their land to modern varieties
(MV5s) only, to traditional varieties (TVs) only, or to
a combination of modern and traditional varieties. In
most villages, farmers grew both MVsand TV, with
fewer than 10% of farmers growing MVs only.
Although almost 60% of the farmers grew MVs, the
percentage area under MVswas only 21%. Thisindi-
cates that farmers who adopted MVs grew them on
only asmall proportion of their farm. Evenin villages
where amost all sampled farmers grew MV's, the area
under MVs did not exceed 70%. Because the farmers
in these villages had access and exposure to MVs for
more than 15 years, other constraints probably
operate to constrain expansion of MVsin these aress.
In some villages, MV's covered only 4% of the rice
area planted. Such variation in adoption patterns
reflects differences in resource base, access to infor-
mation and seeds, access to markets, and various farm
and household characteristics.

Increased Lowland Rice Production in the Mekong Region
edited by Shu Fukai and Jaya Basnayake
ACIAR Proceedings 101
(printed version published in 2001)



The use of fertilizers in Laos is very limited.
Although 66% of the farmers reported using some
fertilizers, the area fertilized was only 48%, indi-
cating that fertilizers are not applied to the whole
farm. About 60% of farmers had been using
chemical fertilizers only since 1994. Farmers pre-
ferred to apply fertilizers mostly to sandy soil types
located in higher terraces. Most farmers made a basal
application of fertilizers but the average application
rate for the whole sample was only 18 kg ha? of
NPK combined, with N and P applied in amost
equal quantities. The total application rate was as
low as 3 kg hal with farmers at the higher end
applying about 50 kg hal. This is certainly a very
wide range. Obvioudly, those farmers who use very
low quantities apply it only on seedbeds or on spots
where they considered crop growth to be poor.

About 42% of farmers who grew MVs did not
apply fertilizers. This proportion increased to only
57% among farmers who grew TVs. Thus, the use of
chemical fertilizers does not seem strongly associ-
ated with the adoption of MV's. Theyield response to
fertilizer is a function of arange of variables such as
the quantity of fertilizer applied, type of variety
grown, soil and hydrologic properties and climatic
factors. Yield response can be used to judge the
economic profitability of applying chemical fer-
tilizers. For those farmers who do not currently apply
fertilizers, yield response at zero application is the
relevant parameter. If this response is high, fertilizer
application may be profitable, depending on the price
of fertilizers relative to that of the output produced.

The estimated yield responses, using plot-level
data and data aggregated at the village level, are pre-
sented in Table 5. Although a quadratic term in fer-
tilizers was specified in the initiadl model, the
estimated coefficient for the quadratic term was very
low and statistically insignificant. Most likely, the
response function is essentialy linear at the low
application rates applied by Lao farmers. The
marginal response as measured by the coefficient of
NPK hat is 9 kg for the field-level regression and
17kg hal for the village-level regression. This
implies that for each additional kg of NPK applied,
yield increase will vary between 9 and 17 kg.

In 1996, the nutrient-to-grain price ratio in Laos
was between 4.5 and 5, depending on whether urea
or ammonium phosphate was considered. If farmers
start applying fertilizers only when they can obtain a
100% margina rate of return on their investment in
fertilizers, the marginal response required is 9-10 kg
per additional kg of nutrients applied. By this
criterion, fertilizer application just breaks even for
farmers who get the yield response of 9 kg per kg of
nutrient applied. However, in more remote villages,
the nutrient-to-grain price ratio is higher than 4.5,
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because of high transportation costs. Often, fer-
tilizers are simply not available in these more remote
areas. As a result, farmers may rationaly choose
either not to apply fertilizers or apply only a very
small quantity.

Table 5. Factors explaining variations in plot-level and
village-level yields of paddy rice, Laos.

Independent variables Coefficient2  SE

Plot-level yield®
Intercept 1.169 0.040
NPK (kg ha?) 0.009***  0.001
Dummy for modern varieties® 0.185***  0.066
Dummy for low-lying fieldsd -0.156* 0.070
Adj. R? 0.13
Number of plots 596

Village-level yield®
Intercept 1.017 0.093
NPK (kg ha®) 0.017***  0.003
% area under modern varieties 0.006***  0.002
% area under clay soil 0.003** 0.001
% area on low-lying fields -0.012***  0.003
Adj. R? 0.96
Number of villages 15

aSignificance levels: *** = 1%; ** = 5%; * = 10%.
bDependent variable is the plot-level yield (t ha'l) of paddy.
Dummy for varieties, where 1 = modern varieties;

0 = otherwise.

dDummy for low-lying land type, where 1 = low-lying;

0 = otherwise.

eDependent variable is the average yield (t ha?) of paddy
for each village.

Source: Pandey and Sanamongkhoun (1998).

The response to nutrients is comparable with that
in Northeast Thailand, which has a similar agro-
climatic environment. Other countries in the region
also have responses, varying from 8 to 13 kg
(Table 6). However, the nutrient-to-grain price ratio
in Laos has been higher than in these other countries.
For example, the ratio for Thailand was 2.5. With a
similar marginal response as in Laos and with 40%
cheaper fertilizers, farmers in Northeast Thailand
apply only about 40 kg of N per ha Unless the
margina response can be improved through either
better technology or cheaper fertilizers through
improved access, Lao farmers are unlikely to apply
substantially higher rates of fertilizers.

The differential patterns of adoption of MV's and
fertilizers across villages point towards the effect of
accessibility in encouraging the adoption of improved
technology, inputs tending to be more easily available
and cheaper in more accessible villagesthan in remote
villages. Similarly, interactions with extension agents
also tend to be positively affected by accessibility.

Increased Lowland Rice Production in the Mekong Region
edited by Shu Fukai and Jaya Basnayake
ACIAR Proceedings 101
(printed version published in 2001)



Table 6. Nutrient use in rainfed areas in various South-
East Asian countries.

Country Marginal N-to-output? Fertilizer use®
response? price ratio (N per ha)
toNaN=0
(kg grain per kg
of N)
Bangladesh 13 2.0 34
Cambodia — 6.0 18
Indonesia 11 — —
Laos 8-17¢ 4.44 17
Philippines 11 3.0 19
Thailand 8 25 40
Vietnam — 4.0 —

3Hossain and Singh (1995). For non-linear models, the
responseis evaluated at the zero rate of nutrient application.
bIRRI (1995).

¢Pandey and Sanamongkhoun (1998).

IMAF (1996).

To examine the effect of accessibility on the adop-
tion of MVs and fertilizers, villages were grouped
into different accessibility categories. Villages closer
to main roads and with good feeder roads were con-
sidered as having ‘good access'. Villages closer to
the main road but without feeder roads were grouped
as having ‘ medium access' . Others far away from the
main road and with poor feeder roads that were
mostly inaccessible during the rainy season were
classified as having ‘ poor access'.

The different indicators of adoption are shown by
accessibility in Table 7. The results show that acces-
sibility isamajor factor that affects the percentage of
area under MVs, percentage of farmers growing
MVs, percentage of area fertilized and average fer-
tilizer (NPK) use. All these indicators show that
adoption is lower in the more remote villages than in
the more accessible ones.

Table 7. Effect of accessibility on various indicators of
adoption of modern rice varieties and fertilizers, Laos.

Accessibility?

Indicator of adoption

Good Medium Poor
Areaunder modern varieties (%) 38a 2lab 12b
Farmers growing modern varieties 71a 58a 4la
(%)
Areafertilized (%) 69a 56ab 28b
NPK use (kg hal) 29a 19ab 7b

aFigures with the same letter are not statistically signifi-
cantly different at the 5% level by DMRT.
Source: Pandey and Sanamongkhoun (1998).
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The extensive literature on technology adoption
points to a range of field, farm and farmer character-
istics as determining adoption (Feder et al. 1985;
Adesina and Zinnah 1993; Bellon and Taylor 1993;
Smale et a. 1994). To examine the effects of various
biophysical and socioeconomic variables on the
adoption of improved varieties and fertilizers, a
probit model was estimated to identify the impor-
tance of these factorsin Laos.

The results, presented in Table 8 (first column),
indicate that the effects of farm size, access to credit,
quantity of fertilizer applied and access to markets
on the probability of MVs being adopted are statisti-
caly significant. Thus, farmers with larger farms,
farmers who apply more fertilizers, and farmers with
better access to credit and markets are more likely to
adopt MVs than are farmers with small farms, or
who use less fertilizers or who have less access to
markets and credits. The regression results for fer-
tilizer application are aso presented in Table 8
(Column 2). Better access to markets, the adoption
of MV's and the medium-lying fields have significant
positive effects on the probability of adoption of fer-
tilizer application. As expected, market access and
risk have positive and negative effects, respectively.
Thus, technologies that reduce risk and policies that
improve access to markets are needed to encourage
the adoption of MV's and fertilizers.

Production cost data for rice in Laos and neigh-
bouring countries are presented in Table 9. Low
labour costs and limited use of purchased inputs in
Laos and Cambodia have kept the per unit cost of
production low, relative to those in the Philippines
and Thailand. Although farmersin Vietnam use more
inputs, production costs for MVs are lower than for
TVs due to higher yield. Overall, the differences in
production costs between MVs and TV's (or between
irrigated and rainfed areas) are relatively smaller in
Cambodia, Laos and Thailand than in the Philippines
and Vietnam. The data for Laos and Cambodia are
mostly from rainfed areas. The benefits of growing
currently available MV's under rainfed conditions are
low as yield differences between them and TVs are
small under these conditions. In Thailand, the data
for irrigated areas pertain to the Northeast where the
supply of irrigation is not assured. As a result, the
cost advantage of irrigated relative to rainfed rice is
small. Vietnam illustrates the kind of benefit that can
be realized from a switch to MVs if irrigation and
other complementary inputs are also applied.

Average costs and returns associated with rice
production using different varieties (MVs or TVs)
and fertilization practices (fertilizer applied or not
applied) are presented in Table 10. These results
indicate that the yield difference for TVs grown with
and without fertilizers is small and statistically
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Table 8. Factors influencing the adoption of modern rice varieties (MVs) and fertilizer, Laos.

Factor Effect on probability of Effect on probability of
adoption of MV&? adoption of fertilizer2
Intercept — —
Dummies for:
Low-lying fields? + —
Medium-lying fields® — +E*
Clay soild + +
Sandy soil® + +
Loamy soilf — —
Loamy sandy soil9 + +
Cash income per household (US$) + +
Total farm holding (ha) +** —
Dummy for credit used for production” +E* +
CV of yield computed at village level + —F*
Dummy for extension visit! + +
Y ears of schooling of household head — +
Size of household + —
Dummy for good access to marketl +E* +E*
Dummy for medium access to marketk 4 F*
NPK use (kg ha) X
Dummy for modern varieties *
Sample size 576 590
Value of log-likelihood function -367 =375
Log-likelihood ratio 66*** 68***
aSignificance levels: *** = 1%; ** = 5%; * = 10%.
Dummies for:
b ow-lying field: 1 =low-lying field; 0 = otherwise.
‘Medium-lying field: 1 = medium-lying field; 0 = otherwise.
dClay soil: 1 = with clay soil; 0 = otherwise.
eSandy soil: 1 = with sandy soil; 0 = otherwise.
fLoamy soil: 1 = with loamy soil; 0 = otherwise.
9Loamy sandy soil: 1 = with loamy sandy soil; 0 = otherwise.
hCredit used for production: 1 = with credit; 0 = otherwise.
iExtension visit: 1 = visited; 0 = otherwise.
iGood access to market: 1 = with good access; 0 = otherwise.
kMedium access to market: 1 = with medium access; 0 = otherwise.
'Modern varieties: 1 = modern varieties; 0 = otherwise.
Source: Pandey and Sanamongkhoun (1998).
Table 9. Rice production costs in selected South-East Asian countries (US$ t1).2
Country® Irrigated Rainfed Difference Modern Traditiona Difference
(%) varieties varieties (%)
Cambodia 104 (2.0) 110 (1.3) 6
Laos 84 (1.3) 93 (1.5) 11
Philippines 118 (3.8) 143 (2.1) 17
Thailand 122 (2.5) 125 (1.6) 3
Vietnam 100 (4.8) 136 (2.3) 26
aFigures in parentheses are yield in t ha-t.
bSources:
Datafor year  Country Source
1995 Cambodia Helmers (1997).
1996 Laos Pandey and Sanamongkhoun (1998).
1997 Philippines  Hossain (2000).
1995 Thailand Isvilanonda and Hossain (1998).
1997 Vietnam Hossain (2000).
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Table 10. Yield, costs and returns for traditional (TV) and modern rice varieties (MV) with (+F) and without (—F) fertilizer,

Laos.

Attribute Unit TV (-F) TV (+F) MV (-F) MV (+F)
Yield? (t ha®) 118a 135a 123a 174b
NPK fertilizer rate (kg ha?) 0 37 0 41
Cost of fertilizers (USS$ ha) 0 29 0 34
Total paid-out cost (US$ hal) 10 36 6 43
Gross revenue (USS$ hal) 176 206 185 273

Net returns above cash cost (USS$ ha'l) 166 170 179 230

3Means with the same letter are not significantly different at the 5% level based on DMRT.

Source: Pandey and Sanamongkhoun (1998).

insignificant. Similarly, the yield of MVs grown
without fertilizers is statistically not different from
that of the TVs. Rice yieds are significantly
increased only when MV's are grown with fertilizers.
Obviously, a shift from the practice of growing TVs
without application of fertilizers to the practice of
growing MVs with fertilizer application would
generate the highest benefit per unit area. However,
farmers who are currently growing TV's without fer-
tilizers may not achieve this transition in one step but
may prefer a step-wise progression due to various
constraints, including lack of capital. The current
literature on the process of technology adoption indi-
cates that farmers adopt technologies in a sequential
fashion and pick simple and less cash-demanding
technology first (Byerlee and Hesse de Polanco
1986). For poor farmers, returns to the incremental
capital needed for the change may be more relevant
than returns to land in such decisions.

Returns to incremental capital are highest for the
simple change, without fertilizers, from TVsto MVs
(Table 11). The benefits come from a dlightly higher
yield of MV's and higher price of these varieties due
to better quality. This option, which is unlikely to
affect rice output substantially, may be attractive to
farmers who are cash constrained. For farmers who
are currently growing TV s without fertilizers, the use
of fertilizers without a change in varieties is the least
atractive option. A very good rate of return over
cash cost is indicated for farmers who are currently
growing TVs with fertilizers if they change to MV's
with fertilizers.

Research and Palicy |ssues

The average rice output of 1.5 million tons in Laos
during 1995-1999 was barely sufficient to meet the
national per capita requirement of 250 kg per capita.
As the population grows at the rate of 2.5% per year,
the total rice output must continue to increase at |east
a that rate to maintain the per capita food availa-
bility. Assuming that growth in area planted will

27

soon slow down, most of thisincrease in rice produc-
tion must come from yield improvement. The growth
rate in yield during 1991-1999 has been 2.6%, which
is fractionally above the population growth rate. A
relatively high overall growth rate in yield during
1961-1999 in Laos resulted from a relatively low
base figure for yield. With the current practices in
rice production, the current rate of growth in yield
will unlikely be sustained unless better rice-growing
technologies are available. Improved technologies
that are now ready for dissemination and those that
are currently under development in Laos appear
promising in thisregard (Schiller et al., this volume).

At the current rate of growth, the Laotian popula-
tion will increase by 64% by the end of 2020. To
satisfy consumption requirements at 250 kg per
capita, the total rice production needs to be increased
from the 1995-1999 average of 1.5 million tonnes to
2.5 million tonnes during this period. The target
output of 2.5 million tons can be considered to be the
minimum production needed to avoid rice importsin
less favourable years. This is indeed an important
challenge for researchers and policymakers aike.
Fortunately, the prospects for meeting this challenge
are favourable as Laos produced a record 2.1 million
tons of rice in 1999 and became self-sufficient inrice
for the first time in recent decades.

Policymaking: towar ds self-sufficiency

What kinds of technologies and policies are needed to
achieve this goal? Let me first turn to the issue of
policy. Policies can be considered at two levels:
macro-economic policy and agricultural policy. The
macro-economic policies are designed to manipulate
the exchange rate, interest rates and international
trade. These parameters affect the agricultural sector
indirectly by influencing its comparative advantage
vis-avis other countries and other sectors. Agri-
cultura policies directly affect the choice of crops
grown, the levels of input used and types of tech-
nology adopted mainly by altering input/output prices.
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Table 11. Incremental costs and returns (US$) associated
with a change in technology from traditional varieties (TV)
to modern varieties (MV), and from no fertilizer (—F) to
fertilizer use (+F), Laos.

Change in technology Incremental

From To Cost Net return Rate of
($hab)2  ($hal)@ return
(%)
TV (-F) MV (-F) 0 8 —
TV (-F) TV (+F) 25 4 16
TV (-F) MV (+F) 33 64 194
TV (+F) MV (+F) 7 60 850
MV (-F) MV (+F) 38 51 138

a0ur survey data indicated a slight decline in cash cost as a
result of changing from TV (-F) to MV (-F). Asthereisno
reason to believe that cash costs decline as a result of such
a switch, we have assumed incremental costs to be zero.
Incremental return is hence, the difference between gross
revenues of TV (-F) and MV (-F).

Source: Pandey and Sanamongkhoun (1998).

For asmall country like Laos, its macro-economic
parameters are largely driven by the macro-eco-
nomic policies of countries with which it has strong
economic linkages. Thalland is a major trading
partner for Laos and, as a result, the macro-economic
fluctuations in Thailand are easily transmitted to
Laos. Thisis shown by the recent economic crisisin
Thailand and the resulting rapid devaluation of the
Lao currency by amost 700%. Although a higher
price for rice in Thailand benefited those Lao
farmers in the bordering areas who had surplus rice
to sall, the devaluation of the Lao currency also
increased the price of inputs (such as fertilizers),
which were mostly imported from Thailand. This
eroded economic incentives to adopt yield-increasing
inputs.

Obviously, being a small country, Laos cannot do
much to influence these macro-economic shocks that
arise outside its borders. Nevertheless, because these
shocks do adversely affect incentives to adopt
improved technology and the performance of agri-
culture, compensatory policies are needed to prevent
erosion of agricultural incentives.

One factor closely tied with regional food security
in Laos and its economic growth is infrastructure.
Although initiatives have been put in place during
the 1990s to improve transport infrastructure, the
economies of the northern and southern areas remain
somewhat fragmented because of high transport
costs. These costs also create a barrier to moving
surplus grain from production areas of the southern
and central plains to deficit areas in the mountainous
northern regions. While farmers in the southern and
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central plains lack incentives to increase rice output,
due to excessive production, people in food-deficit
areas of northern regions may find it cheaper to pur-
chase rice produced in Thailand. Poor marketing
infrastructure reduces the farmgate price of rice and
increases the cost of inputs. This cost-price squeeze
obviously makes it difficult to persuade farmers to
adopt improved technol ogies even though such tech-
nologies may increase yield and output.

While marketing infrastructure is essential for the
physical movement of goods, marketing institutions
that permit inputs and outputs to flow freely from
surplus to deficit areas are also equally important.
Laos has made substantial progress in removing
inefficiencies associated with the supply of credit
and fertilizers by state-owned agencies. The private
sector is now entering these areas. As shown by
Pandey and Sanamongkhoun (1998), further actions
are needed to free these markets for efficient distri-
bution of agricultural inputs and outputs.

Rice production in Laos is currently subsistence
oriented. Only a small proportion of rice produced is
sold onthe market. Because of thelimited possibilities
of obtaining food from the market, households follow
the strategy of being as self-sufficient in rice as
possible. However, the strategy of such self-
sufficiency has its economic cost because it limits
opportunities for income gains that could be realized
through marketing and crop diversification. Inadiver-
sified and commercialized agriculture, rice may be
grown more intensively in certain areas (such as the
more favourable central and southern plains), while
other income-generating activities (livestock, horti-
culture) are adopted in areas less suitable for rice.
Such avision of agricultureimpliesthat it may not be
necessary to develop rice production technology for
margina environments where the possibilities for
technological breakthroughs are more limited.

Technological issues

Turning now to technologica issues, drought and
submergence are major constraints in rainfed areas
of Laos. Accordingly, superior germplasm and better
crop management practices to reduce the yield-
depressing effects of these abiotic stresses are
needed. Such technologies will help stabilize yield
and encourage farmers to invest in inputs. As the
papers presented in this workshop indicate, sub-
stantial progress is being made to bring the cutting
edge of science to address this constraint (Jongdee;
Pantuwan et a. this volume). When the traits that
impart drought tolerance have been incorporated into
improved rice varieties, further testing, with farmer
participation, of germplasm can help rapidly identify
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lines with those attributes (such as taste, quality and
straw yield) that farmers value.

Results from experimental work and farm-level
surveys indicate that the gap between the yield that
can be obtained from farmers’ fields and the current
average yield is substantial. The strategy of closing
the yield gap may be more relevant for Laos than
trying to increase the yield ceiling. One reason for
high variability in yield among farmers is poor fer-
tilizer management. As explained earlier, fertilizers
are often applied in quantities that are too small to
generate a good yield response. The margina
response to fertilizer application varies among
farmers from 9 to 17 kg per kg of nutrient applied.
We must understand the reasons for such a high
variability in yield response to nutrients such as
timing of fertilizer application (Linquist and
Sengxua, this volume). Such scientific knowledge
could then form the basis for making site-specific
recommendations that are more suited to particular
environmental conditions.

Relative to other Asian countries in the region,
Laos, with its population density of 20 persons km2,
is dtill sparsely populated. Accordingly, labour-
intensive methods of rice production such as those
practiced in the Red River Delta of Vietham are not
appropriate for Laos. With current average farm size
being 2 ha (versus 0.3 hain the Red River Delta), the
agricultural system of Laos s likely to remain some-
what ‘extensive’ for the foreseeable future. In labour-
scarce environments, farmers are more interested in
maximizing returns to labour than returns to land.
Hence, rice technologies that increase labour input
are likely to be less attractive to farmers (even if they
increase yield). This has major implications for tech-
nology design and evaluation.

Agricultural research in labour-surplus aress is
generally oriented towards increasing the yield per
unit area. Research approaches developed in these
labour-surplus areas are inappropriate when labour is
a constraining factor. Similarly, evaluation of tech-
nology should not be based merely on yield per unit
area but also on yield per unit labour applied, or on
other measures that reflect total factor productivity.
Mechanized land preparation, direct seeding and
more efficient weed control methods may be suitable
to Laos as they help save labour. However, the use
of mechanical land preparation and chemical weed
control methods may require policy support as poor
farmers cannot acquire such technologies due to
limited purchasing power. Efforts to improve the
effectiveness of existing tools and implements for
land preparation and development of varieties that
are more competitive with weeds are also desirable.

Another area of research of potential relevance to
Laos is breeding for high-quality rice. As consumers
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with increased income switch from low to high
quality rice, the demand for such rice will increase
with the country’s economic growth. In addition,
high-quality rice can also have an export market. The
environmental conditions in the southern plains of
Laos are similar to those in Northeast Thailand
where high-quality export riceis produced. Laos will
have to face stiff competition, given that Thailand
has established itself as a major exporter of high-
quality rice. Nevertheless, benefits to Laos could be
substantial, even if it captures only a small share of
the export market. Obviously, marketing infrastruc-
ture required for export will have to be developed.

Conclusions

L aos has made good progress in increasing rice pro-
duction during the 1990s. It became self-sufficient in
rice with the production of 2.1 million tons in 1999.
Despite this achievement, resulting mainly from
improved technologies and policy reforms, the
challenge to adequately feed its rapidly growing
population still remains. While there are possibilities
for increasing rice output through expansion of area
planted, yield growth must be the ultimate source of
output growth. Technologies are needed to increase
and stabilize rice yield in the dominant wet-season
lowland environments and good progress is being
made in this regard (Schiller et al., this volume).
Given the overall labour scarcity of Laos, improved
technologies should not be too labour intensive.
Labour-saving technologies for land preparation,
crop establishment and weeding suit the labour-
scarce environments of Laos well. Emphasis should
be placed on reducing the substantial gap in yield
between the ‘best-practice’ farmer and the average
yield through better crop management technologies.
Results of afarm survey show that yield response to
fertilizers is highly variable among farmers. Such
variability in response may be partly due to lack of
knowledge about nutrient management. Research
could help develop recommendations that are suit-
able to specific environmental conditions. Some of
these recommendations have now been developed
and are being actively disseminated (Schiller et al,
this volume).

The new possibilities opened up by improved
technologies cannot be exploited fully without an
enabling policy environment. Poorly developed
marketing infrastructure and marketing institutions
remain a major handicap in commercializing the
subsistence-oriented agricultural sector of Laos. Asa
result, the Lao agricultural economy remains some-
what fragmented, and opportunities for regional
specialization based on comparative advantage are
being lost. Although the Government of Laos has
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taken initiatives to improve the marketing system,
more remains to be done. With appropriate policies
in place and with the technologies that are currently
being developed, Laos can indeed be self-reliant in
its most important staple crop.
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Agronomic Practices for Improving Yields of
Rainfed Lowland Ricein Laos

Sipaseuth?, P. Inthapanyal, P. Siyavong?, V. Sihathep3, M. Chanphengsay?,
J.M. Schiller®, B. Linquist® and S. Fukai®

Abstract

Agronomic research aimed at developing technologies for improving lowland rice yieldsin Lao
PDR began in 1992. Results indicate that, to obtain high yields from rainfed lowland transplanted
rice, high-yielding varieties should be sown in the early wet season (i.e. late May to early June)
and seedlings should be 25 days old when transplanted. Early sowing (early June) is also important
for direct-seeded rainfed lowland rice. When weed control is optimal and crop establishment is
good, yields of direct-seeded rice can equal those of transplanted crops. Yield potential can be
maximized under dry-season irrigated conditions by ensuring a high plant population through
closer hill spacing. Transplanted rice in rainfed lowlands probably has the same requirements. The
increase in potential yield achievable from improved agronomic practices for both rainfed lowland
and irrigated rice depends on appropriately managing soil fertility. Technology packages for both
transplanted and direct-seeded rainfed lowland rice in the wet season are also described.

In Laos, the area under rice is about 717 000 ha,
representing more than 80% of the area under culti-
vation (Lao—IRRI2000). Of the rice ecosystems, the
rainfed lowlands occupy the largest area (>60%),
with one wet-season rice crop as the basic production
system. According to government statistics rice
yields range between 2.5 and 3.5 t hal, but lower
yields are common, particularly in the rainfed low-
lands, where, under unfertilized conditions, yield can
be aslow as 1t ha™l. Rainfed lowland rice frequently
suffers drought. Early season drought can delay
sowing and transplanting, while late-season drought
reducesyield, particularly in late-maturing traditional
varieties.

Poor soil fertility is another important yield con-
straint. However, farmers generaly fail to perceive
these problems as a constraint, even though research
has demonstrated that yields can be increased through
improved N-P-K nutrition (Linquist et al. 1998).
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Key management options to minimize adverse
effects of drought and low-fertility soil conditions
are use of suitable varieties, fertilizer application,
appropriate planting time and use of seedlings of
adequate age for transplanting. These options have
been the focus of recent agronomic research in the
Lao lowlands.

Direct-seeding technologies have aso formed a
research focus, reflecting an increasing labour
shortage for transplanting near the larger provincial
towns, and relatively high labour costs at trans-
planting. In Laos, direct seeding is likely to replace
transplanting, athough gradualy, in a similar
manner as to what had happened in Northeast
Thailand (Naklang 1997).

Over the last decade, the area planted to dry-
season irrigated rice has expanded rapidly in Laos. In
1995, this area was 13 000 ha, expanding to about
100000 ha by 2000. Traditiona photoperiod-
sensitive varieties cannot be grown under dry-season
irrigated conditions, thus requiring the development
of suitable varieties for this environment. The Lao
research program also studied appropriate planting
times to maximize crop yield.

Much of the recent agronomic research in Lao
lowland rice ecosystems (both irrigated and rainfed
lowland) was conducted by the Lao National Rice
Research Program within the National Agriculture
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and Forestry Research Ingtitute (NAFRI). The
research was conducted in collaboration with the
Lao-RRI Project, and ACIAR supported projects
under both on-station and on-farm conditions.

This paper summarizes the more salient outputs of
these studies. Sipaseuth et al. (2000) have aready
published results on research on direct seeding.

Materials and Methods

Agronomic experiments on lowland rice were carried
out in three locations: Vientiane Municipality (VTN),
Savannakhet Province (SVK) and Champassak
Province (CPK) of Laos. Experiments were con-
ducted in both the rainfed and irrigated lowland rice
systems.

Rainfed lowland rice—transplanted

Effect of sowing date on the performance of selected
varieties

Studies on the effect of sowing date on the per-
formance of several selected rainfed lowland rice
varieties were undertaken in the 1994 and 1995 wet
seasons at the National Agricultural Research Centre
(NARC), VTN. Eight varieties were evaluated: for
1994, TDK1, Nang Nuan, Dok Tiou and RD8; and
for 1995, TDK2, L161, Niaw Ubon 1 and Pongseng.
Seeds were sown at about 15-day intervals between
25 May and 10 July in both years. In 1995, sowing
was carried out on two additional dates after July 10,
but floods destroyed the crops at the end of the
growing season. In all cases, transplanting took place
25 to 35 days after sowing.

Effect of sowing date and seedling age at
transplanting

Experiments were conducted at NARC, VTN, during
the 1997 wet season, and at two sites in the 1998 wet
season (VTN and SVK). In the 1997 study, the per-
formance of three improved glutinous varieties (PN1,
TDK1 and RD6) was evaluated. Five sowing dates at
15-day intervals were compared, using 25 or 45-day-
old seedlings (Table 1). In the 1998 studies, two lines
were used: IR57514-PM|-5-B-1-2 and SK12-47-2-1.

Table 1. Sowing and transplanting dates for 25 and 45-day-
old rice seedlings, 1997 wet season, Vientiane, Laos.

Sowing date Seedling age at transplanting date
25 days old 45 days old

25 May 20 June 10 July

10 June 5 July 25 July

25 June 20 July 10 August

10 July 5 August 25 August

25 July 20 August 10 September
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Rainfed lowland rice—direct seeded
Effect of sowing date

In the 1996 wet season, studies on the effect of
sowing date were conducted at the VTN, SVK and
CPK sites. At each site, lines in three phenology
groups, that is, early, medium and late flowering
(PN1, TDK1 and RDS6, respectively) were direct
seeded by dibbling (three replicates) at 2-week
intervals, beginning on 5 May and finishingon 5 July.

Genotype requirements for direct seeding

In the 1997 wet season, 18 genotypes were evaluated
for direct seeding at two sites at the NARC, VTN,
and at the Phone Ngam Research Station, CPK. All
18 genotypes were planted at VTN on 4 July 1997,
whereas only 11 genotypes were planted at CPK on
12 July 1997.

Two further experiments were conducted in the
1998 wet season to investigate genotype require-
ments for direct seeding and weed competition. The
experiments were conducted on farm at the VTN and
CPK sites. Twelve genotypes (including seven that
were used in 1997) were evaluated under weeded
and unweeded conditions. Sowing took place on
26 June 1998 and 2 July 1998 in VTN and CPK,
respectively. The same genotypes were also grown
from transplanted seedlings, and yields of different
genotypes were compared for crops established
through direct seeding or through transplanting.

Methods of weed control in direct-seeded rice

During the 1997 wet season, a weed control experi-
ment was conducted at the VTN, SVK and CPK
sites. Comparisons were made for extent of land
preparation (2 and 3 cultivations with 15 days
between successive cultivations) and weeding treat-
ment. During land preparation, the field was left
without standing water. The five weeding treatments
were (1) by hand, 15 days after dibbling (DAD),
(2) by hand, at 15 and 30 DAD, (3) by rotary, at 15
DAD, (4) by rotary, at 15 and 30 DAD and (5) no
weeding (contral).

Optimal spacing for direct seeding

A study was conducted at the VTN, SVK and CPK
sites in the 1998 wet season to study the effects of
planting density on the grain yield of a direct-seeded
crop. Two levels of weed control were compared
(weeded and not weeded), with two genotypes being
compared (IR57514-PMI-5-B-1-2 and |R66368-
CPA-P1-3R-0-1). Planting density treatments were
25 x 25 cm, 25 x 10 cm and continuous rows with
25 cm between rows. Seed was dibbled at a rate of
80 kg hal on 26 June in VTN, 30 May in SVK and
4 July in CPK.
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Dry-season irrigated rice

Effect of hill spacing and number of seedlings per
hill on grain yield

To study the relationship of yield to planting density
in several selected varieties, two studies were under-
taken at the NARC, VTN, in the 1994 and 1995 dry
seasons. Each study compared three hill spacings (25
x 25 cm, 20 x 20 cm and 15 x 15 cm, corresponding
to 16, 25 and 44 hills m2, respectively) and two
seedling densities (3 and 6 seedlings per hill). In
1994, two popular varieties, TDK1 and RD10, were
used, and in 1995, the varieties TDK1, RD10 and
RD23 were used. A split-plot design was applied
with varieties as main plots and planting densities as
subplots. Fertilizer was applied at a rate of 90, 30
and 20 kg hal of N, P,Os and K,0, respectively.
Nitrogen was applied in three equal splits, at trans-
planting, active tillering and panicle initiation.

Effect of hill spacing and nitrogen application
regime on grain yield

In the 1996 and 1997 dry seasons, we examined the
effect of the N application regime (0, 45 and 90 kg
N ha?) and hill spacing (25 x 25 cm, 20 x 20 cm
and 15 x 15 cm, corresponding to 16, 25 and 44

1994
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Grain yield (kg hat)

—®— TDK1 X
1000 A
= == = Rpg
ray Nang Nuan
= =X= = Dok Tiou
0 T T T
25 May 9 June 24 June 9 July

Municipality, Laos, 1994 and 1995 wet seasons.

hills m2, respectively) on rice productivity. Both
studies were conducted on station at NARC, VTN.
In 1996, the variety TDK1 was used, while, in 1997,
NTN1 was used. In al cases, six seedlings per hill
were transplanted. P and K were applied to al
treatments

Results and Discussion
Rainfed lowland rice—transplanted

Effect of planting date on the performance of
selected varieties

During the 1994 wet season, rainfall was generally
favourably distributed throughout the season. How-
ever, in 1995, early season drought and late-season
flooding adversely affected yields, lowering grain
yield to <3t hal (Figure 1). Despite these differ-
ences, the effect of delayed sowing was similar in
both years, and yield generally declined when the
crop was sown after June 10. Yields from sowing on
June 24 and July 10 were reduced by 22% and 39%,
respectively, relative to the first two sowings. The
lower yields associated with delayed sowing was
probably due to late-season drought or pest damage
(rice bug, birds and rats).

1995

3000

2500

2000

1500

TDK2

1000 1
- =0= = 161
Niaw Ubon 1

= =X= = pongseng

0 T T T
25 May 9 June 24 June 9 July

Sowing date

Figure 1. Grain yield of rice varieties at different sowing dates at the National Agricultural Research Centre, Vientiane
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In the 1994 study, yield decline associated with
delayed sowing appeared to be influenced by time to
maturity. TDK1 (a photoperiod-insensitive variety)
was the most affected by delayed sowing, with yield
declining by 45% between the first and last sowing
dates. RD8 (a highly photoperiod-sensitive variety)
experienced a 33% decline, while the other two local
varieties (moderately photoperiod sensitive) experi-
enced intermediate yield decline. However, despite
the large effect of sowing date, the yield of TDK1
was the highest over all sowing dates. In 1995, the
effect of time to maturity on grain yield was not
observed. The photoperiod-sensitive varieties (Niaw
Ubon 1 and Pongseng) performed similarly to the
photoperiod-insensitive varieties. Reduced yields
associated with delayed sowing in 1995 may have
been a result of flooding, the crops planted on last
two sowing dates being completely destroyed by
flooding.

Effect of sowing date and seedling age at trans-
planting

Yield datain the 1997 experiment showed consi stent
differences among varieties (Figure 2). Yield of
TDK1 was 30% higher than either PN1 or RD6.
Later sowing dates (25 June, 10 July and 25 July)
produced significantly reduced yields. The two
earlier sowing dates (25 May and 10 June) generally
favoured all three varieties and both seedling ages
(25 and 45 days). However, yield of 25-day-old
seedlings was, on average, 460 kg ha (22%) higher
than that of 45-day-old seedlings, and the difference
was consistent across sowing dates. The number of
days to flowering varied between sowing dates, par-
ticularly for photoperiod-insensitive varieties. The
time to flowering was longer when rice was sown
early.

A similar effect of planting time was also obtained
a VTN in 1998. However, planting an early
maturing cultivar (SK12-47-2-1) in May and early
June resulted in low yield at CPK in 1998 (Figure 3)
because this cultivar flowered in August and early
September during peak wet-season rainfall. Cultivars
and planting dates should therefore ensure that
flowering takes place after mid-September. In areas
of favourable soils and rainfal, early planted and
early harvested rice might allow a second crop.

Rainfed lowland rice—direct seeded
Time of direct seeding

Although, in general, sowing in late May to early
June produced the highest yields (Figure 4), for short
and intermediate-maturing varieties, it may result in
the crop flowering during peak wet-season rainfall,
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with subsequent detrimental effects on yield. Later
maturing variety was not suitable because of late-
season drought and rice-bug damage.
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Figure 2. Effect of different seedling ages (25 and 45 days
after sowing) at transplanting and sowing date on grain
yield of three rice varieties with different phenologies.

These results for direct seeding are similar to
those for transplanting mentioned earlier. Thus,
overdl, early sowing (late May-June) is advan-
tageous in that it avoids adverse growing conditions
in the wet season. These results confirm earlier
reports (Inthapanya et al. 1997) that late-season
varieties do not produce high yields because of the
effects of late-season drought.

Genotype requirements for direct seeding

In both the 1997 and 1998 wet seasons, interaction
between genotype and crop establishment method
was observed. In the 1997 Vientiane experiment, tall
genotypes (e.g. Eakhao) had much lower yields
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under direct seeding than under transplanting because
of a high tendency to lodge (data not shown). An
advanced line, |R46343-CPA-5-2-1-1, performed
better under transplanting than under direct seeding.
In Champassak, Ea-khao and 1R46343-CPA-5-2-1-1
did not perform well under direct seeding, compared
with Hom Nang Nuan, alocal variety.

Line IR46463-CPA-5-2-1-1

2500 -

2000 -

1500 +

1000 -

500 -

Line SK12-47-2-1

Yield (kg ha?)

2500

2000 -

1500 -

1000 1

500 1

25 10
June July

25 10
May June
Sowing date

Figure 3. Effects of sowing date on rice grain yield in
Champassak Province, Laos, during the 1998 wet season.

In the 1998 study, weeds heavily invaded direct-
seeded rice, and a significant interaction was
observed between variety and planting method (direct
seeding versus transplanting) (Figure 5). Some tall
genotypes, IRUBN-8-4-TDK-1-1 (5) and NSG 19 (8),
had much lower yields under direct seeding because
of a high tendency to lodge. Lodging is a major
problem with direct seeding because the higher
planting density, commonly used in direct seeding,
causes excessive stem elongation. Some flowered
rather late and did not lodge, even though they were
tall. Flowering was delayed for severa days in the
unweeded treatment. Varieties responded differently
to weeding, and the reduction in yield due to weeds
was rather small for some varieties (Table 2).
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Figure 4. Effect of sowing date on grain yield of direct-
seeded rice in Vientiane Municipaity and Savannakhet
Province, Laos, in the 1996 wet season.

Fukai (2000) suggested several genotypic traits
are required in rainfed lowland rice for conditions of
direct seeding. Some of these traits may also be
required for transplanted rice as well, such as appro-
priate phenology to avoid drought and general adap-
tation to low soil fertility. Traits needed more for
direct-seeding conditions are short to intermediate
plant height to prevent lodging, ability to compete
with weeds and ability to establish under adverse soil
conditions. Yield of direct-seeded rice can be as high
as that of transplanted rice, provided improved crop
establishment and weed-free conditions prevail.

Methods of weed control in direct-seeded rice

Results of the 1997 experiments showed that grain
yields among the three sites were different, partly
because of weed competition. Savannakhet gave the
highest yield, followed by Champassak in the weed
competition experiment. Preparing land two or three
times did not change yields significantly (Table 3a).
Weed growth was small at 15 days after sowing, and
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Figure 5. Relationships between grain yield of transplanted versus direct-seeded rice, wet season, Laos, 1998. (Numbers

refer to genotype listed in Table 2.)

Table 2. Yields of 12 rice genotypes (kg hal) established under direct seeding and grown under weeded and unweeded
conditions, 1998 wet season, Vientiane Municipality and Champassak Province, Laos.

Code Genotype Vientiane Champassak
no.
Weeded Not weeded Weeded Not weeded
1 IR68102-TDK-B-B-33-1 2470 a 1821a 1456 de 1019 bed
2 IRUBN4-TDK-1-2-1 2246 a 1184 abc 1973 a 899 bed
3 TDK1 2660 a 1683 abc 1959 a 809 d
4 IR57514-PM|-5-B-2-1 2514 a 1642 &b 1914 &b 940 bed
5 IRUBN-8-TDK-1-1 2217 a 978 bc 1707 be 917 bed
6 Dokmay 2621 a 1200 abc 1924 ab 1082 b
7 RD6 2227 a 1198 abc 2123 a 1299 a
8 NSG 19 2014 ab 975 bc 1318 e 1008 bed
9 IR58821/IR58821/CA-7 1313 b 639 c 1629 cd 814 cd
10 Mahsuri 2129 a 1423 abc 2007 a 1062 b
11 IR49766-KKN-52-B-23 1851 ab 1060 abc 1971 a 1028 bed
12 Hom Nang Nuan 1858 ab 1230 abc 1478 de 1054 bc

Means with the same | etters are not significantly different at the 5% significance level.

weed management at this stage had no effect on
fresh weed weight at all three sites. However, weed
management methods (e.g. by hand two times) had
an effect in VTN and CPK (Table 3b). A second
weeding at 30 days after dibbling effectively reduced

grass weed weight in CPK. In VTN, weeds reduced
grain yield by as much as 47%. Rotary weeding had
similar effects on weed control in both locations.
More importantly, it reduced labor requirement for
weeding in row planting.
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Table 3a. Grain yield (kg ha?) of direct-seeded rainfed
lowland rice when land was prepared two or three times
before sowing at three sites, Laos, 1997.

Land preparation Site?
VTN SVK CPK
Two times 2090 3671 2936
Three times 2175 4013 2640
LSDo0s ns ns ns

Table 3b. Yield (kg ha?) of direct-seeded rainfed lowland
rice under different weed control measures, obtained at
three sites, Laos, 1997.

Site?

Weed control treatment

VTN SVK CPK
Nil 1121 3823 2419
Hand weeding once 2131 3654 2795
Hand weeding twice 2280 3895 2917
Rotary weeding once 2457 3969 2857
Rotary and hand weeding 2670 3853 2948
LSDo.0s 294 ns ns
a/TN = Vientiane Municipality; SVK = Savannakhet

Province; CPK = Champassak Province.

Optimal spacing for direct seeding

Results suggest that the conventional spacing of 25 x
25 c¢cm used in transplanting is unlikely to be the
optimal spacing for direct seeding (Table 4).
Dibbling at 25 x 10 cm is effective for achieving high
yield and weed control, but requires considerable
labour. A sound method for continuous row planting,

where a simple tool can be used, should therefore be
established.

At al three sites, the 25 x 25 cm spacing resulted
in having the heaviest invasion of weeds and pro-
duced the lowest yields. In SVK Province, the 25 x
10 cm spacing produced higher yields than did con-
tinuous rows, as too many rice seeds were planted in
the continuous rows at this site. In CPK, yields for
the 25 x 10 cm spacing and continuous rows were
similar under both weeded and unweeded conditions.

Broadcasting, as commonly practised, makes
weed control very difficult, whereas the regular row
planting pattern facilitates manual and mechanical
weed control. Continuous row system where seeds
are dropped into shallow furrows 25 cm apart may
facilitate weed control. It also requires less labor for
planting, compared with dibbling. Wide spacing
between hills, however, is likely to encourage weeds.
Yields were higher for row planting than for 25 x
25cm or 25 x 10 cm spacings under weeded con-
ditions, except in SVK where sown seeds were
crowded together.

Dry-season irrigated rice

Effect of hill spacing and number of seedlings per
hill on grainyield

The effect of hill spacing and seedling number per
hill on grain yield for each variety is shown in
Figure 6. Although average yields in both years were
similar at 3.3 t hal, yield of individual treatments
ranged from 2.3 t0 4.9 t hal. In 1994, TDK1 yields
were 26% greater than for RD10, while in 1995,
RD10 yields were 20% higher than for TDK1.
Yields of RD23 were similar to that of TDK1. Yields
were consistently higher when hill densities were
high. On average, across al treatments and years,

Table 4. Grain yield (kg hal) of two rice lines grown at three different spacings (cm) and under direct seeding at three

sites, 1998 wet season, Laos.

Site? Spacing Line IR57514-PMI-5-B-1-2 Line IR66368-CPA-3R-O
Weeded Not weeded Weeded Not weeded
VTN 25x 25 2235 2083 1754 1152
25x 10 1741 2114 2356 2147
25 cm row 2594 2053 3623 1796
SVK 25x 25 1775 1591 1928 1476
25x 10 2207 2375 3120 2175
25 cm row 2095 1764 1835 1262
CPK 25x 25 1446 854 1551 942
25x 10 2067 1145 1761 1060
25 cm row 2097 947 1909 1054

a/TN = Vientiane Municipality; SVK = Savannakhet Province; CPK = Champassak Province.
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Figure 6. Effect of hill spacing and number of seedlings transplanted per hill on grain yields of selected rice varieties during
the 1994 and 1995 dry seasons, Laos.

increasing hill density from 16 hills m2 (25 x
25cm) to 25 and 44 hills m=2 increased yields by 5
13% and 31%, respectively. Doubling the number of
seedlings per hill from 3 to 6 also resulted in a con-
sistent increase in yield, averaging 9%. Increasing
planting density, either by spacing hills more closely
or planting more seedlings per hill, increased panicle
density (data not shown), resulting in higher yields.

Effect of hill spacing and nitrogen application
regime on grain yield

Responses to hill spacing and N treatment were
similar in both years, with yield increasing linearly
with the amount of N applied at each hill spacing
(Figure7). Yieldsfor TDK1in 1996 were higher than
for NTN1 in 1997, because of seasonal or varietal
effects. When no N was applied, increasing planting

Grain yield (t hat)

density from 16 (25 x 25 cm) to 44 hills m2 (15 x ! P 1515 cm
15cm) increased yields by 0.8 t hal (a 63% — — 20x20cm
increase), averaged across years. This suggests that, DNTNL 25x 25 cm
at higher planting densities, the crop can better exploit

native soil N. Furthermore, applied N fertilizer was o7 20 o0 %

used more efficiently at the higher planting density

than at the lower in both years. With 44 hills m2, the
yield increase per kg N applied was 24 kg, compared
with 18 and 12 kg for densities of 25 and 16 hillsm=2.

Nitrogen (kg ha™?)

Figure 7. Effect of hill spacing and nitrogen fertilizer appli-
cation regime on yields of rice varieties TDK1 and NTN1.
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Results from the spacing studies discussed above
are consistent with other reports. For example, Nguu
and De Datta (1979) found that, under low N con-
ditions, rice yields increased progressively with
increased planting density because high planting
density tends to compensate for the adverse affects
on yield of low tiller number with low soil fertility.
In our studies, even at the highest N rates applied
(90 kg ha1), N was limiting.

These data and the data from Figure 6 illustrate
the benefits of closer plant spacing under less than
optimal soil N conditions. Farmers typically space
their hills about 20 cm apart during the dry season
and up to 25 cm apart during the wet season. This
may be a reflection of labour availability, which is
typicaly less during the wet season with more area
being under cultivation. The benefits of higher
densities need to be weighed against the additional
cost of seed, extra labour required for a larger
seedbed and more transplanting. Furthermore, in the
wet season, high planting densities may predispose
the crop to drought.

Technology Packages

Technology packages have been developed for
rainfed lowland rice for both transplanting and direct
seeding. Further work is required before a tech-
nology package can be developed for irrigated dry-
Season rice.

Rainfed lowland rice—transplanted
Improved varieties

Since 1993, nine improved glutinous rice varieties
have been released for the wet-season lowlands
(Lao-IRRI 2000). In much of the Mekong River
Valley, when appropriate fertilizer management and
cultural practices are followed, these varieties can
raise average yields by at least 100%. The choice of
varieties also depends on sowing date (see next
section).

Appropriate sowing date

Sowing date depends on seasonal rainfall conditions.
Sowing seed in the nursery should wait until the
main fields are sufficiently wet. Sowing in late May
to June is probably optima for high yields under
most conditions. Unless the main fields are located
in low-lying areas, sowing in July is likely to result
in reduced yield with the crop maturing too late.
Early maturing varieties should not be sown early
(late May to early June), as the crop is likely to
flower during the wet-season peak.
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Transplanting with young seedlings

Transplanting date depends on the conditions of the
main fields, as the fields must be sufficiently wet if
transplanting is to be successful. If water is avail-
able, transplanting should be conducted while seed-
lings are young. Transplanting with 25-day-old
seedlings is likely to produce the highest yields.

Fertilizer application

The rate and timing of fertilizer application depend
on many factors, including socioeconomics and risks.
Farmers are usually recommended to apply nitrogen
in three splits: transplanting, active tillering and
panicle initiation. The total amount would depend on
whether the fields are irrigated (90 kg ha™) or rainfed
(60 kg hatl). Phosphorus is required in many
locations, and 20-30 P,Os kg hal is recommended
for sandy to sandy loam soils in the first season of
application (Linquist et a. 1998). In subsequent
seasons, an application of the amount removed by the
previous crop is sufficient (Linquist et al. 2000).
Although K is limiting on fewer soils, a moderate
amount of K (20 to 30 kg K0 ha) is recommended
as part of a sustainable management practice
(Linquist et al. 1998).

Rainfed lowland rice—direct seeding

This new technology of direct seeding may be appli-
cable under two conditions: that the costs and availa-
bility of labour are such that using the traditional
transplanting method is difficult; and that rainfal is
low at the beginning of the wet season, so that trans-
planting at the appropriate time may be difficult and
the crop is likely to fail or produce low yields. The
two key factors for successful direct seeding are good
crop establishment and weed control. The technology
package for direct seeding for Laos is detailed in
Sipaseuth et al. (2000), and is summarized below.

Quitable sites

Lowland fields with heavy soils, poor drainage or in
low-lying areas are generally not suitable for direct
seeding as the fields are likely to be too wet for
successful crop establishment. Fields with weeds
should not be used, as the problem is likely to
become worse under direct seeding.

Thorough land preparation

Because establishment is more difficult and weeds
are a major problem in direct seeding, fields need to
be prepared more thoroughly to establish an adequate
seedbed. Early land preparation at the beginning of
the wet season is recommended. Land levelling
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within a lowland field may be necessary for good
establishment of the crop.

High-yielding varieties

Varieties from the appropriate maturity group and
which are high yielding under transplanting are also
usually suitable for direct seeding. With earlier
seeding, improved, photoperiod-insensitive varieties
are likely to be suitable. However, tall traditional
varieties are often not suitable because of their
tendency to lodge.

Appropriate sowing date

Sowing date depends largely on water availability.
The genera recommendation is to sow when the soil
is moist but the field is not flooded. Seed may be
soaked for a day before sowing to encourage rapid
germination and establishment. If soil conditions are
favourable, late May to early June is optimal for
early sowing under most conditions. As for the trans-
planted crop, sowing date aso depends on the
variety to be used.

Planting pattern

If water conditions are favourable and weed problems
are not expected, broadcasting may be adopted.
Otherwise, planting in 25-cm-wide rows is recom-
mended, and seed may be placed in shallow furrows.
Row planting facilitates weeding.

Conclusions

The results presented in this paper provide some basic
understanding of lowland rice management for Laos.
Therainfed lowland ecosystem islikely to remain the
most important rice production system in Laos, and
efforts should be continued to develop sound
technology packages appropriate for this ecosystem.
The NAFRI-ACIAR-RRI group is conducting new
research to understand drought development patterns
and water movement in rainfed lowland ecosystems.
This may lead to an understanding of the risks
involved in planting upland crops after harvesting
rice.

NAFRI scientists, in association with the ACIAR
project, will aso work on dry-season irrigated rice.
This system has expanded rapidly in different
provinces of Laos, and variety requirements and
optimal planting times must be found for each
province. These need to be considered in relation to
wet-season rice planting and harvesting so that the
combined yield from wet and dry seasons is maxi-
mized. A key element of the work is to identify the
effect of low temperature at sowing, particularly for
northern Laos. Intergrated direct-seeding technology

40

packages that are being developed for the rainfed
lowlands in the wet season may need to be modified
for the dry season. In fact, direct seeding may be
adopted more readily for irrigated conditions because
of the ease of controlling water in the dry season.
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Rice Production Systemsin Cambodia

Ouk Makara2*, Men Sarom2 and H.J. NeshittP

Abstract

After suffering decades of grain deficits, Cambodia has had, for the last 5 years, a nationa
surplus of rice, resulting from expanding area under cultivation and improved yields. Most
Cambodian rice is grown in subsistence production systems found in rainfed lowlands (84%) and
uplands (2%), and under dry season (11%) or deepwater (3%) conditions. Traditional rice varieties,
which are photoperiod sensitive, are commonly grown in the rainfed lowlands, with early, inter-
mediate and late-maturing varieties grown in upper, medium and lower fields, respectively. Deep-
water and floating rice is grown to a decreasing extent along the edges of the Great Lake (Tonle
Sap) and along rivers. Upland rice-growing areas are scattered around the country. Modern rice
varieties, especially IR66, are common in areas with supplementary irrigation or grown as
recession rice. They are also replacing certain late-maturing selections. Most Cambodian rice is
grown on ancient aluvia soils that are poorly drained, often impoverished and leached. Multi-
cropping in rainfed areas is therefore infrequent, although double cropping is increasing on the
more fertile soils and in areas with supplementary or full irrigation. Small areas of cash crops are
grown almost exclusively in uplands and under irrigation on young aluvia soils. For the last
decade, farmers have been using results of recent research to increase productivity. Potential for
further increasing the productivity of Cambodian rice ecosystems is strongly linked to improving
availability of on-farm water, and to farmers using earlier maturing varieties and following soil-

specific fertilizer recommendations.

Cambodia lies between longitudes 102° and 108°
east, and latitudes 10° and 15° north. The country is
rimmed on three sides by mountains, which surround
a large central plain supporting the Tonle Sap, the
largest freshwater lake in South-East Asia, and
accompanying river complex. The central plain is
extremely flat, with an elevation difference of only
5to 10 m between south-eastern Cambodia and the
upper reaches of the Tonle Sap in the north-west, a
distance of more than 300 km. The plain resulted
from long-term deposition from the mountains and
from sediments carried into the plain by the Mekong
River. The river crosses the country from north to

aCambodian Agricultural Research and Development
Institute (CARDI), Phnom Penh, Cambodia

b Cambodia-|RRI-Australia Project (CIAP), Phnom Penh,
Cambodia

*Corresponding author: E-mail: pbreed@bigpond.com.kh

south-east by passing through Phnom Penh. At
Phnom Penh, the Mekong River meets the Bassac
River, which flows south, and the Tonle Sap River,
which flows north-west or south-east, depending on
the season. Between May and October, melting snow
in China and rainfall in the upper reaches of the
Mekong River cause water levels to rise. During this
period, water flows north-west from the Mekong to
the huge reservoir of the Tonle Sap through the
Tonle Sap River. This reservoir can expand tenfold
in area to about 25 000 km?2. In late October, when
the water level in the Mekong subsides, the water
flows back from the reservoir into the Mekong and
Bassac Rivers. The Mekong River rises and falls
about 9 m every year.

Cambodia is close to the centre of origin of rice,
and farmers in the region have been growing rainfed
rice for at least 2000 years, and possibly longer in
the case of upland rice. Natura selection has contri-
buted significantly to the evolution of various rice
varietal types for different environments. Irrigated

KEYWORDS: Rice production, Deepwater, Dry season, Rainfed lowland, Upland
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rice production technologies were introduced 1500
years ago (Chandler 1993) and were widespread
during the Angkorian period. The centrepiece of the
irrigation system was the great reservoir and canas
around Angkor Wat, and this system has remained
workable for supplementary irrigation until today. At
present, fully irrigated areas contribute to a very
small proportion of rice-growing areas in Cambodia.

Since 1995, Cambodia has achieved arice surplus
each year, dthough the national yield averages
1.8t hal. Thisyieldislow, compared with other rice-
growing countries, because most rice is produced in
rainfed lowland ecosystems, which suffer severe
climatic and edaphic constraints. The challenge of
increasing rice production remains a major objective
of the Cambodian Government and its scientists.

Current Production Status

Before 1970, Cambodia was one of the world's
largest rice exporters, shipping as much as 500 000
tons per annum. In 1967, the area under cultivation
reached 2.5 million ha and total production was
3.8 million tons after a steady increase from about
1.6 million tons in 1950. Production decreased
rapidly after 1974 and remained low during the Pol
Pot period (1975-1979). After the war, production
and the total area under rice began increasing to their
current status. From 1980 through to 1999, total rice
area increased from 1.4 million to 2.0 million ha and
rice production increased from 1.7 million to
4.0 million t (Table 1).

Harvested areas, grain production and average
yields in wet and dry seasons increased from 1993 to
1999 (Figure 1). Harvested areas in the wet season
varied from 1.40 million to 1.85 million ha between
1993 and 1999. In 1994, the harvested area was
affected by flood and drought, while in 1998 and
1999, increased areas may have resulted from culti-
vating two crops (rice—rice). Wet-season grain pro-
duction increased significantly from 2.0 million tons

in 1993 to over 3.4 million tons in 1999. Better
management, improved availability of fertilizer in
the markets and higher yielding varieties released by
the Cambodia-IRRI-Australia Project (CIAP) sig-
nificantly contributed to the increased production.
Wet-season grain yield steadily increased from 1.2 t
halin 1993 to 1.8 t hal in 1999 as farmers shifted
from growing late-maturing varieties to growing
intermediate-maturing traditional varieties and high-
yielding modern varieties.

With the release of the modern variety 1R66 and
other early maturing varieties developed by the
CIAP, the harvested areas in the dry season increased
from about 0.15 million hain 1993 to 0.24 million ha
in 1999. During this period, grain yield steadily
increased from 2.67 t ha® to 3.1 t ha in 1993 and
1999, respectively. Similarly, grain production
increased about twofold. The national grain yield
(wet- + dry-season crops) increased from 1.32 t ha!
in 1993 to 1.94 t hal in 1999.

Climate

Situated in the tropics, Cambodia experiences a mon-
soonal climate with distinct wet and dry seasons. The
wet season extends from May to October, while the
dry season runs from November to April. The long-
term distribution map presented in Figure 2 indicates
good rainfall during May to October. However, rain-
fall is extremely erratic and ‘mini’ droughts may be
experienced during any of these months. Because of
these ‘mini’ droughts, farmers preferentialy
cultivate traditional photoperiod-sensitive varieties.
Most rice-growing aress receive between 1250 and
1750 mm rainfall annually.

Minimum and maximum temperatures vary from
21°C to 37°C and the relative humidity fluctuates
between 60% and 80% throughout the year. The
least humid days are experienced during the lead-up
to the break of the wet season. Evaporation is also
greatest during this period, with water evaporating

Table 1. Areaplanted to rice, grain production, yield and population, Cambodia, 1900-1999.

Year Area planted Rice production Grain yield Human population Export rice?
(000 ha) (000 t) (t hat) (millions)
19002 400 560 140 2.0 Yes
19502 1657 1576 0.95 4.3 Yes
19602 2150 2335 1.09 55 Yes
19702 2399 3184 133 7.0 Yes
19802 1441 1715 119 6.3 No
19902 1890 2500 132 8.7 No
19990 2085 4073 1.95 12.0 Yes

a Source: FAO electronic database (2000).
b Source: Agricultural Statistics (1999-2000).
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from an open surface at arate of more than 250 mm
per month, which is greater than the average precipi-
tation for each month. Annual evaporation expected
from a free-standing surface is amost double that of
the annual rainfal in Phnom Penh. Cambodia is not
located in the typhoon belt and strong winds are
generally not a problem.

Although Cambodia is situated between latitudes
10° and 15° north of the equator, it still experiences
changing day length. The longest day of the year
(June 21) lasts about 13 h 12 min, diminishingto 12 h
30 min in August, and to 11 h 30 min in December.
Fluctuations in day length dramaticaly affects
flowering in many crops, including rice.

Sunshine hours are highest during December
through February when most days are sunny. The
cloud cover increases as the wet season approaches,
with the number of sunshine hours decreasing.
Potential rice yields are therefore much higher
during the dry season.

Rice Soils

The productivity of rice soils in Cambodia varies
greatly, with unfertilized rice yielding from 600 to
2600 kg hal (White et a. 1997). Most soils are
generaly of low fertility as a result of continuous
cultivation without adequate replenishment of lost
nutrients. The soils are not sufficient in nitrogen,
phosphorus and often potassium. Iron toxicity is
observed in some soils. In general, soil fertility
increases from the higher fields to the lower fields.
However, most soils are low in organic matter and
cation exchange capacity. The Prateash Lang soil
type, for example, described by White et al. (1997),
covers 25%-30% of the rice-growing area and is

considered as a difficult soil to manage. Other soil
types require high rates of P to increase yield to suf-
ficient levels.

To fertilize the Prateah Lang soil, the most com-
monly cultivated in the rainfed ecosystem, rates
recommended per hectare are 40-60 kg N, 23-29 kg
P,Os, 20-30 kg K0 and 0-10 kg S (White et al.
1997). To replace nutrients lost in the previous crop,
Cambodian farmers traditionally apply organic and
inorganic fertilizer to the fields, for example, about
82% of rainfed lowland farmers apply fertilizer (Jahn
et a. 1996; Rickman et al. 1995).

Application of organic fertilizer (manure) is
limited and farmers use it mainly for seedbeds.
About one third of farmers apply manure to seedbeds
at about 1.6thal. Lando and Solieng (1994a)
reported the application rates vary from 200-300 kg
to 25t of farmyard manure per hectare of nursery.
The actual amount depends on the availability of
manure. About 18% of farmers apply manure to the
main fields at an average of 1.9t hal, and about 5%
apply manure at tillering stage.

A large number of farmers apply inorganic fer-
tilizer between the seedling and booting stages
(Table 2; Jahn et a. 1996). Sources of inorganic
fertilizer were urea, di-ammonium phosphate (DAP)
and 16-20-0 of N-P—K.

The amount of applied fertilizer is still low for the
rainfed lowland soils. Farmers primarily apply N and
P. Most rainfed lowland farmers apply fertilizer only
once for late-maturing rice and two or three times for
intermediate and early maturing rices. The number of
applications depends on the fields' water status, in
that farmers do not apply fertilizer when fields are
dry or contain too much water.

Table 2. Inorganic fertilizer used in rainfed lowland rice of Cambodia, according to a survey of 1223 farmers in eight

provinces. Note that no K,0O was applied.

Rice-growing stage Fertilizer source?

Farmer applying
fertilizer (%)

Nutrient rate (kg/ha)

N P,Os

Seedling Urea 17.2 1.7 0.0
16-20-0 34.0 0.6 15.6

Transplanting Urea 81 17.0 0.0
DAP 20.4 9.8 25.0

Tillering Urea 36.0 204 0.0
DAP 33.2 9.0 23.0

16-20-0 5.2 82.0 10.0

Booting Urea 230 21.6 0.0
DAP 6.7 75 19.0

16-20-0 10 83 10.0

a DAP = di-ammonium phosphate.
Source: Modified from Janh et al. (1996, Table 9).
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Rice Ecosystems

Rice grows in a range of ecosystems in Cambodia,
including rainfed lowlands and uplands, and under
conditions of floating and/or deep water and dry
seasons (Table 3). By far the highest percentage of
the rice-growing areais found in the rainfed lowlands
(84% in 1999). Early, intermediate and late-maturing
varieties are located in upper, medium and lower
fields, respectively, to match the maximum water
depth that the crop would experience. The charac-
teristics of these varieties are well described by Javier
(1997 cited in Neshitt 1997). Over the past decade,
farmers have steadily shifted away from cultivating
late-maturing (flowering after 15 November) rice
varieties to growing intermediate-maturing types
(120150 days if photoperiod insensitive, and
flowering between 15 October and 15 November if
photoperiod sensitive). The cultivation of late-
maturing rice decreased from 1.57 million ha to
0.60 million over a 32-year period. A significant
increase in areas of early and intermediate-maturing
varieties under cultivation played a major role in
increasing rice production during this period.

Table 3. Production areas (%) of different rice ecosystems
in Cambodia.

Ecosystem Production area (%)
19672 19812 1995°  1999b
Wet season 93.8 934 91.7 88.9
Rainfed lowland 77.9 86.7 85.7 84.0
Early 29 15.6 174 17.2
Medium 124 17.0 354 38.9
Late 62.6 54.1 329 279
Deepwater 15.9 6.7 41 2.6
Rainfed upland — — 19 22
Dry season 6.2 6.6 8.3 111
Total ("000 ha) 2508.2 14410 2038.1 2153.9

aSource of datac MAFF (1993).
bSource of data: Agricultural Statistics (1995-1996, 1999—
2000).

Less than 3% of the Cambodian rice area is
currently planted to deepwater and/or floating rice.
Small areas of upland rice are found in north-eastern
Cambodia, mainly under shifting agriculture. Dry-
season production is increasing in both area and
yield. Of the three types of dry-season rice, most is
recession rice, that is, it is planted when the water
level in the rivers recede. The other two rice types
are both dry season, but one receives supplementary
irrigation and the other full irrigation. While they
represent only a small proportion of dry-season rice,
itself contributing only 18% of the nation’s total pro-
duction in 1999, they are of increasing importance to
Cambodia’'s food security and economic growth.
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Rice Cultivation Practices

Rice-farming practices vary considerably between
the rainfed lowlands and uplands, and deepwater and
dry-season areas. Farmers in the rainfed lowland
ecosystems begin applying farmyard manure to their
fieldsin April and May every year. In the event of a
shortage, preference is given to applications on
paddies cultivated as seedling nurseries to soften the
soil for ploughing and to improve seedling viability.

When there is sufficient rain to prepare the
nursery, the soil is ploughed twice and harrowed
once or twice to level the plot. The soil is ploughed
diagonally across the field to improve drainage. The
prepared nursery is immediately broadcast with pre-
soaked (24-36 h) rice seed. Sowing rates vary from
50-70 kg per 0.1 ha of nursery, depending on soil
fertility. Nurseries occupy 15%-25% of the total
farm area and are preferably located close to a water
supply for supplementary watering during the year
and are often located close to the farmer’s house.

The first mainfield ploughing is usually after the
first rains, which soften soils. Because the soils com-
pact easily, the second ploughing, usualy followed
by harrowing, is practised one day before or on the
day of transplanting. On sandy soils, harrowing is not
practised and farmers transplant seedlings immedi-
ately after the second ploughing. Preference is given
to fields with free-standing water for ease of trans-
planting and improved survival of seedlings. Thus,
seedling ages vary greatly from 20 days for the early
maturing and photoperiod-insensitive varieties to 100
days for the late-maturing, photoperiod-sensitive
varieties.

The process of transplanting varies considerably.
Some farmers apply fertilizers basaly, whereas
others dip roots in a mixture of fertilizer and cow
manure. Transplanting sticks may be necessary on
sandy soils, and transplanting densities can range
from 80 000 to 800 000 hills per hectare. The recom-
mended transplanting rate for modern varieties is at
250 000 hills per hectare.

Broadcasting of rainfed riceis commonly practised
in north-western Cambodia. Jahn et a. (1996)
reported 11% and 32% of farmers broadcast rice in
the wet and dry seasons, respectively. This is gener-
aly achieved by ploughing the soil once or twice,
broadcasting dried seed and possibly harrowing once
after sowing. Labour involved with establishing and
managing anursery plustransplanting isthereby elim-
inated. Weeds are a problem with this broadcasting
technique and often farmerswill plough the crop once
6 to 8 weeks after emergence to kill the weeds. The
riceistall enough to partially survive, and new shoots
and roots develop from the first node on the culm. The
plant can then continue to growing to maturity.
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Spot weeding of rainfed fields is a common prac-
tice and farmers regularly drain or re-bund their
fields during the wet season to improve weed control.
Harvesting is by hand, with a sickle, and bundles are
regularly stacked on bunds to dry before threshing.
Once dried, the bundles are generaly carted or
carried to the farmhouse and threshed at leisure over
the dry season. Grain is stored permanently in above-
ground silos or in temporary jute bags before selling.
The rice straw is heaped in a pile (usually around a
post) to be fed to animals during the wet season when
there is little pasture to graze.

After harvedt, the stubble is grazed by cattle and
other animals. They may be tethered or free-range
fed under the eye of a herd boy. Some farmers burn
off the stubble during the first quarter of the year to
assist land preparation and kill off residing pests and
diseases. This practice decreases the quantity of
roughage for grazing animals. At the onset of the
first rains, germinating weeds increase the availa-
bility of green feed in rainfed and deepwater rice
fields. Legume pastures are developed on the bunds
and on other ground not flooded in the wet season.
There is potential for improving this pasture as a
source of animal feed with the application of P and
introduction of improved species (White, F.P., pers.
comm. 1999). As transplanting progresses and the
land available for grazing diminishes, cattle are often
taken to upland sites to feed or are fed by hand near
the house. Freshly cut material is supplemented with
straw collected after threshing.

Early maturing varietiesaregrown in shallow water
(0-20 cm), intermediate-maturing varieties are grown
in medium water depth (2040 cm) and late-maturing
varieties in water as deep as 50 cm. The cultivation
schedules of these maturity groups are illustrated in
Figure 3. In areas with shallow and medium water
depths, farmers cultivate rice more intensively. In
shallow-water fields, some farmers cultivate dry-
season rice with supplementary ground water after the
wet-season crop is harvested (Figure 3a). In some
medium-depth fields, two crops can be cultivated in
the wet season, using ground water for supplementary
irrigation. The first, early maturing, rice crop is
planted in mid-March with supplementary irrigation,
while the second, intermediate-maturing, rice crop is
transplanted usually 2 weeks after harvesting the first
crop (Figure 3c). Some farmers cultivate crops such
as beans, cucumbers and watermelons before or after
the rice crop.

Floods, droughts and pests are major constraints
to production in rainfed lowlands. Heavy local rains
cause flash floods, whereas long-term floods are
caused by increased water levels in the Mekong
River. Droughts can damage rice at any time during
the growing period. In the 1999 wet season, for
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example, floods and drought damaged 50 400 and
9100 ha of rice, respectively (DAALI, 2000).
Uneven fields, which may lead to poor water
management result in part of the field flooded while
others droughted. Common pests are rats and the
brown plant hopper (BPH).

Upland rice is cultivated in two ways. shifting
cultivation, and monocropping for several seasons.
In shifting cultivation, existing forest cover in the
area dashed and burned, then upland rice seed is
usualy dibbled into the ground with a sharp stick
(Figure 3e). Sowing follows early season rains and
harvesting is between August and December. Fer-
tilizer is not applied. Crops may be pure stands or
intercropped with maize, cassava, cucumber, water-
melon, eggplant and beans. Weeds are more prob-
lematic for upland rice, with weeding being needed 2
or 3 times for a monocrop. Upland rice fields, culti-
vated on a regular basis, are located on small hills
with gentle slopes. Where rice is rotated with other
crops (e.g. beans, sugar cane and peanut), the
sequence of crop rotations depends on demand.

Land preparation for deepwater rice begins
immediately before the wet season breaks when
farmers burn the previous year's stubble. Two
ploughings and one harrowing follow immediately.
Dry seed is then broadcast at arate of 120 to 150 kg
ha? (Figure 3f). However, if the rains are unusually
late, some farmers may broadcast the rice seed and
plough it in, or broadcast it over single-ploughed
soil. Fields are not bunded and weed incidence is
prolific. Animals regularly graze the fields before
flooding. Some farmers weed their fields but few
apply herbicides or other pesticides.

Once the floodwaters recede, the crop is harvested
by cutting stems immediately below the panicle. The
bundles are returned to the village for threshing.
Fertilizers are rarely applied to deepwater rice fields.

Most dry-season rice is cultivated in flood reces-
sion areas (Figure 3g). As such, it receives regular
nutrient supplementation from silting and fertilizer is
applied in the form of urea as a top dressing only.
Thefirst available fields are used as nurseries. Trans-
planting takes place when the receding water level in
thefieldsis at an appropriate depth for transplanting.
Water is pumped up from rivers and recession ponds.
Modern, photoperiod-insensitive varieties are grown
and recommended practices for these are followed.
Transplanting is spread over December to March.
Transplanting is commonly practised and some
farmers in Phnom Krom (Siem Reap) throw seed-
lings instead of transplanting. Broadcasting is
increasingly practised, with a seed rate as high as
200 kg hal. Vietnamese farmers had recently intro-
duced this high seed rate technology. In some areas,

Increased Lowland Rice Production in the Mekong Region
edited by Shu Fukai and Jaya Basnayake
ACIAR Proceedings 101
(printed version published in 2001)



a. Rainfed lowland, early maturing rice (RE) and dry-season rice with supplementary irrigation (DSR)
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c. Rainfed lowland rice with supplementary irrigation in medium water depths.
ES = early maturing rice with supplementary irrigation; M = intermediate-maturing rice
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Figure 3. Common schedules for rice cultivation in different agroecosystems in Cambodia.
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supplementary irrigation is pumped up to crops at the
beginning of the wet season.

The cultivation schedule for dry-season rice with
supplementary irrigation in rainfed shallow water is
presented in Figure 3a. Under full irrigation, farmers
cultivate 2 or 3 crops per annum, depending on water
sources and market price. They can be in a sequence
of irrigation—ainfed, rainfed—irrigation, and irriga-
tion—rainfed-irrigation. Intermediate-maturing and
photoperiod-sensitive varieties are commonly used
under rainfed conditions.

Rice-Animal—Fish Interactions

Most farm households possess a small number of
domestic animals. Theseinclude chickens, ducks, pigs
and cattle. Thefirst two are usually raised for domestic
egg and meat consumption, whereas pigs and cattle
provide a vauable source of cash when sold.
Chickens, ducks and pigs are reared on household
scraps and rice bran and scavenge around the village.

Children are often responsible for tending the
cattle. During the dry season, they drive them to rice
paddies, uncropped areas and grassed roadsides.
After transplanting, cut-and-carry techniques are
more often employed to avoid the cattle breaking
from their tethers into crops. During this period,
flooding has reduced the grazing area and rice straw
is hand fed to the animals as roughage.

At night, the animals are sheltered under the
houses or in nearby sheds. It is from here that the
manure is collected for application on vegetable
patches or on rice nurseries and main paddies.

Cattle and water buffal oes provide draught for most
farm households. Lando and Solieng (1994a, b, c)
observed that, although farmers owned an average of

3 animals, the distribution was uneven and in one
survey intherainfed lowlands, 21% of farmersdid not
own draught animals (Rickman et a. 1995). These
farmers hired animals from neighbours, resulting in
delays in farming activities. Lower crop yields con-
sequently result from poorly timed practices.
Although fish farming in small ponds has
increased in popularity over recent years, only a few
farmers have experimented with raising fish in the
rice fields. The procedure is to dig trenches around
or through the paddies. As the water level drops, the
fish are able to retreat into the trenches in the paddy.
Control of predatory fish is difficult and rainfed
paddies often dry out completely during the ‘mini’
droughts of the wet season. However, properly pre-
pared fields can result in farm surpluses of fish,
which can provide a valuable source of income.

Other Farming Enterprises

Diversification of farming enterprises is restricted
because farmerslive away from their fieldsin villages
situated on higher ground. However, recently, isolated
cases of farmers are constructing ‘ditch-and-dike
farming systems', fish ponds and devel oping watering
ponds for crop (rice, vegetable and fruit trees) irriga-
tion. This intensification needs to increase as the land
is placed under further population pressure.

Household L abour

An average Cambodian farm is about 1.6 hain area,
athough size varies widely across ecosystems
(CARDI, 1998 unpublished data). The common
household comprises 5 or 6 persons. Table 4 provides

Table 4. Labour requirements for rice production on a one-hectare farm in Cambodia. The example of the Phum Run

Family, Takeo Province.

Activity Gender Days Persons Total labour
(no.) (no) (person-days)
Seedbed
Harrowing and ploughing Mae 15 1 15
Sowing Female 1 1 1
Rice field
Harrowing and ploughing Male 10 1 10
Pulling seedlings Both 1 15 15
Transplanting Both 1 37 37
Crop maintenance Mae 1 10 10
Harvesting Both 5 6 30
Threshing Both 3 2 6
Storage Both 1 2 2
Total labour requirements 1125

Source: CARDI (Cambodian Agricultural Research and Development Institute). 1998. Unpublished survey.
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an example of rice labour needed to complete all
tasks, on 1 ha of land, for the Phum Run Family in
Samrong District, Takeo Province. As with most
farmers, this family uses more labour for pulling,
transplanting and harvesting than for seedbed and
land preparation. Transplanting and harvesting
required 37 and 30 person-days, respectively.
Ploughing and harrowing of the main field required
10 person-days, and pulling seedlings 15 person-
days. While most activities involve both males and
females, ploughing and harrowing are done by males.

Conclusions

Rice production in Cambodia relies heavily on the
rainfed lowland ecosystem. Thus, the amount of rain-
fall substantially affects rice productivity. Floods and
droughts are mgjor constraints to increasesin produc-
tivity. The impact of these factors can be reduced in
two ways. by constructing expensive irrigation and
drainage canals throughout this ecosystem, including
the levelling of paddy fields, or by developing
varieties that tolerate floods and droughts while
maintaining a higher yield potential. These devel-
oped varieties must also be tolerant of major pests
such as the BPH and be of good quality to meet
demand. Such improvements, combined with
educating farmers on such issues as appropriate
planting times and fertilizer application, are the
major challenges that the Cambodian rice research
program must accept.
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Crop Intensification of Rice-Based Farming Systemsin

Cambodia

Sareth Cheal 2*, Rob Cramb?, Harry Nesbitt!, Shu Fukai?,
Phaloeun Chan? and Peter Cox?

Abstract

Before introducing technology packages, agricultura researchers must first thoroughly under-
stand the farming system that the technology will affect. That is, if researchers are to find
encouraging innovation by farmers worthwhile they must know those factors affecting the targeted
farming system: climate, water sources, flood or drought incidence, crop—animal—forest interactions
and socioeconomics (e.g. labour shortages, input costs, availability of markets and knowledge and
skills of farm household members). This study of Cambodian farming conditions focuses on the
rainfed lowland agroecosystem and its different cropping models to demonstrate an approach
intended as a precursor to increasing the productivity of rainfed ecosystems in Cambodia. A
recently begun case study on double cropping rice at a specific site will explore those factors that
encourage or constrain farmers from double cropping rice or crop intensification. Further studies,
supported by the ACIAR, will determine whether double cropping riceis possible in other areas and

if it is economically and socially justified.

AGRICULTURE involves 80% of the Cambodian
population, providing the major source of income for
rural dwellers. The agricultural sector is therefore a
major contributor to the national economy. Until the
late 1960s, Cambodia regularly produced a rice
surplus for export. The quantity of milled rice
shipped abroad at that time was as high as 250 000 to
400 000 tonnes p.a. (Helmers 1997).

Rice exports during the 1970s and 1980s were
non-existent because rice production was below local
requirements almost every year. According to statis-
tics from the Cambodian Ministry of Agriculture,
Forestry and Fisheries (MAFF), total rice production
began decreasing in the early 1970s until the late
1980s, when they began increasing again. Mean-
while, the country’s population had dropped from
more than 7 million in 1968 to just above 6 million
after the Khmer Rouge regime collapsed in 1979.

1 Cambodia-IRRI-Australia Project, Phnom Penh, Cambodia
2The University of Queensland, Brisbane, Qld., Austraiia
3Cambodian Agriculturd Research and Development
Institute, Phnom Penh, Cambodia

*Corresponding author: E-mail: csareth@yahoo.com.au

Rice consumers (nearly everybody in Cambodia)
increased to 11.8 million in 1998 with a growth rate
of 2.4% p.a (MPA 1998).

Poor riceyield isamajor constraint to agricultural
production, resulting in food shortages. Javier (1997)
points out that erratic rainfall, pests, poor soils,
traditional varieties, small farm size, and inadequate
labour, farm power and capital al cause rice produc-
tivity in Cambodia to be the lowest in Asia. Low
agricultural production is a result of both natural
factors and socioeconomic constraints (such as
labour shortage, input costs, lack of markets and
inappropriate knowledge and skills of farm house-
hold members), which slow down the adoption of
new technologies.

The cultivation of one rice crop in the wet season
is the commonest practice, athough non-rice crops
may yield good incomes. Wet-season rice currently
occupies 88% of the rice-growing area in Cambodia,
83% of which is found in rainfed lowlands (MAFF
2000). Moreover, low-yielding traditional varieties
are used. Javier (1997) states that, although many
traditional varieties have low yields, farmers remain
satisfied with them because of their good grain

KEYWORDS: Agricultural development, Research planning, Rice double cropping
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qualities or adaptability to specific abiotic stresses.
Consequently, rice yields are often less than 1 t haL.
Yields are particularly low on very acid soils without
fertilizer (CIAP 1998).

Limited potential exists for increasing the area
under rice in Cambodian rainfed lowlands. Farmers
badly need new ways therefore to produce enough
food for year-round consumption and for sale. To
meet domestic requirements, the first priority for
national development, farmers could select a variety
of short-cycle crops that can be cultivated more than
once a year in the same field. Farmers could also
improve soil fertility by growing legumes, thus
increasing total production. Cultivation of green
manure crops may aso increase rice yields. Earlier
experiments by the Cambodia-RRI-Austraia
Project (CIAP), working with MAFF, have shown
that growing green manure before rice cultivation
can increase rice yields by 40% (Nesbitt and Chan
1997).

In this paper, theterm ‘intensification’ refersto the
practice of growing more than one crop ayear. Crops
can be grown in different seasons in the same year or
two crops may be grown in one season. Because rice
is the staple food for al Cambodians, it becomes the
base crop for intensification. Other crop options
include vegetables, cereals, beans and possibly fruits.
While final selection of options depends on farmer
preferences, farm type and climate, short-cycle
annual crops are critical for crop intensification
systems. Modern rice varieties have short cycles and
are photoperiod insensitive. They can be cultivated
more often than traditional varieties and so help
ensure food supply (Lipton and Longhurst 1989). In
Cambodia, IR66 (duration within 110 days) and other
photoperiod-insensitive varieties enable farmers to
grow two to three rice crops per year on the same
land.

This paper first reviews the rainfed lowland agro-
ecosystem in Cambodia, then provides an overview
of the advantages, constraints and economics of
double-cropping rice.

Double Cropping in Rainfed L owland
Agroecosystem

The rainfed lowlands include most of Cambodia s
farmland. It stretches from the country’s north-west
to south-east, excluding alluvial flood zones. Thisflat
land is narrow in central Cambodia, becoming wider
towards the north (Ministry of Education 1985).
Neshitt (1997) states that the annual rainfall has been
recorded as ranging between 1250 and 1759 mm in
most rice-growing areas. Standing floodwater from
rainfall can be between 0 and more than 25 cm deep
over long periods but, in short periods, may be as
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deep as 50 cm or more (Javier 1997). Rainfed low-

land rice paddies are categorized into three levels:

upper, middle and lower fields, each with typical
depths of standing water: 20-30 cm, 2040 cm and
deeper than 50 cm, respectively (Lando and Mak

1991; Neshitt 1997).

Rainfall in lowlands is lower than that in coastal
and upland zones, and is the only source of water for
crop production in most lowland areas. Nevertheless,
the rainfed lowlands are still considered to form the
country’s rice bowl. Javier (1997) states that rainfed
lowland conditions are found in al provinces, but
mainly in the central plain provinces around Tonle
Sap (‘the Great Lake'), Bassac River and Mekong
River, adjacent to outer margins of aluvial flood
zones. Because water availability is limited, most
rice is produced in the wet season. A survey, con-
ducted in 1994-1995 by MAFF's Department of
Agronomy (DOA, 1995, cited by Javier 1997),
showed that the area for wet-season rice is 10 times
larger than for dry-season rice, that is, 1 747 000 ha
versus 169 000 ha.

Of the wet-season production areas, the middle-
level fields, usually planted with intermediate
maturing rice varieties, take the largest share,
followed by lower level fields (with late-maturing
varieties) and upper level fields (with early maturing
varieties). Regardless of the varietal maturity groups,
single cropping (i.e. one rice crop per year) is
common practice in most parts of the rainfed low-
lands because of erratic rainfall and limited water
(CIAP 1998). Supplementary sources of water and
irrigation systems are scarce. Cambodian farmers
therefore leave their land fallow for the entire dry
season, athough grazing may be possible for a
couple of months after harvest while rice stubble is
available.

However, double cropping has begun in certain
areas of the rainfed lowlands where supplementary
water is available (CIAP 1998). Double cropping
may be (Figure 1):

1. Rice—ice (one rice crop in the wet season and
another in the dry, or one in the early wet and
another also in the main wet),

2. Rice before other crops and

3. Other crops before rice.

In addition, parts of the rainfed lowland fields of
progressive farmers are being remodelled for
additional cash crops in either the wet or dry season
(Nesbitt and Chan 1997). Non-rice crops are culti-
vated in two different systems in the rainfed low-
lands: with and without supplementary irrigation.
Vegetables, beans, tuber crops and squash are com-
monly seen in systems with supplementary irriga-
tion, but vegetables and tuber crops are occasionally
seen in non-irrigated systems.
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1. Single crop: rice
<4 P Land preparation
<4——p Seedbed
4——p Transplanting

<4 P Harvesting

| April | Mayl Junel July | Aug |Sept | Oct | Nov | Dec | Jan | Feb | Mar |

2. Double crop: rice (transplanting)-rice

44— Land preparation
<4—)p Seedbed
<4—) Transplanting
<4—)p Harvesting
<4—) Transplanting
4——p Harvesting

| April | Mayl Junel July | Aug |Sept | Oct | Nov | Dec | Jan | Feb | Mar |

3. Double crop: rice (direct seeding or upland crop)-rice
4—— ) Land preparation
<4—)p Sowing
<4——)» Harvesting
44— Transplanting
44— Harvesting

| April | May | Junel July | Aug |Sept | Oct | Nov | Dec | Jan | Feb | Mar |

4. Double crop: rice—upland crop

<4 P Land preparation
<4——) Seedbed
<4— ) Transplanting
44— Harvesting
44— Land preparation
<4——)p Sowing
—— ) Harvesting -

| April | Mayl Junel July | Aug |Sept | Oct | Nov | Dec | Jan | Feb | Mar |

5. Double crop: rice—upland crop
<4—» Land preparation
4—)p Seedbed
4—) Transplanting
<4——» Harvesting
<+—
—— Land preparation

<4—) Sowing
<4——» Harvesting

| April | May | Junel July | Aug |Sept | Oct | Nov | Dec | Jan | Feb | Mar |

Figure 1. Rice-based cropping systems in the rainfed lowlands of Cambodia.
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In 1998, CIAP conducted an experiment on
growing mung bean before wet-season rice. The first
crop was severely damaged by drought shortly before
harvest, following the pattern of pre-wet-season rice
crops planted in rainfed lowlands and which often
failed to produce good yields without underground
water (CIAP 1999). Even though the mung bean crop
failed, the crop had contributed nutrients to rice
fields, thus indirectly benefiting farmers.

In Prey Kabas District, Takeo Province, rice farms
characteristically have infertile soils with low water-
holding capacity. Because only one, low-yielding,
rice crop could be planted, farmers in this area
experienced frequent food shortages (CIAP 1999).
Yet, farmers in this District have successfully
changed their fields into double-cropping systems by
developing supplementary irrigation, using tube
wells (CIAP 1998), and improving the poor soil by
applying fertilizer—especialy green manure and
cow manure (CIAP 1998).

Crop intensification reduces food deficits and
increases household income (Table 1). Sengkea
(1998) demonstrated that farmers who cultivated
mung bean before rice increased their farm incomes
by 9%, compared with the practice of just growing
single rice crop. Non-rice crops planted before wet-
season rice included beans, vegetables and other
annual cash crops (CIAP 1999).

Rice crops, such as IR varieties, have also been
cultivated before the wet-season rice crop, using
available underground water as supplementary
irrigation. The Deputy District Governor of Prey
Kabas District, Meys Sorn, previously grew only one
wet-season crop a year, but now with supplementary
irrigation from a tube well, he can grow as many as
three crops per year (ADB 1997). He estimates that,
with supplementary underground water, at least
3000 ha could support more than one crop.

Together with tube-well irrigation, the develop-
ment of modern rice varieties that are short cycle and
photoperiod insensitive will help farmers grow two
or three crops in one year. Rice production statistics
from the DOA indicate that dry-season rice farmers,
who grow IR varieties on their rainfed lowland fields
during the early wet season, have expanded both
growing area and production of IR varieties from
35980 ha and 66 561 t in 1987 to 81 040 ha and
194 496 t in 1997 (DOA, 1998, cited by Cambodia-
IRRI-Australia Project (CIAP) 1998).

However, IR varieties are not widely used by Cam-
bodian farmers in rainfed lowland rice agro-
ecosystems. Until 1995, traditional varietieswere still
planted on about 94% of the total 1.75 million ha of
rainfed lowland paddies (Javier 1997). The modern
photoperiod-insensitive short-cycle rice varieties
such as IR5, IR8, IR20 and IR22 (but not IR66),
which were devel oped and released at IRRI, werefirst
tested in the 1970sin Cambodia at the Toul Samrong
and Bek Chan rice research stations in Battambang
Province (Javier 1997). Between 1987 and 1990,
IRRI provided Cambodia IR66 seed through CIAP
and other agencies, and directly to provincia agri-
cultural staff in 1987 until CIAP started, more than a
year later (Cox and Mak in press).

In certain aress, farmers grow IR varieties in the
wet season, for example, Kandal Steng and Angsnoul
Districts of Kandal Province and Treang and Angkor
Borei Districts of Takeo Province (CIAP 1997).
Although Cambodian farmers plant any or some of
17 IR varieties, most prefer IR66 (73% share of pref-
erence), because of its short cycle (appropriate to
field size and water availability in fields), resilience
when grown on poor soils with erratic rainfall (CIAP
1997; Cox and Mak (in press)) and, in particular, best
adaptation to growing in the dry season (i.e. 60% of

Table 1. Costs and returns on rice and mung bean production in two ecosystems, Cambodia. These illustrative examples
of average figures were obtained from a survey (n = 15) conducted in two provinces.

Province Mung bean production? Rice production?
Yield Gross Variable Gross Yield Gross Variable Gross
kg hat income costs margin® kg hat income costs marginb
US$ hat USS$ hat
Takeo® 90 49 18 31 2000 240 83 157
Kandald 422 192 46 146 2300 292 71 221

aExchange rate: US$1 = 3900 riels.

bGross margin = gross income minus variable costs (including actual monetary expenses, non-labour inputs and family

labour inputs).

°Rainfed lowland ecosystems.
dAlluvial flood ecosystems.
Source: Sengkea (1998).
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dry-season land surveyed was planted to IR66) (Jahn
et a. 1998).

Because of its short cycle, photoperiod insensi-
tivity and resilience, IR66 can be planted in the early
wet season with or without supplementary water or
other sources of irrigation. Mak (in press) states that
early wet-season rice farmers access different
sources of water: 35% depend entirely on rainfall;
37% on supplementary irrigation; 8% on tube wells;
3% on lakes or tributaries; and 18% on river
flooding. Of the eight provinces where CIAP con-
ducted a survey, the percentage of farmers who used
supplementary water for early wet-season rice was
highest in Takeo Province and least in Prey Veng
Province where rainfall remained the main irrigation
source (Mak in press).

Results of yield experiments (Cox and Mak, in
press; IRRI-Cambodia Project, 1990) between 1990
and 1993 showed that IR66 provided the highest
yieldsin the shortest time: 4.3t hat in only 109 days
versus 4.0 t hal for IR Kru and IR72 in 113 days
and 115 days, respectively, and 3.6 t hal for the
local check variety (IR42) over a longer period
(136146 days). Moreover, IR66 was the only
variety recommended for rainfed lowlands (early wet
season) and irrigated areas. Mak (in press) claims
that the early wet-season rice has a lower risk of
suffering pests than dry-season rice.

In summary, rainfed lowland agroecosystem com-
prises the largest rice-growing area, being about 86%
of total area (Javier 1997). But, it is relatively unpro-
ductive farmland because of soil infertility, lack of
irrigation, poor rainfall patterns (erratic, unevenly
distributed and low quantity) and, in particular, the
practice of traditional cultivation methods, involving
traditional varieties and single rice-cropping patterns.
Over the last couple of years, farmers have begun
diversifying from single cropping to double crop-
ping, including rice-rice and rice with other field
crops. Modern photoperiod-insensitive and short-
cyclerice varieties, in particular IR66, are starting to
be grown across the rainfed lowlands. Research on
the value of double cropping (rice—ice) at certain
sites is critical for the prospect of applying crop
intensification in other rainfed lowlands.

The ACIAR has recently begun funding research
on intensified rice-based cropping systems in the
Cambodian rainfed lowlands. The ams are to
(1) determine the benefits and risks associated with
various rice-based double-cropping systems, and
(2) develop further the most appropriate system for
increased crop production in selected areas of the
Cambodian rainfed lowlands. The 5-year project
commenced in 2000. This research will contribute to
the better understanding of the issues surrounding
the shift from single to double cropping in Cambodia

56

and the opportunities for extending this practice to
other areas. As the first stage of the project, a case
study on rice-double cropping was conducted in Prey
Kabas District in Takeo Province.

Double Cropping Rice in Rainfed L owland
Agroecosystem in Cambodia:
A Case Study

Although double cropping of rice (with onerice crop
in the early wet season, followed by another in the
main wet season) is not yet widely adopted by
farmers living in the rainfed lowlands, it has, as dis-
cussed before, recently been increasing wherever
supplementary irrigation is available. The practice of
growing two crops in the same year is the result of
introducing photoperiod-insensitive rice varieties
such as IR66, and poor yields in the wet season with
its erratic rainfall. To maintain sufficient food
supply, farmers are forced to explore aternative
cultivation methods (CIAP 1999). They also want to
increase household income and establish free
markets where rice can be traded, either to satisfy
local markets or for export to Vietnam and other
countries (CIAP 1999).

Study goals

The goals of this case study are to:

1. Identify the reasons for adopting double cropping

of rice.

Identify the constraints that prevent farmers from

adopting double cropping, including both bio-

physical and socioeconomic factors.

. Assess the impact of double cropping of rice on
the use of farm resources, including labour (and
gender), land and capital.

. Assess the impact of double cropping of rice on
net farm income.

2.

Study area

The study isbeing conducted in Tungke Village, Snao
Commune, Prey Kabas Didtrict, Takeo Province. The
village, situated in lowlands, is about 60 km south of
Phnom Penh, and 10 km from Highway 2. The
absence of major rivers means that farming in this
province depends entirely on rainfall. Annual rainfall
ranges from 1250 mm to 1750 mm and, even though
drought is a constraint, rice constitutes the Province's
principal agricultural output.

Tungke encompasses more than 170 families, and
is one of five villages of the Snao Commune.
Farmers of this village find getting water from canals
or ditches to their rice fields difficult because the
fields are located too far away from the origina
source of surface water. As in other villages, amost
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99% of Tungke's population depend on farming.
Each family has rights to some farming land, which
varies from 0.5 ha to 1.5 ha of good land, but also
includes 1-2 ha of unfavourable land, which is
flooded every year. Just over 50% of families double
crop rice.

M ethodology

A general discussion was held with the village head
to explain the purpose of the study and to ask for
information about the number of families and their
jobsin the village. With cooperation from the village
head, 10 farming families—five families double
cropping and another five single cropping—were
randomly selected. Several days before the main
interview, we visited the selected farming families to
obtain their consent, and to make appointments.
Appointments were sometimes re-made when the
families were busy with their farms when we visited.

We had developed a questionnaire with 60, mostly
open-ended, questions about the household, farming
practices and decision making. The questionnaire
was completed during the 2-hour interview. We also
chatted, smoked cigarettes or drank tea, these being
highly fruitful interviewing techniques that helped
interviewees feel relaxed and ensured they did not
get bored. Considerable time was spent on such
questions as dates for land preparation, planting,
weeding, fertilizer application and harvesting; rates
of fertilizer used; and the costs of those inputs.
Although the questionnaire was completed during
the first interview, we made further one-day visits, at
least once a week, for 2 months to obtain missing
data, check dubious answers and make recorded
information more transparent to the farmers.

In addition to the interviews, we conducted field
measurementsiif either the farmers or the village head
(who was responsible for recording land statistics)
were doubtful on field size. Using field size, inputs

and yields (converted into tonnes per hectare) and
market prices, we calculated costs and returns. To
facilitate farmer interviews and field monitoring, a
village map, showing field layout, was developed
with the village head's help.

Preliminary results and discussion

We present results for the first, or early wet season,
crop only, because the main crop (i.e. the second or
main wet season) has not yet been harvested, making
impossible comparisons between the first and second
crops, or betweenyields, variable costs, grossincomes
and gross margins of single-cropping farmers versus
double-cropping farmers. All farmers used the variety
IR66. Yields for the first crop ranged from 3.3 to
3.8t hal, except for onefarmer who could not irrigate
and received less than 2 t hal. Gross incomes from
early wet-season rice are high, varying from about
US$170 to more than US$415 hal (Table 2).

Various gross margins (GMs) were calculated. If
actual monetary expenses (inorganic fertilizers,
insecticides, herbicides, fuels and harvesting contract
costs) only are subtracted from gross incomes, the
gross margin (GM1) remains high because monetary
expenses are small (Table 3). GM2, which is derived
from GM1 by subtracting non-labour inputs pro-
duced on the farm such as seed, cow manure and
threshing costs, is till positive for al families,
including the family who obtained less than 2t ha™L.
If family labour costs (land preparation, planting,
fertilizer application, weeding and harvesting) are
included, the gross margin (GM3) is dramatically
down, compared with GM1 and GM2. Although
yields among the farmers do not differ much, results
show wide variation in GM3, which may be negative
when low crop yields coincide with high variable
costs, for example, Farmer 5 with <2-t yields has a
negative gross margin (Table 2).

Table 2. Costs and returns of early wet-season rice production of five families in Tungke Village, Cambodia, 2000.2

Family Transplanting Broadcasting
farm
Yield Gl GM1 GM2 GM3 Yield Gl GM1 GM2 GM3
t hat t hat
US$ hat USS$ hat
1 3.4 374 325 286 195 —
2 33 297 218 131 22 —
3 3.7 396 297 152 22 —
4 3.8 418 395 250 67 3.75 413 342 210 84
5 19 209 174 91 -17 1.60 171 146 64 -16

a Gl = gross income; GM = gross margin; GM1 = GI minus actual monetary expenses; GM2 = Gl minus actual monetary
expenses and non-labour input; GM3 = Gl minus total variable costs (actual monetary expenses, non-labour input and family

labour input); exchange rate: US$1 = 3900 riels.
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Table 3 shows that costs for non-labour inputs and
family labour are much higher than the monetary
expenses. Farmers 4 and 5 have very high costs of
non-labour inputs because they applied a very high
rate of cow manure (more than 10 t ha't). The more
cow manure farmers applied, the higher their vari-
able costs (if these are costed at market prices), so
that the farmer with the <2-t ha™! yield had a nega-
tive gross margin. However, farmers can collect this
nutrient from their home yards. Labour would be
also costly if it were calculated according to the
labour hire charge, but farmers either used their
families or their informal labour exchange. However,
resources provided by the farm household do have
economic value and some attempt to estimate their
opportunity cost should be made, even if it is less
than as indicated by market prices and wage rates.

Severa factors encourage farmers to adopt double
cropping. Four of the five farmers who practised
double cropping had their own tube wells and pump,
and their yields were also higher than those of the
fifth family who could not access underground
water. This suggests that the availability of irrigation
water, particularly underground water, not only
permits cultivation of the early wet-season crop but
also reduces the risk of yield loss. The village
farmers had not experienced shortages of under-
ground water, even in dry periods. Farmers without a
tube well may still be able to grow early wet-season
rice but they encounter poor yields or possibly com-
plete crop loss. The high risk of poor yield or crop
loss tends to discourage farmers without tube wells
from attempting two crops.

In addition to underground water, labour is also
needed for farmers to cultivate two crops a year.
While most Cambodian farmers cannot pay for
labour for crop production (from land preparation to
harvesting), they do have at least one labourer per
household available for labour exchange. The use of
hired labour would result in the gross margin being
very small or possibly negative, particularly when
yields are less than 2 t hal.

According to farmers, double cropping provides
food security for a couple of months before har-
vesting the main wet-season crop. Previoudly, they
had frequently experienced food shortages during
that period. Early wet-season rice was said to be a
better income source than other non-rice crops for
the same plot of land and for the time spent. Another
benefit of early wet-season rice is that it provides a
source of seed for the coming year, that is, for the
next early wet-season crop. This overcomes a disad-
vantage of IR66, whose seed quickly loses its germi-
nability if stored in the traditional way.

Although the early wet-season crop has many
advantages, nearly 50% of village farmers stick to
single cropping in the wet season because they lack
investment capacity. The installation of a tube well
and pump is too costly for many to afford. A tube
well may cost from US$56 to US$85, while a pump
costs US$215 to US$350. According to farmers, they
can take underground water free of charge from
those of their neighbours who possess tube wells.
However, farmers still have to invest in pumps to
make use of existing tube wells.

Credit is available through a credit scheme
operated by the ACLEDA Bank Limited (of the
Association of Cambodian Local Economic Develop-
ment Agencies). The interest rate of 4% per month is
considered high and the debt has to be cleared within
10 months. Borrowers have to deposit val uable docu-
ments such as land titles as security. If afarmer isone
day latein paying off the loan, he will be fined 1% of
the total loan and his property may be confiscated.
According to many farmers in the village, nobody
takes a loan from the credit scheme because no one
knows how to manage a loan with such a high
interest rate since repaying might be difficult.
Farmers can borrow money from other rich villagers,
but these are considered loan sharks. Those village
farmers who owned tube wells and pumps did not
borrow but had purchased outright.

Growing the first crop (early wet-season rice)
without supplementary water is a high-risk activity.

Table 3. Inputsand costs (in US$ ha?) of early wet-season rice production in Tungke Village, Cambodia, 2000.

Costs Non-labour inputs Family labour inputs Total variable costs

Family farm

Direct Trans- Direct Trans- Direct Trans- Direct Trans-

seeding planting seeding planting seeding planting seeding planting
1 — 49 — 39 — 91 — 179
2 — 79 — 87 — 109 — 275
3 — 99 — 145 — 130 — 374
4 71 23 132 145 126 182 328 351
5 30 35 82 84 80 108 192 226
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Shortage of labour is also a constraint that prevents
farmers from double cropping. Other job oppor-
tunities, which generate higher incomes than growing
rice, discourage farmers from adopting early wet-
season rice. All five single-cropping farmers selected
for the study had regular non-farm employment.

Conclusions

Both physical and economic factors affect the shift
from growing asinglewet-season crop to double crop-
ping. First, supplementary irrigation (particularly with
underground water) is needed for consistent high
yields. Second, short-cycle photoperiod-insensitive
varieties, such as IR66, are needed because the first
crop must be harvested by late July or early August
to start the second crop on time. Farmers are already
experimenting with extra-short-cycle varieties from
Vietnam. Third, growing two crops may be difficult
for those who encounter family labour shortage
because of opportunities for employment in non-
agricultural sectors. Fourth, the chance of reduced
yieldsthrough pests may increaseif only few families
cultivate early wet-season rice, so the shift to double
cropping may best be managed on acommunity basis.
Last, infrastructure and marketing also influence the
adoption of double cropping: roads and transportation
are needed to ship surplus products to markets where
those crops are traded.

The impact of practising double cropping should
also be taken into consideration. These include
problems of possible excessive use of water, pests
and maintenance of soil fertility. Extensive use of
underground water as supplementary irrigation may
reduce the supply of water from the aguifer. Crop
intensification that does not permit farmlands to
fallow may cause soil infertility. Pest outbreaks, for
example, rats, are likely to get worse because crop
intensification creates a continuous supply of food.
Double cropping may make excessive demands on
scarce labour resources within the household. The
increased income from double cropping—for those
families who can afford to it—may increase inequity
in wealth and access to other resources. However,
double cropping rice is feasible in many areas and
often worthwhile. Already, together with the adop-
tion of IR66, this farming system is starting to con-
tribute to Cambodia’s agricultural development.
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Direct Seeding of Ricein Cambodia

J.F. Rickman*, Meas Pyseth, Som Bunna and Poa Sinath

Abstract

Direct seeding is a cost-effective way of establishing rice crops, provided in-crop weeds can be
controlled. Well-managed direct-seeded crops have similar grain yields to those of transplanted
crops. They also mature faster and require less labour to establish. Good land preparation and
levelling reduce weed burdens, but crop lodging is a major problem with existing varieties.
A screening program is needed to select high-yielding varieties, suitable for direct seeding.

MoORE than 30% of the rice-growing area in
Cambodia is direct seeded (CIAP 1996). The largest
areas are in the northern provinces where more than
80% is normally direct seeded. Direct seeding is also
undertaken in the irrigated, deep water and recession
areas (CIAP 1997). (Recession areas arethose that are
available for crop production after the floodwaters
have receded.) Depending on the agroecosystem and
location, farmers use one of two techniques to direct
seed their crops.

Direct Seeding Systems

The two direct seeding systems are:

Dry seeding

In the northern provinces, dry seed is broadcast onto
dry soil and partially incorporated during the final
pass. In a norma wet season, 80%—-90% of rice
fields in these provinces are dry seeded (CIAP
1998). The fields are very uneven and, in some
districts, no attempt is made to control the water with
bunds. Seeds germinate with the onset of the wet
season and establishment rates are generaly low and
uneven. Weeds are a major problem and, when there
is standing water in the fields and the crop is 400
500 mm high, many farmers plough the crop to con-
trol weeds and improve plant tillering (CIAP 1999).
This practice is aso popular in many other parts of
Asia (Mazid et a. 2000).

Cambodia— RRI-Australia Project, Phnom Penh, Cambodia
*Corresponding author: E-mail: J.Rickman@cgiar.org

Wet seeding with pre-germinated seed

In the southern provinces, where there is better water
control and supplementary water is often available,
pre-germinated seed is sown into puddled fields,
which have been recently drained, or into standing
water. Where the seed is broadcast into standing
water, the fields are prepared 24-48 h before planting.
This allows the soil surface to consolidate, which
reduces the chance of the seed sinking below the soil
surface and also helps clear the water. When seed is
sown into standing water, the fields are normally
drained after 48 h. The use of pre-germinated seed is
vVery common in nurseries, recession areas and
irrigated areas. In some deep-water areas, large
seedlings, up to 15 cm long, are broadcast directly
into water-covered puddled fields. Large seedlings
are used because the encroaching waters rise rapidly
and sufficient labour is either not available or not
affordable for transplanting (CIAP 2000).

Materials and Methods

For the last 5 years, the Cambodia-| RRI-Australia
Project (CIAP) conducted studies to examine ways
of improving crop production, using direct seeding to
establish crops (CIAP 1996, 1997, 1998, 1999,
2000). Both on-station and on-farm studies were
conducted to examine the relationships between crop
establishment techniques and other crop parameters
such as plant populations, weed burdens, crop
lodging, crop maturity, grain yields and labour
requirements. Land preparation methods, including

KEYWORDS: Direct seeding, Land levelling, Weeds
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Table 1. A summary of locations, main treatments for rice crop establishment and measurements taken at each trial site,

Cambodia
Year Province Major treatments (no. of trials) Factors measured
1995 Kandal Wet direct seeding (1) Plants established
Machine seeding (1)
1996 Kandal Seeding rates (1) Plants established
Kampong Speu Planting technique (1) Crop yield
Planting technique and fertilizer placement (1) Plant tillering
1997 Kanda Land preparation and planting technique (2) Plants established
Svey Rieng Plant establishment and soil type (laboratory study; 1) Crop yield
Planting technique and fertilizer placement (2)
1998  Battambang Planting technique and weed management (1) Plants established
Banteay Meanchey Planting technique and mechanical seeding (1) Crop lodging
Kandal Planting technique and crop lodging (1) Crop yield
Kampong Thom
1999 Kanda Planting technique and weed population (2) Plants established
Battambang Planting technique and land preparation (2) Weed mass
Banteay Meanchey Planting technique (small plot; 1) Weed type
Prey Veng Crop yield

Kampong Chhanang

levelling, were also examined in relation to crop
establishment techniques.

Seventeen replicated trials (Table 1) were con-
ducted in eight provinces to examine the relationship
between crop establishment techniques, crop produc-
tion and impact on farm management

Quadrat sampling was used to determine the
number of plants established and weed biomass in
each field. Plant counts were taken at least 20 days
after establishment and weed biomass was measured
a panicle initiation. Crop yields were determined by
manually harvesting the whole treatment area and
then machine threshing. Yield comparisons were
made on a 14% moisture basis.

Crop lodging was determined by visual assess-
ment of the whole plot. Land levelness was deter-
mined by taking the standard deviation of al points
measured in a 10 x 10 m grid topographic survey of
each field.

Results
Plant populations

The number of direct-seeded plants established (as a
proportion of seeds sown) in large field trials, con-
ducted from 1995 to 1997, was 7%—21%, with a
mean of 14%. A summary of the range in plant
establishment rates for each year’s trials is presented
in Table 2.
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Table 2. The range in plant establishment percentages for
each year'strials on direct-seeded rice.

Y ear Tria type Establishment (%)
1995 Large fields 12-16
1996 Large fields 9-15
1997 Large fields 7-21
1998 Laboratory 18-31
1999 Small plot 2948

In dtation trials at the Cambodian Agricultural
Research and Development Institute (CARDI) in
1999, plant establishment ranged from 29% (for dry
seeding into dry soil + follow-up irrigation) to 45%
(for pre-germinated seed sown into water) and 48%
(for machine planting and follow-up irrigation).

Laboratory studies on five soil types in 1998,
using pre-germinated seed, showed plant establish-
ment percentages ranging from 18% on soil with a
higher clay content to 31% on soils with higher sand
contents. In the same experiment, dry-seeding estab-
lishment percentages were 8%—16%. When seed was
placed 12 mm under the soil surface, the highest
establishment percentage achieved was 9% for the
sandy soil type, with a mean of 3% for all soil types.

A survey of five provinces in 1995 found that
farmers broadcast 137 kg ha® of seed when direct
seeding and use the equivalent of 103 kg ha? of seed
when transplanting. For transplanted crops, this
equated to an establishment rate of 28%.
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Weed burdens

Direct-seeded crops had more weeds than trans-
planted crops. In on-farm weed trials at the Bek
Chan in 1999, non-weeded, dry-seeded fields had
1.85 t hal of weed biomass at panicle initiation
while non-weeded transplanted fields had 1.23 t hat
of weed biomass. At Phnom Penh Thmey research
site, the weed biomass in non-weeded direct-seeded
fields was 2.23 t hal, whereas non-weeded trans-
planted fields produced 0.19 t hal of weed biomass
(Table 3). In the manually weeded fields, the weed
biomass for the direct-seeded and transplanted treat-
ments were 0.14 t hal and 0.10 t ha?, respectively.

Table 3. Weed hiomass and rice grain yields at Phnom
Penh Thmey, Kandal Province, Cambodia, 1999.

Treatment Weed mass Mean grain

(thal) vyield (t hal)2
Broadcast + no weeding 2.23 185b
Broadcast + herbicide 2.05 214b
Broadcast + manual weeding 0.14 320 a
Transplant + no weeding 0.19 3.73a
Transplant + herbicide 0.12 347 a
Transplant + manual weeding 0.10 35la

a Means followed by a common letter are not statistically
different at the 5% level.

Studies at CARDI and Phnom Penh Thmey
showed a strong negative relationship between weed
biomass a panicle initiation and crop vyields
(Figure 1).
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Figure 1. The effect of weed biomass on yields of direct-
seeded and transplanted rice crops grown a Phnom Penh
Thmey, Kandal Province, Cambodia, 1999.

The type of weeds present depended on the water
level in the field. At Bek Chan, which had periods of
low water coverage, Paspalum distichum L. made up
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95% of the weed biomass. At Phnom Penh Thmey,
which had good water coverage in the fields, Echino-
chloa colona (L.) contributed 75% of the weed bio-
mass. In both locations, the use of a postemergent
herbicide, thiobencarb (Saturn®), at 30 days after
plant establishment failed to significantly control
Echinochloa colona, Cyperus deformis L. Cyperus
irial.

Crop lodging

Crop lodging was a major problem with direct-
seeded crops. Studies at CARDI in 1998 showed that
traditional or locally improved varieties are much
more susceptible to lodging than are imported
modern varieties when direct seeded (Table 4).

Table 4. Yield and lodging potential of modern and
traditional rice varieties.

Variety Transplanted Broadcast
Yield Lodged Yield Lodged
(tha') (%) (that) (%)
Modern 25 0 25 0
Traditional 18 8 17 33

All varieties showed susceptibility to lodging
when grain yields exceeded 3 t hal. Results from
1996 showed that ‘IR66' lodged badly, 10 days after
flowering, when yields exceeded 4 t hal. Similar
findings occurred with ‘ Santepheap 2’ at CARDI and
Phnom Penh Thmey from 1995 to 1998. In one
direct-seeded field, at CARDI in 1998, crop lodging
caused an estimated 25% or 0.80 t ha™! reduction in
yield. In high-yielding crops, the plants lodge from
the crown rather than the stem.

Crop lodging was reduced when the seed was
partially incorporated by harrow or drilled by
machine. A study in 1998 showed lodging was
reduced to less than 10% when ‘ Santepheap 2’ was
machine drilled and to 15% when seed was partially
incorporated into dry soil, using drag harrows after
broadcasting. In the same trial, 45% of the crop
lodged in the treatments involving dry seed broad-
cast onto dry soil.

Crop maturity

Direct-seeded crops matured 5%—10% faster than
transplanted crops. In 1995, ‘Santepheap 2', which
normally takes 140 days to mature when trans-
planted, was ready for harvest in 120 days when
direct seeded. Similarly in 1996, ‘IR66’, which is
normally ready for harvest in 105 days, could be
harvested 95 days after being direct seeded. In 1999,
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‘Santepheap 2' seed was sown in the nursery the
same day that it was broadcast into the larger fields.
The broadcast crops were mature in 124 days while
the transplanted crop took 148 days to mature.

Crop yields

While yield differences were recorded in some
locations in some years, no significant difference in
crop yields between transplanted and direct-seeded
cropswere observed over the 4 years of study. Results
from 10 studies, conducted in seven locations where
broadcasting and transplanting were compared as
major treatments, are presented in Table 5. All fields
were larger than 0.1 ha and the treatments were
replicated in each location.

L abour

Direct seeding reduced the time and labour require-
ments for crop establishment. At CARDI, pulling
and transplanting seedlings take 30-33 person-days
per hectare. This was reduced to 5 person-hours hat
for broadcasting pre-germinated seed into water and

3 person-hours hat for broadcasting dry seed onto
dry soil. In studies at Bek Chan in 1998, 1.25 hawas
broadcast with dry seed in 3.75 h. In similar studies
in Svey Rieng Province in 1997, 1 ha of flooded
fields was seeded in 3 h. Results from a farm-
mechanization survey in 1995, found that farmers
spent 33 days establishing their crops by trans-
planting and 1.5 days when these were direct seeded.

Land levelling

The degree of land levelness aso had a significant
impact on weed burdens and crop yields. A trial con-
ducted at CARDI in 1998, compared yields between
fields that were established by broadcasting pre-
germinated seed onto fields with different degrees of
levelness. All the comparisons were made in large
fields (0.25 ha), using the same rice variety and the
same fertilizer inputs. A strong correlation was found
between the land levelness (expressed as the
standard deviation of the land height within the field)
and crop yields (Figure 2). Similar results were also
obtained from a study conducted at a different
location in 1995.

Table 5. Yields for transplanted and direct-seeded rice crops in Cambodia, 1996-1999.

Year Location Variety Transplanted (t hal)  Broadcast (t ha?) Comparisons (no.)
1996 Kandal Improved 3.04 4.05 6
1997 Kandal Improved 1.85 1.20 9
1997 Kandal Improved 2.39 2.76 6
1997 Svey Rieng Improved 1.00 151 9
1997 Battambang Improved 412 3.87 12
1998 Kandal Improved 2.30 245 6
1998 Kandal Traditional 182 1.69 13
1998 Battambang Traditional/improved 3.37 324 14
1999 Kandal Improved 3.79 3.20 6
1999 CARDI Improved 1.69 221 8
Mean 254 2.62 89
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Figure 2. The effect of land levelness on rice crop yields at the Cambodian Agricultural Research and Development Institute

(CARDI), 1998.
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Visual observations of farm fields showed that
weed burdens were much higher in the non-levelled
fields. In land preparation trials at CARDI in 1999,
which were direct seeded but not weeded, levelled
fields yielded 2.48 t ha? of rice and produced
0.85thal of weeds at panicle initiation. The non-
levelled fields yielded 1.95 t hal of rice and pro-
duced 1.46 t ha'! of weeds at panicle initiation.

Studies in dry-seeded and transplanted fields in
north-west Cambodia in 1998 found that land
levelling and improved weed management signifi-
cantly increased grain yields. Studies were con-
ducted on 14 farms, where comparisons were made
between non-levelled fields, levelled fields and
levelled fields where weeds were controlled by either
using herbicides or controlling water levels in the
fields (Table 6).

Table 6. Mean crop yields (t ha'l) from 14 levelled and
non-levelled fields in Battambang, Cambodia, 1998.

Field reatment Grain yield (t ha1)2

Dry broadcast ~ Transplanted
No levelling 1.78a 240 a
Levelling 247 &b 2.86 ab
Levelling + weed control 3.24b 337b
Mean 2.50 2.87

aTreatments followed by the same letters are not statisti-
cally different at the 5% level.

Discussion

Direct seeding can be a highly efficient way of estab-
lishing a crop if weeds can be controlled.

While grain yields are similar for well-managed
direct-seeded and transplanted crops, direct seeding
offers other benefits: crops mature faster, requiring
less water and permitting later planting, which is
important if the monsoons are late. In double
cropping and recession areas, direct seeding is advan-
tageous because the time available for land prepara
tion and crop growth is restricted. Reduced time for
crop establishment and growth reduces pumping
costs, improves water-use efficiency (when water can
be limited early in the season) and enables the crop to
mature before floodwaters rise later in the season.

Direct-seeded crops required less labour to estab-
lish. This is very important in north-west Cambodia,
where landholdings are large and rural labour scarce.
In these areas, the savings made by reducing labour
costs for planting must be offset against the cost of
increased weed burdens. In these situations, farmers
either do not weed their crops, or plough again after
establishment to control weeds. This second
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ploughing does help reduce weed populations but,
more importantly, it stimulates plant tillering which
helps the crop establish a competitive advantage over
weeds.

Land levelling reduces weed burdens and
improves crop yields (Rickman et al. 1995). Farmers
commented that weed burdens were lower and less
labour was required to weed the levelled fields
manually. CIAP studies confirmed that weeds were
reduced by 40% after land levelling. Appropriate
herbicides could also be used to control in-crop
weeds and would reduce dependence on manual
weeding. Better land preparation techniques have
improved crop yields by reducing the number of
weeds being carried over from falow into cropping.
A more aggressive last working from a rotovator, or
the use of chemicals at this stage, may aso help
reduce the carryover of fallow weeds.

Lodging is a problem in high-yielding direct-
seeded crops. The plants lodge from the crown, not
the stem, and the traditional or localy improved
varieties appear to be more susceptible to lodging
than the imported modern varieties (Fukai 2000).
Machine planting may overcome this problem in
dry-seeded crops as studies have shown that direct
drilling of seeds reduces lodging. Varietal screening
would help identify higher yielding varieties that
may be better suited to direct seeding. At present, no
varieties have been specifically selected or recom-
mended for direct seeding.

Crop establishment percentages are low in direct-
seeded fields and nurseries. Rice seeds are highly
susceptible to oxygen deprivation when incorporated
below the soil surface and also when field water is
muddy during establishment (Tran Van My et al.
2000). Better grading and cleaning techniques may
help improve seed vigour and subsequent establish-
ment rates on farm. Seed priming, which increases
the rate of germination, may help improve establish-
ment in wet-seeding situations.

Conclusions

The migration of labour from rural areas to urban
centres in Cambodia will increase farmers depend-
ence on direct seeding as a technique for establishing
their rice crops.

These studies have shown that transplanted and
direct-seeded crops give similar yields when weeds
are controlled. Lack of in-crop weed control is
probably the most important constraint to the wide-
spread adoption of direct seeding. Manual weeding,
more thorough land preparation, herbicide applica-
tions, and land levelling are al activities that can be
used to help reduce weeds.
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A second constraint to the adoption of direct
seeding is the lack of varieties that do not lodge. No
rice varieties have so far been selected or screened
specifically for direct seeding in Cambodia. If this
situation is not addressed, the potential yield ceiling
for direct-seeded rice cropsis about 3t hal.
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Field Screening for Drought Resistance

G. Pantuwan?*, S. Fukai®, M. Cooper®, S. Rajatasereekul® and
J.C. O’ Toole?

Abstract

Because drought frequently reduces yields in Northeast Thailand, we studied variation in grain
yield among rainfed lowland rice genotypes and the association between traits and yield under
different drought conditions in the region. We found considerable genotypic variation for grain
yield under both irrigation and drought. Depending on timing, duration and severity of plant water
deficit and on sowing time, grain yield of genotypes under drought, compared with under irrigation,
was reduced by up to 81%. However, a significant G X E interaction was found for grain yield
across different drought environments, with genotypes responding according to timing and severity
of drought. Genotypes that could maintain high panicle water potential (PWP) during drought that
developed just before flowering produced higher grain yield, harvest index, filled-grain percentage,
and fertile-panicle number per m2. Drought tended to delay flowering, and a larger delay in
flowering was associated with a higher reduction in grain yield, harvest index and percentages of
fertile panicles and filled grains. Higher drought scores (leaf death) in the dry season were associ-
ated with lower grain yield under drought in the wet-season experiments. The association, however,
was significant only under particular wet-season conditions, that is, when patterns and severity of
drought in both seasons were similar. The dry-season screening conditions for the drought score
screen should be managed to correspond to relevant types of drought conditions in the wet season
in targeted areas. According to the results of this study, a breeding program should select for high
grain yield under drought conditions relevant to target areas. The breeding station’s and selection
environments and their relationships with targeted on-farm environments should be characterized.
Selection of genotypes for high PWP and minima flowering delay under drought should be
practised at the same time as yield testing. Some evaluation and selection of early generation
breeding materials for low drought score could be conducted in the dry season before high grain
yield genotypes are selected under irrigation and drought in the wet season.

PHENOTYPIC variation for grain yield in rainfed low-
land rice is usually more influenced (based on
relative size of variance components) by environment
and genotype-by-environment (G x E) interactions
than by genotype (Cooper and Somrith 1997; Fukai
et al. 1999). The presence of G x E interactions and
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thani, Thailand
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the low heritability of wet-season grain yield of
rainfed lowland rice results in a high level of
uncertainty in the selection of drought-resistant geno-
types (Blum 1993; Fukai and Cooper 1995). A
further consequence of G x E interactions is that
selected genotypes that yield well under one type of
drought environment may not perform well in other
drought environments. Hence, G x E interactions
reduce the realized response to selection (Cooper et
al. 1999a, b). Consequently, selection for drought
resistance with the direct use of grain yield under
drought as a selection index may be inefficient when
practised on a limited sample of target population of
environments.

KEYWORDS: Rice, Rainfed lowland, Drought, Yield reduction, Water potential, Flowering delay
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To accommodate the effects of G x E interactions
and improve selection efficiency, genotypes may be
evaluated in many experiments over years and sites
with different drought intensities to increase the
heritability and realized response to selection
(Nyquist 1991; Fukai and Cooper 1995). These eval-
uation processes are costly and increase the time of
selection in the breeding program. Consequently,
indirect selection methodology has aroused consider-
ableinterest in the search for more efficient breeding
strategies for rainfed lowland rice (Falconer 1989;
Fukai and Cooper 1995).

Morpho-physiological traits that confer drought
resistance may be used asindirect selection criteriato
improve grain yield under drought. For example,
Fischer et a. (1989) used specific physiological traits
as indirect selection criteria for improving maize
(Zea mays L.) yield under drought. In rice, O’ Toole
(1982), Fukai and Cooper (1995) and Nguyen et a.
(1997) proposed severa putative drought-resistant
traits that may contribute to grain yield under drought
in rainfed lowlands. These traits should be evaluated
for their contributions to adaptation under drought
and on how they might be used to improve the
efficiency of rice-breeding programs. If they can be
evaluated with rapid reliable techniques in the early
generations of genetic improvement, then using these
traits as indirect selection criteria may enhance the
rate of improvement of drought-resistant cultivars.
Our study aims to:

Examine genotypic variation for grain yield under

various types of drought conditions in targeted

drought-prone areas in Northeast Thailand;

. Examine genotypic expression of putative
drought-resistant traits and their contributions to
grain yield under drought; and

. Evaluate the use of the dry-season screening for
drought resistance to estimate grain yield under
drought in the wet season.

1

Experiment Procedures and
Growth Conditions

Four sets of experiments, giving atotal of nine field
experiments, were conducted under lowland con-
ditions in the upper (Chum Phae) and lower (Ubon
Ratchathani) regions of Northeast Thailand. These
two regions differ in the amount and pattern of rain-
fall they receive. Amount of annua rainfal is
smaller and the growing season is shorter in Chum
Phae than in Ubon Ratchathani. The first three sets
of irrigated (control) and drought experiments con-
ducted in the wet season were used to investigate
genotypic variation for grain yield and putative
drought-resistant traits in the wet season. Randomly
sampled sets of 50 to 128 recombinant inbred lines
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derived from four biparental crosses were used for
all experiments.

To increase the chance of achieving drought,
experiments were sown later in the wet season than is
normally practised in the region. Different levels of
drought were imposed on each set of experiments,
that is, mild drought during grain filling in experi-
ment 2, severe drought just before flowering in
experiment 4, prolonged severe drought during the
reproductive to grain-filling stages in experiment 6
and prolonged but mild drought during the vegetative
and grain-filling stages in experiment 7. Experiments
1, 3 and 5 were controls, that is, al were well-
watered (Table 1). Flowering time, above-ground
total dry matter at anthesis (TDMa) and maturity
(TDMm), grain yield and harvest index of all geno-
types were determined. Predawn (0230-0600 hours)
panicle water potential (PWP) of al genotypes in
experiment 4 was determined at flowering.

The fourth set of two experiments (experiments 8
and 9) were conducted over two dry seasons to
examine genotypic variation for drought score (leaf
death score) and assess the reliability of using the
drought score measured in the dry season to estimate
grain yield measured under drought in the wet
season. Drought score (De Datta et al. 1988) of geno-
types in experiments 8 and 9 was visually estimated.
Soil water deficit in experiment 8 developed slowly
and thus the drought score of genotypes was relevant
for mild stress only (Table 1). In contrast, soil water
deficit in experiment 9 developed rapidly and geno-
types experienced severe drought (high drought
score) by the end of the experiment.

Results and Discussion

Genotypic differencesfor growth and yield across
environments

The mean responses of al genotypes in terms of
above-ground total dry matter at anthesis (TDMa)
and maturity (TDMm), grain yield and harvest index
in all experiments are summarized in Table 1. In dif-
ferent experiments, the crops experienced drought at
different times, duration and severity. Thus, the
effect of drought in the different experiments on the
mean above-ground TDM and yield was variable.
For example, the mean grain yield under drought,
compared with that under irrigation, was reduced by
18% in experiment 2, 55% in experiment 4, 81% in
experiment 6 and 52% in experiment 7 (Table 1).
Although there were differences in the effect of
drought on mean grain yield, the genotypes herita-
bility for grain yield under each drought treatment
was high, that is, h2 = 0.80, 0.70, 0.70 and 0.74 for
experiments 2, 4, 6, and 7, respectively.
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Table 1. Four sets of seven wet-season experiments and two dry season experiments conducted in rainfed lowland rice-
growing areas in Ubon Ratchathani (experiments 1-4; 8-9) and Chum Phae (experiments 5-7) in Northeast Thailand. Data
show mean and standard error for total above-ground dry matter at anthesis (TDMa) and maturity (TDMm), grain yield
(GY) and harvest index (HI) of all genotypes used in each experiment. ha = data not available.

Experiment Growing conditions TDMa TDMm GY HI + SEM
(thal) £+SEM (thal) £+SEM (thal) +SEM
Wet season
Experiment set 1
1 Well-watered na — na — 336 +022 na —
2 Grain filling, mild drought na — na — 272 +021 na —
Experiment set 2
3 Well-watered 741 +043 889 +045 375 045 042 +0.02
4 Flowering, short severe drought 539 +0.37 573 +0.38 169 +019 030 +0.03
Experiment set 3
5 Well-watered 530 040 6.56 048 294 +022 045 $001
6 Flowering and grain filling, 328 042 312  +£040 055 015 016 +0.03
prolonged severe drought
7 Vegetative and grain filling, 225 +0.19 315 021 141 +£011 045 +£0.02

prolonged mild drought
Dry season
Experiment set 4
8 Mild drought at the vegetative stage
9 Severedrought at the vegetative
stage

Source: Adapted from Pantuwan et a. (2001c).

Yield reduction due to drought in each environ-
ment was generally correlated with reduction in
filled-grain number and percentage. The most severe
loss in grain yield existed in experiments 4 and 6
because drought developed during the critical growth
period of flowering time. Yield reduction was small
under mild drought stress during grain filling in
experiment 2. The prolonged mild drought in experi-
ment 7 also had a smaller effect on yield reduction,
compared with drought at flowering at the same site
(81% vyield reduction in experiment 6). These
smaller effects of drought on yield may have
occurred because the growth of the genotypes may
have been affected less by drought during the vege-
tative stage and grain filling.

Genotypes expressed significant (P < 0.05) differ-
ences for drought score as measured in both experi-
ments 8 and 9. However, while both experiments
were conducted in the dry season, little association
(P > 0.05) was found between the drought scores of
genotypes determined in each experiment. This
suggests that the patterns of development of plant
water deficit and also the severity of water stress in
experiments 8 and 9 were different.

Factors affecting variation in grain yield of
genotypes under drought

Grainyield of genotypes decreased mainly because of
increased spikelet sterility when drought devel oped at
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flowering. A schematic representation of the factors
affecting genotypic variation in grain yield under
drought in these experimentsisillustrated in Figure 1.

Genotypic variation in maintaining internal plant
water status at flowering was associated with signifi-
cant difference in grain yield under drought. In
experiment 4, in which plant water deficit developed
just before flowering, genotypes that could maintain
high panicle water potential (PWP) had higher grain
yield, harvest index, filled-grain percentage, and
fertile-panicle number and percentage (Figure 2).
This evidence suggests that a capacity to maintain
high internal plant water status during drought is an
important character for rainfed lowland rice to mini-
mize damage to grain yield due to drought. This
result is consistent with findings by Jongdee (1998).

The mechanisms controlling internal plant water
status may involve water uptake and/or water conser-
vation by the plant and also internal plant water con-
ductance during stress. Pantuwan et al. (2001a)
indicated that rapid water uptake exhausted the avail-
able water in the soil and, hence, reduced PWP at a
later stage of crop development, resulting in
increased spikelet sterility, which decreased grain
yield. Here, in experiment 4, genotypes that
extracted a larger amount of water during the early
stage of drought subsequently exhausted the avail-
able water more rapidly (data not shown) and grain
yield was affected more severely because the plants
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Figure 1. Schematic summary of the major effects of drought on grain yield when drought develops at around flowering

(Pantuwan 2000).

experienced alarger water deficit during |ate stage of
drought. Genotypes that extracted less water at
booting could conserve water for use around
flowering, resulting in these genotypes achieving
higher grain yield and harvest index.

Yield potential obtained under non-stress con-
ditions appears to have an influence on grain yield
when drought was mild. In experiment 2, in which
mild drought developed during grain filling, grain
yield of genotypes was positively associated with
grain yield under well-watered conditions in experi-
ment 1 (r = 0.63**). The influence of genetic yield
potential on performance under drought has been
found in other studies, for example, Fischer and
Maurer (1978), Blum (1983) and Bidinger et al.
(1982), where drought stress was not severe and
yield was only dlightly reduced, relative to grain
yield under favourable conditions. However, under
the prolonged severe drought of experiment 6, no
association was found between yield potential and
yield under stress
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Under severe drought, genotypes with large plants
were disadvantaged because they used more water
and experienced higher water deficit than did smaller
plants. When genotypes used more water and the soil
profile was not recharged during drought, their PWP
was reduced, leading to yield reduction (Pantuwan et
al. 2001a). Under short severe drought (experiment
4), the genotypes that yielded well had a smaller
TDMa. They were also shorter plants when grown
under irrigation. However, these characteristics of
small TDMa and short plants under irrigation may
not always be useful when severe drought stress does
not develop. Larger TDMa was positively associated
with higher grain yield under irrigation in experi-
ments 3 and 5. This association was also observed in
late sown crops under mild drought, for example, in
experiments 2 and 7, when crop growth was limited
because of a shortened vegetative phase.

Drought escape in early flowering genotypesis an
important character for termina drought. Terminal
drought is common in North-East Thailand where the
seasonal rainfall ends abruptly. The usefulness of
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early flowering was observed in experiment 6, where
drought stress was severe because of low rainfal. In
this experiment, grain yield was reduced to 1.5t hat
in early flowering genotypes and to aimost Ot hal in
the latest flowering genotypes. Timeto flowering was
negatively associated with grain yield (r = -0.83**),
number of filled grains per panicle (r = -0.77**) and
filled-grain percentage (r = —0.80**).

()
3.0

r=0.55*

Grain yield (t ha™1)

(b)

r=0.50**

100

Harvest index

r=0.52*

Filled grain (%)

r=0.55*
80

60

Fertile panicle (%)

-1.9
PWP (MPa)

-1.7

Figure 2. Relationships between predawn panicle water
potential (PWP) at flowering and (a) grain yield, (b) harvest
index, (c) filled-grain percentage and (d) fertile-panicle per-
centage of genotypes in experiment 4 (Pantuwan et al.
2001a).

73

Under water deficit at the reproductive stage,
genotypes varied in delaying flowering, reflecting
variation in susceptibility to the effects of drought.
Genotypic differences in delay in flowering time
were consistently observed under different drought
treatments in experiments 4 (no delay to 10-day
delay) and 6 (delay of 2 to 22 days). Under these
conditions, genotypes that delayed more to flower
were further disadvantaged because they would have
experienced a larger water deficit at flowering
because soil moisture decreased with time. In both
experiments 4 and 6, increased delay in flowering
was associated with increased reduction in grain
yied (r = -043** and r = -0.71** respectively;
Figures 3a and 3b), harvest index (r = —0.33* and
r =-0.65**, respectively, data not shown), fertile-
panicle percentage (r = -0.39**) and filled-grain
percentage (r = —0.35* and r = -0.76**, respec-
tively). In experiment 4, delay in flowering was
strongly associated with low PWP (r = —0.39**)
(data not shown), hence genotypes with a longer
delay in flowering tended to experience more stress
under drought because they flowered when available
soil water was lower. Yield reduction of genotypes
in both experiments resulted from a large increase in
spikelet sterility.

Consistency of response of genotypes to drought
environment

Strong G X E interactions were found for most traits
among the seven wet-season experiments that were
conducted across environments. Different genotypic
responses for grain yield were observed between
drought and well-watered conditions among drought
experiments, and even between the two well-watered
experiments at the different sites. The large G x E
interaction among the drought experiments may have
resulted partly from differences in the drought
development pattern.

However, genotypic variation for grain yield was
aso inconsistent when drought was absent, that is, no
relationship existed between grain yield under irriga-
tion in experiment 3 at Ubon Ratchathani and exper-
iment 5 at Chum Phae. Only in the two irrigated
experiments at the same site (Ubon Ratchathani) did
a significant correlation (r = 0.42**) occur among
genotypes. Given the large G x E interaction due to
site, even under well-watered conditions, the incon-
sistency of grain yield of particular genotypes in the
drought experiments (some of which were conducted
at different sites) may also have been aresult of other
environmental factors varying among the experi-
ments, rather than a result of differences in drought
conditions per se. Genotypes may have had differ-
encesin specific adaptations to uncontrolled variables
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Figure 3. Relationships between delay in flowering and grain yield under (a) drought that developed rapidly just before
flowering in experiement 4, and (b) prolonged severe drought at flowering and grain filling in experiment 6 (after Pantuwan

et al. 2001a, b).

of the particular growing environments, for example,
soil fertility and its effects on plant nutrition.

These findings suggest that types of drought stress
(as well as other key environmental constraints) in
target areas should be characterized and identified so
that particular (drought resistant) genotypes may be
selected according to grain yield under managed
drought conditions that are appropriate to the target
areas. The feasibility of using such an approach will
depend on the heterogeneity and complexity of the
target population of drought environments in North-
east Thailand.

Using the drought score to select for drought
resistancein target areas

Large components of genotypic variation for drought
score at the vegetative stage were expressed in
experiments 8 and 9 when conducted in the dry
season. However, no relationship was found between
the drought scores of genotypes determined in these
two experiments. Different patterns of development
and severity of drought in these two experiments,
that is, slow development and mild plant water
deficit in experiment 8 and fast development and
severe plant water deficit in experiment 9, were
identified as the mgjor contributors to the genotypes
different response patterns. The higher drought score
in the dry-season experiments was associated with
lower grain yield under specific drought conditions
in the wet season, but the association was weak to
moderate and significant only under particular
drought conditions (Table 2).
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In most cases, a significant phenotypic correlation
between drought score in the dry season and grain
yield in the wet season existed only in experiments
where there were similar patterns of drought. For
example, grain yield under mild stress during grain
filling in experiment 2 correlated with drought scores
in experiment 8 where drought was aso slow to
develop, but did not correlate with drought scores in
experiment 9, where drought developed rapidly and
drought scores were large (Table 2). Grain yield of
genotypes that were largely affected by severe
drought in experiment 4 correlated with drought
scores in experiment 9, but not with those of experi-
ment 8.

These findings indicate the importance of charac-
terizing key types of drought environment in the
targeted areas and the environments used for yield
evaluation by the breeding program. The dry-season
environments used to measure genotypic variation
for drought scores should be managed to correspond
to relevant types of drought conditions frequent in
the wet season. There were advantages and disadvan-
tages of both indirect selection (using drought scores
measured in the dry season) and direct selection
(using grain yield under drought in the wet season).

The efficiency of using drought scores as an
indirect selection criterion for improving grain yield
under drought was lower than direct selection for
grain yield. However, using drought scores as a
selection index, a larger number of genotypes can be
evaluated than using grain yield in the wet season,
making the application of higher selection intensities
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Table 2. Phenotypic correlation coefficient between drought scores in experiments 8 and 9, and grain yield (GY) in exper-
iments 2 and 4 at Ubon Ratchathani, and experiments 6 and 7 at Chum Phae, Northeast Thailand.

Experiment Drought scorein Exp 8 Drought scorein Exp 9
Stress 1 Stress 2 Stress 3 Stress 1 Stress 2 Stress 3

No. Description (DS=17) (DS=23) (DS=34) (DS=29) (DS=65) (DS=7.5)
2 GY?2(grain filling, mild drought) -0.26 -0.34* -0.31* -0.06 0.06 0.09

4 GY2(flowering, short severe drought)  -0.14 0.02 0.16 —0.26** -0.19* -0.15

6 GY" (flowering and grain filling, 0.06 0.14 0.20 0.17 0.12 0.28*

prolonged severe drought)
7 GYP (vegetative and grain filling, -0.19 —-0.35* —0.35** 0.34* 0.34* 0.16

prolonged mild drought)

an=128,bn=50.

* = gignificant at P < 0.05; ** = significant at P < 0.01; DS = mean drought score of all genotypes.

possible. Even in the current breeding program in
Thailand, where drought scores can be used to
evaluate five times the number of lines that can be
tested for grain yield (in the wet season), the dry-
season indirect selection strategy is still less effective
than the wet-season direct selection for grain yield
for the experimental conditions sampled in this study.
Comparing the likelihood of drought incidence in the
wet and dry seasons, it is potentially easier to manage
the development of plant water deficit in the dry
season. The experience gained from evaluating the
dry-season drought screen in this study provides
useful recommendations for conducting this
screening nursery:

1. The dry-season drought screen should be repeated
under differently managed drought conditions to
permit the evaluation of drought score responses
of genotypes across a range of patterns and
severity of droughts in any one dry season.
Screening environments conducted at the high
positions in the toposequence are expected to
impose conditions of rapid and severe stress,
while screening environments positioned lower in
the toposequence will impose conditions of more
gradual stress. The breeder can thus manipulate
the duration and severity of stress imposed on the
test genotypes by manipulating the toposequence
position of the screen.

. The pattern of development and severity of
drought must be characterized for the dry-season
drought screening environments to thus evaluate
the relevance of screening conditions to the
drought conditions encountered in target wet-
season environments.

. A common set of reference or probe genotypes
(Cooper and Fox 1996; Wade et a. 1996) should
be included in the dry-season screen and wet-
season experiments to facilitate comparison of
wet-season and dry-season environments. This
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experimental methodology would assist the quan-
tification of the relevance of dry-season screening
environments to key wet-season environments.

Conclusions and Recommendations for a
Breeding Program

Direct selection for drought-resistant cultivars,
using grain yield as a selection criterion

A promising screening method for drought resistance
against late-season drought is the use, as selection
criterion, of grain yield under drought in the wet
season. The presence of areasonably high heritability
for grain yield under drought for Ubon Ratchathani
(experiment 4) and Chum Phae (experiment 6) pro-
vided some evidence of the high selection efficiency
under these specific conditions. Because cultivars
usually have specific responses to particular types of
drought rather than consistent responses that give
broad adaptation to every drought condition, drought
screening should be conducted under drought con-
ditions with quantified relevance for target areas. The
feasibility of combining components of specific
adaptation to improve broad adaptation (Cooper
1999) was not considered in this study and has yet to
be determined.

High yield potential under non-stress conditions
was found to contribute to high grain yield under
mild drought. Whether or not the stress is mild or
severe, selected genotypes should have reasonably
high yield potential under non-stress rainfed con-
ditions to ensure they can respond to favourable
conditions when they occur, which, according to this
study and others (Jearakongman et al. 1995; Cooper
and Somrith 1997; Romyen et a. 1998), occur with
reasonable frequency in Northeast Thailand (Cooper
and Somrith 1997; Cooper et al. 1999b). Selection for
high yield potentia should therefore be made as early
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as selecting parents for crossing because parents with
low yield potential are unlikely to improve grain
yield per se under the range of drought conditions
common in Northeast Thailand. A further priority
research area is to quantify the frequency of occur-
rence of different types of drought environments.

Indirect selection for drought-resistant cultivars,
using plant traits as selection criteria

A magjor determinant of grain yield of rainfed low-
land rice cultivars in Northeast Thailand is their
phenology. Cultivars must have an appropriate
phenology to match their growth and development
with the predominant rainfall pattern in the region to
achieve high grain yield, particularly when annual
rainfall finishes early. Cultivars with good yield per-
formance across environments are likely to possess
the trait combination of early maturity and high yield
potential. However, athough early flowering geno-
types can escape late-season drought, genotypes that
are too early are unlikely to produce high yields
under favourable conditions because they will not be
able to produce sufficient TDMa with their short
vegetative phase.

Genotypic variation for PWP and the contribution
of high PWP to high grain yield under drought were
demonstrated in this study. Screening for genotypes
that have high PWP under drought is likely to be
useful in identifying breeding materials with adapta-
tion to drought. Although the measurement of PWP
is time consuming (about 50 samples per hour), high
value information on adaptation to drought can be
obtained. The scope for developing quicker PWP
measurement procedures warrants further investiga-
tion, particularly if a measurement methodology is
developed that could be applied to early generations
and larger numbers of lines.

Delay in flowering under drought was found to be
a reliable indicator of drought susceptibility. Geno-
types can be evaluated for delay in flowering in the
same experiment as screening for PWP. To measure
delay in flowering under drought, an irrigated con-
trol with the same sowing date as for the drought
treatment must be grown.

Screening for drought resistance at the vegetative
stage, using the drought score, can be applied to many
early generation materias in the dry season. While
the results of the present study indicate that the
response to selection for drought score was less
efficient than direct selection for grain yield under
drought, this strategy could be used as part of a
screening strategy to discard a large number of
drought-susceptible genotypes before screening in the
wet season for traits that are more time consuming to
measure. Genotypes that show susceptibility to
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drought at the vegetative stage are unlikely to perform
well under drought at the reproductive stage (Mackill
et a. 1996). However, given the observation in this
study of alack of association between grainyield and
drought score of genotypes across different types of
drought stress, this suggestion requires further
investigation to evaluate the causes and effects of
these G x E interactions for drought score.
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Response of Rainfed-L owland Rice Genotypesto Prolonged
Drought and Rewatering during the Vegetative Stage

A. Kamoshital*, R. Rodriguez?, A. Yamauchi3 and L.J. Wade?

Abstract

To examine water use and biomass production in rainfed lowland rice during drought and after
rewatering, six diverse genotypes were tested under shorter and prolonged periods of drought in
the greenhouse. Genotypes with greater seedling vigour developed a deep-root system earlier in
response to drought, and consumed soil water more quickly, experiencing greater reduction in tran-
spiration, water-use efficiency and biomass production during prolonged drought. Recovery from
drought was better in these genotypes under both the shorter and prolonged stress treatments. The
water-use pattern of rice seedlings examined in the greenhouse could help improve understanding
of the adaptation of rainfed lowland rice to an environment with frequent early season drought.

Heterogeneous and variable drought environments
have prevented rapid improvement of varieties of
rainfed lowland rice. Traits that are expressed under
drought conditions and that may improve adaptation
to drought environments have been studied (Fukai et
al. 1999; Fukai and Cooper 1995; O'Toole 1982).
However, the extent of those traits' contribution to
increased biomass production and yield is not clear.
The rainfed lowland environment is often hetero-
geneous, even within a paddy, and sometimes results
in large errors in data collected in field experiments,
thus masking genotypic variation of physio-morpho-
logical traits such as root length or leaf-water
potential (Jongdee et al. 1997; Pantuwan et al. 1997).
Expression of physio-morphological traits is also
influenced by the intensity and duration of water
deficit. However, controlling and manipulating stress
conditions in the field is not easy, as costly facilities
such as rainout shelters are not aways available.

1The University of Tokyo, Midoricho, Tanashi, 188-0002,
Japan

2International Rice Research Institute, MCPO Box 3127,
1271 Makati City, Philippines

3Nagoya University, Chikusa, Nagoya 464-8601, Japan
*Corresponding author:

E-mail: akamoshita@fm.a.u-tokyo. ac.jp

Greenhouse experiments can control water stress
development more easily and enable one to measure
physio-morphologica traits with reduced errors and
to quantify their effects on biomass production.

Deep-root systems and osmotic adjustment as
putative drought resistant traits have been studied,
with a scope to utilize in marker-assisted selection
(Nguyen et a. 1997). A deep-root system may
improve adaptation of rice during drought through
greater capacity for water extraction, thus main-
taining high plant-leaf-water status. Association
between root-length density and amounts or rates of
soil-water extraction has been demonstrated in
upland (Lilley and Fukai 1994) and lowland
(Kamoshita et al. 2000) rice. However, the advantage
of deep-root systems for adaptation to drought may
depend on the duration of drought and the soils
water-holding capacity. Genotype x environment
interaction for deep-root characters was also reported
by Kamoshita et al. (in press), suggesting the impor-
tance of characterizing drought environments, and
quantifying root traits and water extraction.

Osmotic adjustment may also help plants retain
higher relative water content with a given level of
water potential. Although greater biomass or yield
production due to higher capacity of osmotic adjust-
ment has not been reported in rice, evidence is avail-
able for other crops (Zhang et a. 1999). If drought is

KEYWORDS: Drought, Drought recovery, Rainfed lowland rice, Root, transpiration
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extended and all genotypes reduce soil-water extrac-
tion, genotypes with a higher capacity for osmotic
adjustment may be advantaged for biomass produc-
tion or even survival.

Drought recovery is important, particularly after
early season drought. Mitchell et al. (1998) showed
that recovery after drought was related, not to a
genotype' s resistance during drought, but to leaf area
a the drought’s end. Wade et a. (2000) found that
genotypic variation in drought recovery was associ-
ated with seedling vigour under a progressive
drought of about 20 days. If drought is further pro-
longed, genotypes with higher seedling vigour may
become further injured and so not show superior
drought recovery.

We tested six diverse rice genotypes for rainfed
lowlands in the greenhouse for their expression of
physio-morphological  traits under progressive
drought and their capacity to recover afterwards. Two
periods of drought were used: 22 to 24 days, and
about 30 days. Our first objective was to examine
transpiration and biomass production during drought
and recovery after rewatering. Our second objective
was to determine the presence and influence of gen-
otypic variation.

Material and Methods
Details of cultural practices

An experiment was conducted in the 1999 dry
season in the greenhouse at the International Rice
Research Ingtitute (IRRI), Los Bafios, Philippines
(14° 17’ north, 121° 15" east, 23 m altitude). A split-
plot design with three replicates was used, with three
water regimes (well watered, shorter and prolonged
periods of stress) as the main plots and six rice geno-
types as subplots. In the shorter stress treatment,
ponded water was drained at 21 days after sowing
(DAS) and no water was supplied until transpiration
was about 3.9 kg of water, that is, 22 to 24 days after
drainage, depending on genotype (shorter drought
period). After the drought, 4 kg of water was replen-
ished, then water was added daily for 7 days to keep
the level of ponded water the same as in the well-
watered treatment (rewatering period). In the pro-
longed stress treatment, drought was extended for
another 7 days. Plants were then given 7 days of
rewatering, as for the shorter stress treatment.

Six rice genotypes adapted to rainfed lowlands
were used: CT9993-5-10-1-M (CT9993), IR62266-4-
2-6-2 (IR62266), 1R58821-2-3-B-1-2-1 (IR58821),
IR52561-UBN-1-1-2 (IR52561), Khao Dawk Ma Li
105 (KDML105) and Nam Sa Gui 19 (NSG19).
These genotypes were among eight that were selected
from diverse rainfed lowland rice germplasm and
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differed for root system and osmotic adjustment
(Shashidhar et al. 1994; Samson et a. 1995; Lilley
and Ludlow 1996; Ray et a. 1996; Sarkarung et al.
1997; Azhiri-Sigari et al. 2000; Kamoshita et a.
2000).

Twenty kilos of sandy loam soil (pH = 5.7) were
sieved, air-dried and placed in a plastic sleeve inside
a PVC pot, with a 20-cm internal diameter and
55cm high. The pots sides were covered with
aluminium foil to minimize increase in soil tempera-
tures. The soil surface was covered with small cubic
polystyrene after drainage and the tops of all the pots
were covered with aluminium foil to minimize
evaporation so that any changes in pot weight could
be attributed to transpiration from plants and/or
watering. An adequate amount of fertilizer was
supplied, with 2.73 g of urea for nitrogen, 1.84 g of
solphos for phosphorus and 1.04 g of muriate potash
for potassium. Four to five pre-germinated seeds
were sown in each pot on 29 January 1999, and
thinned to one young seedling per pot at 12 DAS.
Ponded water in the well-watered treatment was
always kept at about 2 to 4 cm deep. No disease,
insect or weed damage was observed.

M easur ements
Meteorological data

The minimum and maximum daily air temperatures
were collected by a hygrothermograph, and evapora-
tion was measured with seven pan evaporimeters ran-
domly placed inside the greenhouse. The average
daily minimum and maximum air temperatures during
the experiment were 26.5°C and 34.4°C, respectively,
and average evaporation was 4.8 mm d-2.

Transpiration and plant sampling

Daily transpiration was caculated, from 21 DAS
until the end of the experiments, by measuring
weight loss in the drought treatment and water added
in the well-watered treatment. Cumulative transpira-
tion after 21 DAS was calculated by the sum of daily
increments in each water regime.
Plants were sampled at different times, according
to genotype (Table 1):
1. At 21 DAS and before stress imposition;
2. When cumulative transpiration has reached about
2.0 kg, between 32 and 36 DAS;
When cumulative transpiration has reached about
3.9 kg, between 43 and 45 DAS,
. 7 days after the third sampling, that is, between
50 and 52 DAS; and
. 7 days after the fourth sampling, that is, between
57 and 59 DAS.

3.
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Table 1. Six rice genotypes adapted to rainfed lowlands were evaluated for water-use efficiency and biomass production
under drought. (a) Characteristics of each growth period used in the experiment; (b) sampling times (days after sowing;
DAS) and cumulative transpiration under drought (kg); and (c) according to genotype, the five sampling occasions (1-5) in
terms of DAS, and the intervals (in days) between samplings for each growth period.

@
Characteristic Growth period?
DR DRs RW¢/DRy RWpr

Interval (days) 11-15b 9-12b 7 7
Shorter stress DR; DR RWq —
Prolonged stress DR; DRs DRy RWpyr
Transpiration rate during drought (mm d-1) 51 5.7 29 —
(b)
Parameter Sampling occasion

1 2 3 4 5
Sampling time 21 32-36° 43-45p 50-52° 57-59°
Cumulative transpiration 0 19 3.9 4.3-4.60 —
(©
Genotype Sampling occasion Intervals?

1 2 3 4 5 DR DRs RW¢DRy  RWpy

CT9993 21 36 45 52 59 15 9 7 7
IR62266 21 33 44 51 58 12 11 7 7
IR58821 21 32 44 51 58 11 12 7 7
IR52561 21 35 45 52 59 14 10 7 7
KDML105 21 32 43 50 57 11 11 7 7
NSG19 21 32 43 50 57 11 11 7 7

apDR; = initiation of drought, whether the shorter or prolonged period; DRs = shorter drought period; RWs = rewatering after
shorter drought period; DRy = prolonged drought period; RW),, = rewatering after prolonged drought period.
bDiffers according to genotype.

Different dates were chosen for each genotype on e Prolonged period of drought (from the third to

the second and third samplings to see the genotypic fourth samplings in prolonged stress treatment),
differences when al the genotypes used the same and

amount of water, thus minimizing the confounding  « Rewatering period (from the third to fourth
effects of different potential growth under the well- samplings in shorter stress treatment and from the
watered treatment. In the fourth and fifth samplings, fourth to fifth samplings in prolonged stress
response of all the genotypes to the same duration of treatment).

7 days of prolonged drought or rewatering was
examined. To assess plant response during each
stage of drought development and rewatering,
growth periods during the experiment were divided

Transpiration rate during each drought period was
caculated. Plants in both water regimes were
sampled at the same time. At each sampling, total
shoot biomass was determined.

into:

e Initial drought period (from the first to second Root parameters
samplings)

e Shorter period of drought (from the second to  After each sampling of above-ground plant parts, the
third samplings) soil mass within the plastic sleeve was slowly pulled
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from the PVC pots, and divided into layers of 0-5,
5-10, 10-20, 20-30, 3040 and 40-50 cm from the
soil surface. Root dry matter in each soil layer was
measured, and total and deep-root dry matter below
the 30-cm soil layer were calculated. Root-to-shoot
ratio was estimated from total root dry matter
divided by total shoot biomass. Deep-root ratio was
calculated as a proportion of deep-root matter to total
root matter.

Satistical analysis

Analysis of variance was conducted for each water
regime and the least significant difference at the
probability of 5% was determined, using Systat 7.0
(SPSS 1997).

Results
Stress development and plant response

The values presented in this section comprise the
averages of al six genotypes.

Transpiration

In the stress treatments, increase in cumulative tran-
spiration from 21 DAS was much slower than in the
well-watered treatment (Table 2). The level of cumu-
lative transpiration under drought was 67%, 31% and
19% of the well-watered treatment by the end of the
initial, shorter and prolonged periods of droughts,
respectively. The average transpiration rate was 5.1,
5.7 and 2.9 mm d in the initial, shorter and pro-
longed droughts, respectively (cf. Table 1a). In

response to rewatering, the rate of transpiration
increased, and the amount of transpiration during the
7 days of rewatering was about 5.8 and 5.7 kg for the
shorter stress and prolonged stress treatments,
respectively.

Root growth

Total root matter and root-to-shoot ratio were always
higher in the well-watered treatment than in the stress
treatments (Table 2). Root-to-shoot ratio declined
during drought and increased during rewatering. In
stress treatments, deep-root matter and deep-root ratio
increased during drought but stopped increasing after
rewatering (data not shown). Deep-root ratio was
10% and 17% at the end of shorter and prolonged
droughts, respectively, while it was less than 3% in
the well-watered treatment at the corresponding
times.

Shoot biomass

The pattern of shoot biomass production over time
was similar to that of transpiration (Table 2). The
level of shoot biomass under drought was 81%, 46%
and 31% of well-watered treatment by the end of the
initial, shorter and prolonged droughts, respectively.
Water-use efficiency (WUE), calculated by the incre-
ment of shoot biomass divided by the increment of
trangpiration (both from 21 DAYS) in the well-watered
treatment, was 2.65 g kg during the experiment.
Water-use efficiency was higher under drought, with
the values 3.05, 3.97 and 4.05 g kg™ at the end of
initial, shorter and prolonged droughts, respectively.

Table 2. Cumulative transpiration (kg) from 21 days after sowing, total root matter (g), root-to-shoot ratio (%), and shoot
biomass (g) at each sampling occasion (1-5) under three water regimes.

Parameter Sampling occasion
1 2 3 4 5
Transpiration (kg)
Well-watered 0 2.93 12.36 24.03 40.24
Shorter stress 0 197 3.88 9.66 —
Prolonged stress 0 1.97 3.88 4.52 10.23
Total root matter (g)
Well-watered 0.05 0.88 414 8.36 11.06
Shorter stress 0.05 0.48 1.09 2.80 —
Prolonged stress 0.05 0.48 1.09 125 241
Root-to-shoot ratio (%)
Well-watered 8.7 10.6 121 14.0 10.5
Shorter stress 8.7 7.3 6.9 9.2 —
Prolonged stress 8.7 7.3 6.9 6.6 8.7
Shoot biomass (g)
Well-watered 0.6 8.2 344 60.1 107.3
Shorter stress 0.6 6.6 16.0 30.6 —
Prolonged stress 0.6 6.6 16.0 18.9 28.1
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In response to rewatering, it declined to 3.10 g kg?
under the shorter stress treatment and dropped further
to 2.68 g kg! under the prolonged stress treatment
(data not shown).

Genotypic variation
Transpiration

Under initial drought, NSG19, KDML105 and
IR58821 transpired about 2 kg of water 3 or 4 days
earlier than did IR52561 and CT9993, respectively
(cf. Tables 1 and 3). In the shorter drought, CT9993
and IR52561, respectively, transpired about 1.9 kg of
water in 3 and 2 days earlier than IR58821. During
the 7 days of prolonged drought, IR58821 and
NSG19 transpired the smallest amounts of water
while CT9993 and IR52561 transpired the largest
amounts (Table 3). During the 7 days of rewatering
periods under both shorter and prolonged stress treat-
ments, NSG19 transpired the largest amount of
water, followed by KDML 105, whereas CT9993 and
IR62266 transpired the least amount of water, with
this genotypic variation being wider under the pro-
longed stress treatment. Increment of transpiration
on the date of rewatering was higher for NSG19 and
KDML105 (data not shown). Under the prolonged
stress treatment, KDML 105 and NSG19 had higher
amounts of transpiration (about 0.12 kg) 3 h after
rewatering.

Table 3. Cumulative transpiration in shorter and
prolonged water stress treatments during each growth
period for each rice genotype.

Transpiration (kg)?

Genotype DR; DRq RWg DRy RW
CT9993 2.03 1.82 557 076 4.62
IR62266 1.95 1.96 532 065 5.06
IR58821 193 191 573 048 5.60
IR52561 197 1.89 567 077 518
KDML105 1.95 1.99 6.05 063 6.70
NSG19 1.98 1.92 632 053 714

LSDo0s ns ns ns 0.10* 1.60**

aSee footnote a, Table 1.
** = ggnificant at P = 0.01; * = significant at P = 0.05;
ns = not significant at P = 0.05.

Root growth

Under the well-watered treatment, IR58821 had sig-
nificantly higher total and deep-root matter than did
the other genotypes (data not shown). At 51 DAS,
the root-to-shoot ratio of IR58821 was 20% and, at
58 DAS, deep-root ratio was 7.3%. Among the other
five genotypes, NSG19 and KDML105 increased
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deep-root matter at an earlier growth stage, whereas
CT9993 and IR52561 were later.

Under the stress treatments, IR58821 had the
smallest root-to-shoot ratio (5.7%) at the end of pro-
longed drought treatment and 1R52561 had smallest
total root matter during the droughts (data not
shown). CT9993 always had the highest root-to-
shoot ratios (9.7% at the end of prolonged drought)
and largest total root matter by the end of the pro-
longed drought treatment. IR58821 increased root-
to-shoot ratio up to 9.9% and 9.4% under the shorter
and prolonged stress treatments, respectively, which
were the second highest values after CT9993 (10.4%
and 10.0%, respectively). Deep-root matter increased
fastest in CT9993, followed by NSG19 and
KDML105, and was slowest in IR52561 by about
44 DAS.

Shoot biomass production

Before stress was imposed, significant genotypic
variation was observed for shoot biomass on 21
DAS, in descending order: NSG19, |R58821,
KDML105, IR62266, IR52561 and CT9993 (Table
4). This genotypic ranking was, overal, retained at
the end of the experiment under the well-watered
treatment. During initial drought, shoot biomass
increment was higher in IR52561 and CT9993 and
smallest in IR62266 and 1R58821, despite the fact
that al the genotypes transpired amost the same
amount of water. All the genotypes reduced shoot
biomass production during the initial drought, com-
pared with the well-watered treatment, but the pro-
portion of reduction was smallest in CT9993 (96%)
and KDML105 (93%). During the shorter drought
treatment, shoot biomass increment was higher in
KDML105 and NSG19 than in CT9993 and
IR52561, despite the fact that all the genotypes tran-
spired almost the same amount of water. During the
7 days of rewatering under the shorter stress treat-
ment, shoot biomass increment was highest in
NSG19, followed by KDML105, and smallest in
IR62266. During the 7 days of prolonged drought,
NSG19 and KDML105 had the smallest increase in
shoot biomass, whereas |R52561 and CT9993 had
the largest. During the 7 days of rewatering under the
prolonged stress treatment, KDML105 and NSG19
had the greatest shoot biomass increment, whereas
CT9993 and IR52561 had the |east.

Discussion

Response to, and recovery from, two different
drought periods

This study compared plant water use, root growth
and shoot response between two periods of drought,
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Table 4. Shoot biomass (g) in six rainfed-lowland rice genotypes before stress imposition and at the end of the experiment
under awell-watered treatment, and increment of shoot biomass (g) during each growth period under water stress treatments

for each genotype.

Genotype Shoot biomass (g)
Well-watered Stress?
First sampling  Fifth sampling DR; DRg RWg DRy RW/,
CT9993 0.38 86.4 6.6 6.2 13.8 35 75
IR62266 0.59 104.5 49 9.7 12.6 33 9.2
IR58821 0.78 1155 55 10.1 14.5 3.0 8.2
IR52561 0.52 974 6.8 7.9 14.7 38 74
KDML105 0.68 1171 5.8 11.3 15.2 26 11.7
NSG19 0.87 123.0 6.5 10.7 17.0 15 10.9
LSDoos 0.20** 10.1** 1.3* 3.8* 4.8+ ns 2.1**

aSee footnote a, Table 1.

** = gignificant at P = 0.01; * = significant at P = 0.05; + = significant at P = 0.10; ns = not significant at P = 0.10.

designated as ‘shorter’ and ‘prolonged’, and plant
behaviour after rewatering. Stress intensity during
the initial and shorter drought periods, as measured
by transpiration rate (5.1 and 5.9 mm d-, respec-
tively), was dightly lower than, but comparable
with, findings by Kamoshita et a. (2000) (about
7.6 mm d?). During the 7 days of prolonged
drought, however, the transpiration rate declined
significantly to 2.9 mm d-L.

Proliferation of deep roots was enhanced during
drought, with the deep-root ratio being, respectively,
10% and 17% at the end of the shorter and prolonged
droughts. These values were much higher than those
reported by Azhiri-Sigari et al. (2000) for similar pot
experiments (3% and 4%). The reason is not clear, but
the polystyrene covering the soil may have slowed the
rate of stress development in this study, thereby
minimizing water loss through evaporation. Another
reason may also have been the favourable weather
conditions that allowed partitioning of assimilates to
deeper soils. As the deep-root ratios in the well-
watered treatment (0.3%) were comparable with
values obtained by Azhiri-Sigari et al. (2000) (0.4%
and 1.2%, respectively), adaptive response of deep-
root development to drought may be highly affected
by the characteristics of drought development.

Osmotic adjustment was about 0.5 MPa by the
end of the initial drought period, and gradually
increased thereafter to 0.7 MPa. Apparently, it was
not associated with leaf retention or leaf elongation
rate, which sharply declined during the shorter
period of drought (data not shown). Reduction in
shoot biomass production during drought was less
than that of transpiration, because of an increased
WUE.
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With rewatering, the transpiration rate increased,
surface root length increased, and |eaf-water potential
increased. Leaf growth and shoot biomass production
recovered. No differencein therate of transpiration at
recovery was found between the two stress treat-
ments, but increment of shoot biomass after
rewatering after prolonged stress was 63% of that for
the shorter stress treatment, showing that the pro-
longed drought caused greater damage to the shoots
physiological functions.

Genotypic variation

This study demonstrated that plant size before stress
was significant for subsequent response to drought
and rewatering. Genotypes with higher seedling
vigour such as NSG19 and KDML 105 developed a
deep-root system and started earlier to extract soil
water from deeper layers. They also decreased |eaf-
water potential earlier once having exhausted the
extractable soil water (data not shown). NSG19 and
KDML105 had lower transpiration rates and WUE
during the prolonged drought treatment, suggesting
that this treatment most severely damaged growth in
these two genotypes. Even so, these genotypes still
retained higher shoot biomass by the end of either
drought treatment. However, the drought periods in
our study were not long enough to alter the ranking
of shoot biomass and thus could not verify
Passioura’ s argument (1982) that vigorous genotypes
exhaust soil water earlier and thus become more
severely damaged under prolonged drought.

The relationship between root-length density and
soil-water extraction rate in deeper soil layers at the
end of shorter stress treatment was apparently
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negative (data not shown). The genotypes that
developed an early deep-root system and thus had
higher root-length density at the end of shorter stress
treatment (i.e. NSG19 and KDML105) had started
extracting soil water from deeper layers earlier and
thus had smaller amounts of extractable water after
36 DAS. Although Kamoshita et a. (2000) estab-
lished a positive correlation between root-length
density and soil-water extraction rate from deep soil
layers during drought, observations started at the
beginning of soil-water extraction from these soil
layers. Genotypes that more quickly develop deep
roots in response to drought can take up water more
quickly at first but, as the extractable water in deep
soil layers decreases, the degree of deep-root length
has little advantage for extracting water, unless roots
are able to continue proliferating in yet deeper soil
layers where extractable water would be available.

Genotypic variation in maintenance of leaf-water
potential was not clear, except that leaf-water
potential declined earlier in genotypes with high seed-
ling vigour and which extracted water more quickly
(data not shown) (Kamoshita et a. 2000). Genotypic
variation in osmotic adjustment was observed (data
not shown), with some data corroborating the results
of Kamoshita et a. (2000), who showed osmotic
adjustment to be high in IR52561 and low in CT9993.
No relationship was found between osmotic adjust-
ment and increment of shoot biomassin thisstudy. To
demongtrate the effect of osmotic adjustment on
growth, near isogenic lines need to be developed
(Zhang et al. in press). More research is needed to
estimate genotypic variation for osmotic adjustment
and its association with leaf-water potential (Jongdee
1998; V.Sibounheuang et al. this volume)

Recovery of shoot biomass production after
rewatering was more rapid in NSG19 and KDML 105,
and this was more notable under the prolonged stress
treatment than under the shorter stress treatment. The
greater shoot biomass retained by NSG19 and
KDML105 by the end of the drought periods may
have been advantageous in that transpiration
increased more rapidly after rewatering. Wade et a.
(2000) and Mitchell et al. (1998) pointed out the
importance of the extent of leaf areaand leaf biomass
at drought’s end for superior recovery from drought.
In contrast, Blum (2000) suggested that recovery
from drought was mostly affected by plant water
status such as relative water content, leaf-water
potential or osmotic adjustment at drought’s end. In
this study, NSG19 and KDML 105 had higher osmotic
adjustment at drought's end, but the relationship
between leaf-water potential at the end of the stress
treatments and capacity to recover was not clear.

Wade et a. (1999) related trait expression in
seedlings of rice reference lines with their adaptation
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to diverse rainfed-lowland environments. Although
the results of these greenhouse experiments need to
be interpreted with caution, they do at least help us
understand the adaptation of the rainfed-lowland
reference lines to early season drought. At the same
time, the effects of physio-morphologica traits on
biomass production and growth need to be quantified
by using genotypes with similar genetic back-
grounds, except for the traits. Experiments are being
carried among genotypes selected from doubled
haploid lines, which have similar seedling vigour but
differ in rooting capacity.

Conclusions

In responding to drought, genotypes with higher
seedling vigour developed a deep-root system earlier.
This resulted in a more rapid extraction of water and
reduced transpiration, WUE and biomass production,
particularly during the prolonged drought treatment.
Capacity to recover was aways greater in NSG19
and KDML105, which are genotypes with higher
seedling vigour and which retained greater biomass
by the drought’'s end, even when drought was pro-
longed and caused increased injury.
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L eaf-Water Potential as a Drought Resistance Char acter

in Rice

V. Sibounheuang, J. Basnayake’, S. Fukai and M. Cooper

Abstract

Drought significantly constrains higher yield and yield stability in rainfed rice. Maintenance of
high leaf-water potential () isassociated with drought resistance, and water potential may be useful
as an indirect selection criterion for improving drought resistance in rainfed rice. Rice is most
sensitive to water deficit when flowering. We conducted three experimentsto study (1) the genotypic
variationiny and itsassociation with spikel et sterility under drought conditions; (2) therelationship
between plant water status and delay in flowering among lines under different moisture regimes;
(3) whether genotypic variation for y. wasrelated to plant size and xylem anatomy; (4) the genotypic
variation for water potential at given positions within the plant; and (5) the consistency of water
potential across lines. The results of the field studies suggested that drought reduced y, and delayed
flowering. The genotypic variation of y_ for lowland was generally higher than upland stress
conditions. The percentage of spikelet sterility of each genotype was positively associated with the
delay in flowering time and negatively associated with y; under both lowland and upland stress
conditions. Maintenance of water potential was not always related to plant size. Water potential
varied according to the position within the plant, being lowest at the leaf tip and highest at the stem
base. Variation iny across lineswas related to internal water conductance, xylem vessels and stem

Cross-section areas.

Rice (Oryza sativa L.) is a major staple food crop in
the world, supplying one third of the world's popul a-
tion with more than 50% their calories and nearly
half their protein. Rice is grown in the most diverse
range of environments (Wade et al. 1999), although
yield is usualy low in rainfed lowland systems
because of drought and drought-associated problems
(Widaswsky and O'Toole 1990; Ingram 1995;
Mackill et a. 1996). The lower grain yield obtained
in rainfed lowlands is partly because cultivars have
inadequate tolerance of drought, other abiotic and
biotic stresses, poor response to inputs such as
nutrients and genetically low yield potential (Singh
and Dwivedi 1997).

School of Land and Food Sciences, University of Queens-
land, Brisbane, Qld., 4072, Austraia
*Corresponding author: E-mail: J.Basnayake@ug.edu.au

Fukai and Cooper (1995) suggested that the timing
and severity of drought affect grain yield differently,
that is, a significant genotype x environment interac-
tion for grain yield operates in drought-prone
environments. O’ Toole (1982) has described charac-
teristics of drought resistance in rice. Fukai and
Cooper (1995) have suggested that the efficiency of
breeding programs can be improved by comple-
menting selection for yield with selection for physio-
logical traits that contribute to yield in important,
well-defined, and targeted drought environments.

A drought’s effect depends not only on the timing
or severity of the water deficit but also on the devel-
opmental stage at which it hits the crop (Somrith
1997). Reduced grain yield is particularly associated
with failure in processes that determine grain number
(Lilley and Fuka 1994). O’ Toole and Moya (1978),
and Jongdee (1998) have reported genotypic varia-
tion in leaf-water potential () among rice cultivars

KEYWORDS: Delay in flowering, Plant size, Spikelet sterility, Vascular bundle, Water potential, Water stress,

Xylem vessel size
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with diverse genetic backgrounds. Fukai and Cooper
(1995) have suggested that the maintenance of y_
may be usefully treated as a selection criterion for
specific types of drought environments.

Jongdee (1998) and Pantuwan et a. (1997) have
suggested some plant characters are associated with
genotypic variation for leaf-water potential under
water stress, including delay in flowering, spikelet
sterility, pollen sterility and water conductance.
Water stress could delay flowering and, sub-
sequently, increase spikelet sterility. Plant size and
water conductance have been shown to associate to
some degree with spikelet sterility under water stress
(Jongdee 1998). Further research is needed to verify
these hypothesized associations, and to alow us to
identify the major morphological and physiological
mechanismsinvolved in maintaining high y_inrice.

Among the several traits reported as associated
with drought adaptation in rainfed lowland rice, y_ is
one of the accepted indicators of water status in the
plant (Jongdee 1998). It is determined by the inter-
action of several processes involved in the uptake,
transport and loss of water from the plant. Genotypic
differences probably exist in the patterns of accessing
soil water and taking it up (both involving the root
system); of losing water to the atmosphere (involving
stomatal conductance, canopy size, leaf rolling and
degree of leaf desth); and, possibly, of resistance by
the vascular system to water transport.

This study aimed to investigate, in rice, (1) the
effect of water deficit during the reproductive stage
on the expression of genotypic variation for y in
terms of delay in flowering and spikelet sterility,
(2) the relationships between vy, delay in flowering
and spikelet sterility; (3) whether an association
exists between genotypic variation in y, plant size
and the stem’s internal anatomy; (4) the relationship
between vascular anatomy and the water potential
gradient within the plant; and (5) the consistency of
water potential across different rice lines with con-
trasting ability to maintain s .

Materials and Methods

Three experiments were conducted at the University
of Queensland (UQ) during 1999-2000.

Experiment 1 Water stressand delay in flowering

Experiment 1 was conducted under both lowland and
upland conditions, with two moisture regimes
(irrigated and water stress at flowering) from
October 1999 to March 2000. The rainout shelter
facility at the University’s Redland Bay Farm was
used to impose water stress. Water was withheld
before the plants started to head and the plots were
re-watered after 12 (lowland) or 13 days (upland).
Control treatments were continuously irrigated.
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Plants were grown in a randomized complete
block design with three replicates. Each plot com-
prised four rows, each 1 m long and spaced at 20 cm
from each other. Within each row, plants were
spaced at 10 cm. Measurements were taken from the
middle two rows, leaving 2 hills at each side of the
plot. In total, 19 lines, with varying capacities to
maintain v, were used for Experiment 1 (Table 1).
Some of these lines (e.g. Lines 18-11, 57-1 and 28)
were from an F5 population of a bi-parental cross of
cv Lemont and BK88-BR6 (Jongdee 1998). ‘ Doon-
gard, ‘lllabong’ and ‘Calrose’ are Australian com-
mercial cultivars. Most of the other lines were
introductions and had been tested for drought charac-
teristics at the UQ. Because the lines differed in
phenology, a staggered planting system was used to
synchronize flowering. Seeds from each line were
hand sown three times at intervals of 4 days. Fer-
tilizer was applied at 40 kg N hal, 48 kg P hal and
40 kg K ha! as a basal and 40 kg N ha! at 55 and
75 days after sowing.

Flowering date was recorded for each experiment
when 50% of the plants in the plot had flowered. The
difference between flowering dates of the irrigated
and stressed treatments was used to measure delay in
flowering. At the time of imposing water stress, six
stems with a similar auricle distance (2 cm) were
identified in each plot. These plants were used for all
measurements. Three panicles were collected at phys-
iological maturity from plants used to take water
relation measurements under each water regime.
Filled and unfilled grains were counted in the separate
panicles to determine spikelet sterility.

Leaf-water potential was measured, using the
pressure chamber technique described by Turner
(1981). Midday w_ (10.00 am.-3.00 p.m.) and
predawn y (1.00 am.—4.30 am.) were measured
three times during the stress period for both lowland
and upland conditions.

Experiment 2 Plant size and maintenance of LWP

Experiment 2 was conducted to determine the effects
of plant size on the expression of y, in rice under
stress. Anatomical differences in the stem in con-
trasting lines were studied. Four lines; cv Lemont,
and Lines 36, 77 and 28 were used to study the impor-
tance of y_ and osmotic adjustment on growth and
yield under water deficit (Jongdee 1998). Four plant
sizes used were full canopy, 1/3 leaf removal, 2/3 | eaf
removal and tillers reduced to six in number. Two
line-mixture treatments, using plants of different
sizes, were also conducted: onetall (Line 77) and two
short lines (Lines 36 and cv Lemont) in amixture, and
the same lines in aternate rows. The leaf removal
treatments were imposed 58 days after sowing (DAS).
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Experiment 2 was conducted under upland con-
ditions at the UQ’s Redland Bay Farm during the
1999 summer. Three water environments, namely,
irrigation, mild water stress and severe water stress
were used. Water was withheld at 58 DAS in both
the mild and severe stress environments, and the
rainout shelter facility was used to continue the
stress period by preventing rain landing on the plots.
For the mild stress environment, water was withheld
for 14 days, starting at 58 DAS, and for severe stress,
for 18 days, starting at 58 DAS.

Plants were grown in a randomized complete
block design with three replicates. Each replicate
consisted of 18 treatments: 4 lines x 4 plant sizes + 2
line-mixture treatments with tall and short lines in
dternate row arrangement. Each plot measured
1.92 m2, comprising 6 rows per treatment spaced at
20 cm. Within each row, spacing between plants was
10 cm. Seeds were hand sown and the plants were
thinned at 14 DAS to one plant per hill. Fertilizer
was applied at 40 kg N ha'l, 48 kg P ha! and 40 kg
K hal as abasal, and 40 kg N ha! at 55 DAS.

Plant size (mean leaf area of 4 plants) was
measured before and after stress to investigate the
relationship between plant size and development of
midday . during the stress period. The sets of
measurement were taken at 61, 67 and 71 DAS for
mild stress and at 61 and 75 DAS for severe stress.
Leaf-water potential was also measured in the
control treatment.

For each line, stems were collected to determine
the size and number of vascular bundles and xylem
cells. Samples were taken from the base of the main
tiller (fourth node from the base). They were pre-
served in a solution of 50% ethanol, 5% acetic acid,
5% formaldehyde and distilled water. A cross section
of a stem was taken and observed through the micro-
scope with a x100 magnification to determine the
size and number of vascular bundles. The total
number of vascular bundles within the cross section
was counted. In addition, the diameter of the xylem
within a large vascular bundle was measured, using
five xylem cells chosen at random. The stem’s inner
and outer circles were also measured to determine
stem area. Total xylem areawas thus calculated from
both xylem diameter and number of vascular bundles.

Experiment 3 Xylem anatomy and water potential

Experiment 3 was conducted in a greenhouse at the
UQ in Brisbane during the 1999-2000 summer.
Greenhouse temperature varied between 28°C and
32°C, differing by 2—-3°C from outside temperatures.
The six lines studied were cv Lemont, and Lines 36,
77,28, 29 and 49, which, according to Jongdee (1998)
differ in their ability to maintain v, levels under
water stress: cv Lemont and Line 36 maintain higher
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levels of y; than do Lines 29 and 49, which, in their
turn, maintain higher levels than do Lines 28 and 77.

The six lines were planted at 2 plants per pot
(30 cm in diameter and 25 cm high). Each pot was
filled with 3.5 kg of sandy loam soil with uniform
soil moisture conditions. Pots were allocated to four
replicates and, at weekly intervals, were moved ran-
domly within their respective replicates. Adequate
amounts of fertilizer and water were applied to
ensure that growth was not limited until the stress
treatments began. Water stress was imposed at 79
DAS. Beforethat date, soil moisture content was kept
constant in al pots. The control treatment (no stress),
using the same lines, was planted in two replicates.

Plant-water potential () was measured five times
during 10 days of stress at four positionsin the plant:
leaf tip, leaf base, leaf sheath and base of main stem.
Before stress was imposed, primary stems were col-
lected from plants of the six lines and preserved in a
50% alcohol medium for the microscopic study of
vascular anatomy. These samples were used to deter-
mine, for each line, the number of vascular bundles,
number of xylem cells within the vascular bundles,
size of xylem (in alarge vascular bundle from stem)
and area of the stem cross section at different
positions within the plant. Cross sections of the |eaf
tip, leaf base, leaf sheath and stem were taken and
observed under the microscope with varying magni-
fications. Total xylem area was calculated as
described for Experiment 2. Samples for v measure-
ments were taken from the same positions as for the
stressed plants. The rate of development of water
stress in each position was estimated by taking the
difference between the first and last y values of the
stressed plant, and dividing by number of days of the
stress period. Analyses of variance were conducted
for each measurement time and for each of the four
positions in the plant. The significance of variations
among lines and positions in plants and their inter-
action was analysed.

Results
Experiment 1
Delay in flowering

Delay in flowering was assessed by taking the differ-
ence in days to flowering between the control (no
stress) and stress treatments for upland and lowland
conditions. Analysis revedled that the variation
among linesfor delay in flowering was significant for
both upland and lowland stress conditions (P < 0.05),
ranging from 1 to 6 days under upland conditions,
and from 1 to 7 days under lowland conditions
(Table 1). Some consistency was found when ranking
linesfor delay in flowering under upland and lowland
conditions (R2 = 0.67). However, line 122221 was
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quickly stressed under lowland conditions, showing
as long adelay in flowering as did Line 28. Cultivar
Lemont and line AYR657 showed least delay in
flowering (1 day) under lowland conditions, whereas
Line 28 was most delayed under both conditions
(6 and 7 days, respectively). The association between
delay in flowering and flowering date was poor under
well-watered conditions.

Development of water stressin different rice lines

Under lowland stress conditions, predawn and
midday i declined steadily during the 12 days of
stress. They ranged from —0.85 to —2.84 MPa for
midday v and —0.31 to —1.70 MPa for predawn .
Under upland stress conditions, midday . declined
slowly during thefirst 9 daysin the stress period, then
dropped sharply during last 4 days. The measure-
ments ranged from —0.85 to —2.16 MPa for midday
y. and from —0.17 to —0.99 MPa for predawn v, .
Both lowland and upland control treatments had
similar levels of midday vy (-0.82 and —0.90 MPa,
respectively) at the end of the stress period.

The genotypic variation for midday and predawn
. wassignificant (P < 0.05) for both upland and |ow-
land stress conditions at the end of the stress period.
Cultivar Lemont recorded the highest y , followed by
line AYRG657, under lowland stress conditions,
whereas lines 122221 and 122230 recorded the lowest
(Table 1). Under upland conditions, cv Lemont
showed the highest y_ and Line 28 the lowest.

Total grain per panicle, and percentages of filled
and unfilled grain

Variation among lines for the total number of grains
per panicle was significant for both stress and
irrigated conditions. The average grain number per
panicle was 126 for upland stress conditions and 135
for lowland stress conditions. Cultivar Lemont and
line AY R657 recorded the highest grain numbers per
panicle under upland stress conditions, and lines
AYR657 and 122221 had the highest under lowland
stress conditions.

The genotypic variation for the percentage of filled
and unfilled grains was also significant under both
stress conditions. Under lowland conditions, the per-
centage of unfilled grains ranged from 25% to 75%,
whereas for the upland conditions, it ranged from
33% to 69%. Generally, when the rate of water stress
development was low, the variation in unfilled grain
percentages among lines was higher in the lowland
stress treatments than in the upland stress treatments.

Relationships between i, delay in flowering and
percentage of unfilled grain

The relationship between delay in flowering and
midday y (at the end of the stress period) was
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examined for 19 lines for both lowland and upland
stress conditions. A negative association was found
between midday and predawn ;. and delay in
flowering under upland and lowland stress conditions
(Figure 1). The R? for the linear association between
v, and delay in flowering was 0.54 and 0.65, respec-
tively, for predawn and midday vy, in the uplands
(Figure 1a).

Table 1. Delay in flowering and values for midday |eaf-
water potential (w., MPa) of 19 rice lines after 12 days of
water stress under lowland conditions and 13 days of water
stress under upland conditions in Experiment 1, Redland
Bay Farm, University of Queensland, 1999-2000.

Cultiver or line Delay in flowering  Midday vy (MPa)

Upland Lowland

Upland Lowland

Lemont 1 1 -135 -1.63
AYR657 2 1 -187 -1.72
THA 3 4 -1.80 -3.03
M7 3 4 243 -2.83
J29 3 3 -1.78 -2.60
Doongara 3 4 224 273
YRL39 3 4 -177 307
122216 3 3 -1.73 247
I1labong 3 3 223 233
Line 18-11 4 3 253 257
122230 4 5 228 337
Line 85-10 4 4 -253 320
122227 4 5 213 323
ATF43 4 6 2271 327
ATF47 4 4 -174 291
122221 4 7 210 342
Line 57-1 5 5 -250 -317
Carose 5 5 =277 320
Line 28 6 7 293 313
Mean 36 4 216 284
LSDo,05 24 2 0.65 0.80

Under lowland stress conditions (Figure 1b), the
association was similar to that of upland stress con-
ditions, with R2 values of 0.52 and 0.80 for predawn
and midday i, respectively. Cultivar Lemont had
only a 1-day delay in flowering after 12 or 13 days
of stress under lowland and upland conditions, and
maintained higher v than the other lines.

A negative relationship was found between
midday . and unfilled grain percentage for both
upland and lowland stress conditions (RZ = 0.42 and
0.56, respectively) (Figure 2). The lines able to
maintain high vy under water stress had a low per-
centage of unfilled grains than did lines with low
a the end of the stress period. Cultivar Lemont
maintained a higher y, than most other lines and had
a low percentage of unfilled grain under both stress
conditions. Conversely, Line 28 had a consistently
low y and had a higher percentage of unfilled grain.
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Figure 1. Relationship between delay in flowering, and midday (®) and predawn (A) leaf-water potentials (y.) in 19 rice
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Figure 2. Relationship between spikelet sterility and

midday leaf water potential (y.) among 19 rice lines
under (a) upland stress conditions, and (b) lowland stress
conditions.

Relationship between delay in flowering and unfilled
grain percentage

An association was found between delay in flowering
and percentage of spikelet sterility under upland
(R2=0.50) and lowland (R2 = 0.58) stress conditions
(Figure 3). Lines with short delays in flowering
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produced the smallest unfilled grain percentages
under water stress. Generally, under both stress con-
ditions, cv Lemont delayed little in flowering and
subsequently produced the lowest percentages of
unfilled grain. In contrast, cv Calrose and Line 28
delayed longer in flowering and produced the highest
percentages of unfilled grain.
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Figure 3. Relationship between delay in flowering and
spikelet sterility among 19 rice lines under (&) upland stress
conditions, and (b) lowland stress conditions.
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Experiment 2
Canopy size and |eaf-water potential

Leaf area among canopy treatments under no stress,
mild stress and severe stress was significantly dif-
ferent (P < 0.05) at the beginning and end of the
treatments. The mean leaf area after no, mild and
severe water stress periods was 761, 603 and 556
cm?, respectively. This indicated that differences in
plant size within a given line were effectively main-
tained in relation to variations in y_ at the end of the
stress period.

We found no significant line x canopy-size treat-
ments interactions for midday i before the three
water stress conditions were imposed. Midday i
declined slowly during the first 9 days and sharply
afterwards under both mild and severe stress. At the
end of the stress period, mean . values declined
from —1.23 to —2.32 MPa under mild stress and from
—1.23 to —2.62 MPa under severe stress. At the end
of both stress periods, significant line x canopy-size
treatments interactions were found for midday w.. A
significant difference (P < 0.05) in y; was observed
among canopy treatments for Line 36 under mild
stress, although none were seen under severe stress.
Significant line x canopy-size interactions were also
observed for Lines 77 and 28 under severe stress
(Table 2).

Variation among lines for y, was highly signifi-
cant (P < 0.01). Lines 36, 77 and 28 maintained
lower y than did cv Lemont under both mild and
severe stress at the end of the stress periods
(Table 2). For v, the canopy treatments within lines
responded differently under water stress, particularly
for Lines 77 and 28. Under severe stress, in Line 77,
v, did not decrease significantly (P > 0.05) when
tillers were removed (6 tillers only), whereas, in Line
28, v decreased significantly (P < 0.05) when the
same treatment was applied. Similarly, in Line 36,
v under full canopy treatment was, overall, lower
than it was under other canopy treatments under
severe stress, whereas, for Line 77, it was, on the
whole, higher. Furthermore, the expression of y in
Line 77, cv Lemont and Line 28 in the mixture treat-
ments was similar to that of the full canopy treat-
ments. Although differences in y, among Lines 36,
77 and 28 with full canopies were not significant
(P> 0.05), some differences (P < 0.05) among these
lines were identified for y_ under reduced canopy
treatments.

Number and size of vascular bundles

Four lines showed significantly different (P < 0.05)
numbers of large and small vascular bundles and
xylem diameters. Cultivar Lemont, which maintained
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relatively high v, had a larger xylem diameter than
did Lines 77 and 28, which both had low
(Table 3). Line 28 had a significantly lower number
of large and small vascular bundles than did the other
three lines. Differences in stem area and the total
xylem area of the four lines were significant. Cultivar
Lemont and Line 36 had the largest stem area while
Line 77 had the lowest. Similarly, cv Lemont and
Line 36 showed the highest total xylem area, com-
pared with Lines 28 and 77. Maintenance of y in
those lines was associated with total xylem area and
the stem cross-section area. However, the association
between the number of vascular bundles and the
expression of y_ was poor.

Table 2. Vaues for leaf-water potential (y) of four rice
lines under 18 canopy-size treatments in well-watered
(control) conditions, mild stress (14 days) and severe stress
(18 days) in the field Experiment 2, Redland Bay Farm,
University of Queensland.

Cultivar or line, v (MPa)
Canopy size treatment

Control Mild  Severe

stress  stress

Lemont, full canopy -0.97 -183 -1.80
Lemont, 1/3 leavesremoved  —1.03 -1.87 -2.00
Lemont, 2/3 leavesremoved  —0.80 -1.80 -2.17
Lemont, 6 tillers only -0.97 -1.77 197
Lemont + Line 77 mixture -0.87 -200 -167
Lemont + Line 28 mixture -0.70 -1.83 -1.83
Line 36, full canopy -120 277 -283
Line 36, 1/3 leavesremoved  —1.17 -230 257
Line 36, 2/3 leavesremoved  —1.23 -250 250
Line 36, 6 tillers only -1.03 260 -287
Line 77, full canopy -153 210 273
Line 77, /3 leavesremoved  —1.40 -233 270
Line 77, 2/3 leavesremoved  —1.43 240 =347
Line 77, 6 tillers only =143 247 277
Line 77 + Lemont mixture -1.33 -2.37 267
Line 28, full canopy -147 260 280
Line 28, 1/3 leavesremoved  —1.30 -290 -3.07
Line 28, 2/3 leavesremoved  —1.53 -270 337
Line 28, 6 tillers only -1.67 -253 357
Line 28 + Lemont mixture -1.57 -2.67 -3.03
Mean -1.23 232 -262
LSDg 05 0.44 0.40 0.71

Experiment 3

Following the results of the field experiment, the
greenhouse experiment investigated, in six lines, the
relationship between v, total xylem area and stem
area. In addition, the y gradient within the plant and
its consistency across lines were investigated.
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Table 3. Number of large and small vascular bundles per
cross-section area of the stem, xylem diameter, stem area
and total xylem area of the stem base of four rice lines.

Cultivar Vascular bundles Xylem Stemarea Tota

or line diameter (mm?) xylem
Large Small (um) area

(um?)
Lemont 30.3 29.3 42.0 16.3 84300
Line 36 30.7 29.7 4.7 15.7 96220
Line 77 30.7 293 333 86 50140
Line 28 28.7 27.7 37.3 149 67180
Mean 30.1 29.0 39.3 139 74460
LSDo0s 129 1.20 1.80 1.20 10680

Maintenance of water potential among lines

The results showed that, within lines, significant dif-
ferences existed among positions for maintenance of
vy (P < 0.05) under stress. The y values of different
positions of the six lines at 0 and 10 days after stress
was imposed are shown in Table 4. Overal, cv
Lemont maintained the highest plant y, whereas
Line 77 maintained the lowest throughout al the
locations studied. Stem-base water potential (yg)
decreased least during the stress period. Line 77
showed the highest rate of development of stress in
the stem base, which changed from —0.24 MPa at
Odays to —1.00 MPa at 10 days after stress was
imposed, followed by Line 28 (from —0.24 to —0.83
MPa). This trend was consistent across the plant
positions of the six lines. The rate of development of
water stress was highest in the leaf tip than in the
other positions. Line 77 (-0.80 to —3.55 MPa) and
Line 28 (-0.79 to —2.40 MPa) recorded the lowest
leaf-tip water potential () at the end of the stress
period.

The mean value of stem-base water potential (vs)
ranged from —0.16 MPa at 0 days to —0.58 MPaat 10
days after stress. Before water stress was imposed,
the y among lines in the stem base, leaf sheath and
leaf base were not different among lines. As water
stress continued, Lines 77 and 28 could not maintain
a high leaf-tip water potentia () when transpira
tion demand increased. In contrast, cv Lemont
showed an ability to maintain a higher v ; (-0.58 to
—1.30 MPa) over the same period of stress.

Number of vascular bundles among lines

The number of vascular bundles at different positions,
xylem diameter, stem cross-section area and total
xylem area of the six rice lines are shown in Table 5.
The number of vascular bundles depended on the
tissue area in the position. The stem base had the
largest cross section of the plant and contained a
higher number of vascular bundles than did other
plant positions. The leaf tip had the smallest cross
section and had arelatively small number of vascular
bundles. Lines varied for the number of vascular
bundlesin each location, except for leaf sheath (v J).
However, the association between plant  at different
plant positions and number of vascular bundles in
each position across lines was poor (R2 = 0.07).

Plant v at different locations showed association
with the respective xylem area (average xylem area x
total xylems/stem cross section area) and stem cross-
section area of each genotype. Generaly, y, tended
to increase with increased size of xylem area
(Figure 4a). When xylem area was increased from
35000 um?2 to 58000 um? in the stem base, ¢
increased from —3.55 to —1.30 MPa. Usually, lines
with the stem xylem area larger than 58,000 um? had

Table 4. Comparison of water potential (y) values for stem base, leaf sheath, leaf base and leaf tip among six rice lines
under control (no stress) and stress (10 days of water deficit) treatments in the greenhouse.

Cultivar v (MPa) at 0 or 10 days after stress imposed
or line
Stem base Leaf sheath Leaf base Leaf tip
0 10 0 10 0 10 0 10
Lemont -0.09 -0.33 -0.43 -0.78 -0.51 -1.03 -0.58 -1.30
Line 29 -0.10 -0.48 -0.38 -1.27 -0.39 -1.48 -0.55 -1.78
Line 49 -0.13 -0.43 -0.35 -1.13 -0.43 -1.52 -0.58 -1.65
Line 36 -0.18 -0.45 -0.38 -0.75 -0.44 -1.50 -0.63 -2.03
Line 28 -0.24 -0.83 -0.49 -157 -0.64 -1.96 -0.79 —2.40
Line 77 -0.25 -1.00 -0.64 -2.10 -0.73 —2.98 -0.80 -3.55
Mean -0.16 -0.58 -0.44 -1.27 -0.52 -1.75 -0.65 -2.12
LSDo.05 ns 0.34 ns 0.60 ns 0.64 0.20 0.90
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Table 5. Number of vascular bundles at different positions, namely, leaf tip (It), leaf base (Ib, fourth node), leaf sheath (Is)
and stem base (sb); xylem diameter; stem cross-section area; and total xylem area of six rice lines (lv = large vascular

bundles; sv = small vascular bundles).

Cultivar Number of vascular bundles Xylem Stem Tota
or line diameter cross-section  xylem area

b (um) area (um?)

(mm?)
Iv sV Is Ib It

Lemont 320 29.8 385 20.5 115 338 24.0 58100.0
Line 29 34.3 323 385 245 145 41.8 34.8 93760.0
Line 49 30.0 29.8 39.0 20.5 140 36.2 213 62580.0
Line 36 35.0 330 39.5 220 135 325 20.8 59360.0
Line 28 32.8 323 385 185 105 31.8 16.8 52080.0
Line 77 335 323 39.0 195 135 2538 16.0 34960.0
Mean 329 315 38.8 20.8 129 33.6 22.3 60140.0
LSDoos 2.99 ns ns 0.71 0.86 472 8.21 19734.0

similar y in all positions and expressed higher y than
lines with smaller stem xylem areas.

Similarly, lines with larger stem cross-section
areas could maintain higher v at all positions than
could lines with lower stem areas (Figure 4b). When
the cross section area increased from 16 to 24 um?,
Y.t tended to increase from —3.55 to —1.30 MPa.
However, any increment in cross section area beyond
this limit did not show further increase in y through
the four positions of those lines. These results
suggest that the genotypic variation in plant y may
be associated with xylem and stem areas of theserice
lines but not with the number of either vascular
bundles or xylem cells in the stem.

Discussion

This study showed that y was associated with some
yield components in rice under water stress, whether
in the uplands or lowlands, and could potentialy
delay flowering in rice. Average delay in flowering
was 4 days under both stress conditions, and its
genotypic variation was associated with v and
spikelet sterility. Phenology, particularly flowering
date, is a major determinant of the number of filled
grains per panicle under water stress. Factors such as
maintenance of high y, may aso be important for
high grain yield (Jongdee 1998). For example, cv
Lemont had the same flowering dates as some lines
under both upland and lowland stress conditions but
had a higher filled grain percentage than did the
other lines. This difference in filled grain percentage
under stress could be associated with the differences
in maintaining y_ under stress. Cultivar Lemont was
also able to maintain higher y_ than the other lines,
whereas Line 28, which had the lowest y, , had alow
percentage of filled grain. The results confirmed
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those of Jongdee (1998), who found that the main-
tenance of high y, may help maintain high grain
yield under water deficit. An association was found
between spikelet sterility and delay in flowering
under both lowland and upland stress conditions.

While maintenance of high y, appears to favour
low spikelet sterility, the influence of plant size on
the expression of . showed a contrasting pattern of
response among lines. The canopy study showed that
the expression of . could be changed within lines
where high y, cannot be maintained under stress
(e.g. Lines 77 and 28). Therefore, canopy size (leaf
area) may have some effect on the expression of i,
particularly, in lines experiencing low i under
severe stress. Boonjung and Fukai (1996) reported
that plants with small canopy size were able to main-
tain higher y_ and take up water more slowly than
those with larger canopy size. Cultivar Lemont and
Line 77 had similar canopy sizes but cv Lemont
became stressed more slowly and was able to main-
tain higher y_ than could Line 77 at the end of the
stress period. However, cv Lemont had a smaller
canopy size than Line 28 and recorded a higher yi
after the stress period. The variation in y_ due to
changes in canopy size was high within lines that
expressed low ;. under stress. These results corrob-
orate those of Lilley and Fukai (1994), who showed
that lines with similar canopy size and total water
use differ in .

Xylem diameter and total xylem area were higher
in cv Lemont and Line 36 than in Lines 28 and 77.
These differences influenced water conductance
within the plant during stress. It was shown that
higher xylem diameter and total xylem area were
associated with higher y, for thefour lines. A plant
v gradient was found from stem base to leaf tip in
the rice plant.
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Figure 4. Comparison of different water potentials (v, MPa), averaged across 6, 9 and 10 days after stress imposed, at
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While the pattern of the gradient differed among
lines, the trend of expression of y from stem base to
leaf tip was consistent. The stem maintained the
highest v, followed by leaf sheath, leaf base and leaf
tip. Turner (1982) suggested that the capacity of
roots to take up water would have a limited impact
on vy if the stem had a high resistance to water flow.
Conversely, Jongdee (1998) reported that the yg, in
rice lines was relatively high, even when gravimetric
soil moisture content was low (13.6% to 18.3%) and
leaf drying was observed. The current study suggests
that lines vary for vy, and, therefore, internal con-
ductance of water from stem base to leaf tip may be
an important expression of genotypic variation for
YL under water stress.
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| mproving Water-Use Efficiency in Rice-Based Cropping

Systems Using Per manent Raised Beds

Andrew K. Borrédll* and Donald E. Van Cooten?

Abstract

A major challenge for the next 20 yearsis to develop genetic and agronomic solutions to combat
water shortages for rice production and to develop ecosystems that better match crop growth with
water supply. Experiments were conducted in northern Queensland, Australia (1989-1992) and
eastern Indonesia (1993-1999) to develop a cropping system based on raised beds and saturated
soil culture (SSC), whereby rice could successfully be grown in rotation with several field crops.
Advantages of the SSC system include improved efficiencies of water use, energy savings,
enhanced timeliness of field operations and reduced soil compaction. The northern Queensland
studies indicated that double cropping rice and field crops on permanent raised beds provides
additional synergistic and logistic benefits over those found in the traditional rice/fallow system.
Subsequent experiments in West Timor found that various crops, as well asrice, can be grown on
raised beds during the wet season, thus overcoming the problem of waterlogging. Moreover, if
raised beds were constructed before the wet season in lowland areas, crops could be sown at the
onset of the wet season, thus avoiding end-of-season drought and permitting significant increases
in crop yields. Reforesting of eroded upland cropping areas with perennial tree species was also
possible, provided the intensive lowland production met the subsistence farmers' basic food and/or
cash crop reguirements. By increasing the probability of year-round crop production, this system,

overall, can help enhance food security for South-East Asian subsistence farmers.

GLOBALLY, water for irrigated rice (Oryza sativa L.)
production is becoming increasingly scarce due to
greater urban and industrial demand (DuPont 2000).
Water, more than any other resource, also limits
rainfed rice production throughout the world. The
challenge is to develop rice ecosystems that use less
water and improve water-use efficiency (WUE) by
better matching crop growth to water supply. This
paper summarizes a series of studies that were under-
taken initidly in northern Australia (1989-1992),
thenin West Timor (1993-1999), to develop araised-
bed cropping system in which rice could successfully
be grown in rotation with arange of other field crops.
These concepts are equally applicable to lowland rice
production in South-East Asia.

1Hermitage Research Station, Department of Primary
Industries, Warwick, Queensland, Australia

2Service Fellowship International, Bali, Indonesia
*Corresponding author: E-mail: borrela@dpi.gld.gov.au

Options for decreasing water use and increasing
WUE for irrigated rice were first investigated in
north-eastern Queensland, Australia, because of the
high costs of water in the Burdekin River Irrigation
Area (BRIA). In addition to improving economic
returns to growers, it was believed that increasing the
WUE for irrigated rice production would have long-
term environmental benefits by lowering water tables
and reducing salinization in irrigation areas (Gardner
and Coughlan 1982; Borrell et al. 1997).

In the northern Queensland studies, it was
hypothesized that WUE (g m=2 mm™?) of field-grown
rice could be increased by implementing an
agronomic system known as saturated soil culture
(SSC). This system was initially developed for soy-
bean production on raised beds in the greenhouse
(Hunter et al. 1980; Nathanson et al. 1984) and later
inthe field (Wright et al. 1988; Troedson et a. 1989;
Garside et a. 1992a). Plants were grown on raised
beds that were 0.2 m high and 1.2 m wide, with water

KEYWORDS: Saturated soil culture (SSC)
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maintained in furrows, which were 0.3 m wide and
about 0.1 m below the bed surface. Water-use
efficiency (WUE) was increased by reducing water
use without reducing dry matter production. The
Queendland studiesaimed to reach similar efficiencies
for rice grown under SSC.

Both northern Queensland and eastern Indonesia
are characterized by a typica monsoona rainfall
pattern with hot, humid, wet seasons from November
to April and cooler dry seasons from May to
October. Improved WUEs for rice production with
SSC in tropica Australia indicated that similar
benefits might be realized with this method of
irrigation in West Timor. It was also thought that
permanent raised beds would reduce the incidence of
soil erosion, the most significant environmental
problem facing Timor today (Duggan 1991).

To ensure food security in eastern Indonesia, a
cropping system is required that will enable sub-
sistence farmers to produce sufficient nutritious food,
despite the lack of rainfall between May and October.
Maximum crop production depends on efficient use
of rainfall during the wet season and of stored soil
water during the dry season, that is, on matching crop
growth with water supply. The development of any
new cropping system should be considered in the
context of the region’s existing agricultural produc-
tion systems. Simpson (1995) highlighted five pro-
duction systems that commonly exist side by side
within a single farm in West Timor: (1) swidden
(shifting/dlash and burn) cultivation of rainfed crops,
mainly maize (Zea mays L.); (2) the cultivation of
rainfed or irrigated rice in lowland aress; (3) house
gardens with rainfed maize, cassava (Manihot
esculenta Crantz) and beans (Phaseolus spp.) inter-
cropped with tree crops, (4) cattle production,
including the use of the breeding herd for rencah
system, in which cattle are herded into flooded rice
fields to puddle the soil in preparation for rice
planting); and (5) harvesting forest products such as
tamarind (Tamarindus indica L.), candlenut (Aleur-
ites moluccana (L.) Wild.), sandalwood (Santalum
album L.) and fuel wood.

All these systems are constrained by drought and,
at times, waterlogging. The incompatibility of upland
crops such as maize and soybean with flooded rice
culture hindered the development of rice-based
cropping systems in both northern Queensland
(Garside et al. 1992b) and West Timor (Van Cooten
and Borrell 1999). The key to overcoming this
inherent incompatibility was SSC on raised beds.

Northern Queensand

Garside et al. (1992b) report the development of a
rice-based cropping system for tropical Australiathat
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included the double cropping of rice, soybean and
maize. They discuss a series of experiments con-
ducted at Millaroo Research Station (20° 03" south,
147° 16’ east) in the BRIA, between 1989 and 1992.
Such a system, based on rice production under SSC
on permanent raised beds, was shown to improve
productivity and to have considerable advantages
over the traditiona rice/falow system, such as
greater WUES, energy savings, improved timeliness
of field operations and reduced soil compaction.

To develop aviable and practical rotation, Garside
et a. (1992b) identified and examined in isolation
those cultural and management components most
likely to inhibit the system. Three key areas were
identified:

1. Incompatibility of irrigation practices for flooded
rice and furrow-irrigated upland crops (Borrell et
al. 1991, 1993, 1997).

. Impact of cultural changes on timeliness of opera
tions (Braunack et a. 1995; McPhee et a. 19953,
b, c); and

. Effects of crop and irrigation practice on soil
chemistry and nutrient availability (Borrell 1993;
Dowling 1995; Ockerby et a. 19992, b).
Development of an irrigated rice-based cropping

system for tropical Australia was driven by both

economic and environmental imperatives. At the
time of research, water and nitrogen fertilizer
accounted for about 40% and 20%, respectively, of
the variable costs of growing arice crop (Bourne and

Norman 1990), highlighting the need to improve the

efficiencies with which these resources were used.

Previous studies in the BRIA had also found that

deep drainage losses from rice fields ranged from 50

to 240 mm per crop, depending on the permeability

of the B horizon (Gardner and Coughlan 1982).

Therefore, it was considered likely that increasing

the area of flooded rice production would lift the

regional water table, possibly leading to soil saliniza-
tion in some areas. It was thought that SSC, an ater-
native irrigation strategy, may obviate this problem.

In addition, there was increasing pressure for

nitrogen fertilizer inputs to be reduced to prevent

drainage of excess nitrate from agricultural enter-
prises into coastal rivers and, eventualy, into the

Great Barrier Reef (Prove et al. 1990).

Irrigation practices

Field crops such as maize and soybean are not suited
to the anaerobic environment associated with
flooded rice production. Therefore, rice would need
to be grown under a different cultura system to
improve compatibility between rice and field crops.
Experiments were conducted to examine alternative
methods of irrigating rice. The responses of biomass
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production and yield in rice (cv. Lemont) to five
methods of irrigation were examined in a wet and
dry season in northern Australia (Borrell et a. 1997).
Permanent floods at sowing (PF-S), at the three-leaf
stage (traditional, PF-3L) and before panicle initia-
tion (PF-PlI) were compared with two unflooded
methods: SSC and intermittent irrigation at weekly
intervals. The objective of these studies was to
maximize grain yield by optimizing its functional
components. water use, plant water-use efficiency
for biomass production and harvest index.

These studies found that flooding rice is not
necessary to obtain high grain yield and quality
(Borrell et a. 1997). Although the trend across all
water regimes was for yield to increase with water
supply, no significant difference in yield and quality
was found between SSC and traditional flooding
(PF-3L), even though SSC used about 32% less
water in both seasons (Table 1). Transpiration would
have been small during the first 30 d of crop growth.
Therefore, higher water losses during this period in
flooded (290 mm) than unflooded (160 mm) treat-
ments suggest that evaporation, seepage and percola-
tion losses were higher with ponded water. These
factors were not measured separately in this study,
but their combined values support earlier findings
that percolation increases with increasing depth of
ponded water due to the imposition of a larger
gradient in hydraulic head (Ferguson 1970; Sanchez
1973; Wickham and Singh 1978). Alternative irriga
tion strategies comprising lower depths of ponded
water such as SSC, are likely to be most advanta-
geous in relatively porous, non-swelling soils where
flooding simply creates a greater hydraulic head
which, in turn, increases percolation.

In the dry season, there was a trend for increased
WUE for grain production (WUEg) in SSC, com-
pared with the other treatments (Table 1). In the wet
season, WUEg was higher in PF-S and SSC than in
the other treatments. The Australian studies pointed
out that the selection of an optimal irrigation method
for rice production in tropical environments should
not be based on the criterion of WUE, but rather on
the dual criteria of WUEg and total water use. Had
selection been based on WUEg alone, both SSC and
PF-S would have been acceptable in the wet season,
despite significantly higher water use in PF-S (about
35% more). With increasing water scarcity, the
urgent issue is to select a system that encompasses
both improved efficiency and lower water use. Based
on these dual criteria, SSC was the optimal treatment
in the Australian experiments.

For rice grown as arow crop on permanent raised
beds, irrigation water can be supplied to the furrows
a a constant rate, maintaining the water level at
about 0.1 m below the bed surface. Alternatively,
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water can be supplied at regular intervals (e.g. twice
weekly) to rice grown on raised beds within bunded
fields, maintaining the water at an average level of
0.1 m below the bed surface. While SSC was
initially developed for irrigated crop production, the
principles dtill apply to rainfed rice production
within bunded fields during the wet season, although
water levels cannot be controlled to the same extent
as for irrigated production.

Table 1. Water use (mm), grain dry mass (g m2) and effi-
ciency of water use for grain production (WUEg, g m2
mm2) for two seasons and five methods of irrigation.

Irrigation Water use Grain dry WUE,
method? mass
Dry season
PF-S 1351d 875b 0.65
PF-3L 1320d 822 b 0.63
PF-PI 1170 ¢ 789 b 0.67
SsC 904 b 734 b 0.82
I 764 a 507 a 0.66
Mean 1102 746 0.69
LSDoos % 177 ns
Wet season
PF-S 1286 d 612c 0.48b
PF-3L 1228 ¢ 456 b 037a
PF-PI 1075 b 421 ab 0.39a
SsC 833a 402 ab 0.48b
I 873a 363 a 0.41 &b
Mean 1059 451 0.43
LSDoos 49 64 0.07

aMeans within a column and season followed by differing
letters are significantly different (P < 0.05). ns = not signif-
icant at P < 0.05, F-test.

bPF-S = permanent floods at sowing; PF-3L = at three-leaf
stage; PF-Pl = before panicle initiation; SSC = saturated
soil culture; Il = intermittent irrigation.

Source: Adapted from Borrell et a. (1997).

Controlled traffic

At the same experiment site (Millaroo Research
Station, BRIA), but separately from the irrigation
studies, timeliness and trafficability were studied. The
potential of controlled traffic was assessed for
irrigated double cropping of soybean and maize in
northern Australia (McPhee et al. 1995c). Timeliness
measures the ability to perform operations such as
planting and harvesting at optimal time. Two con-
trolled traffic treatments, using direct drilling and
conventional tillage between the traffic lanes, were
compared with a conventional tillage system. (Con-
trolled traffic is defined as the separation of the traffic
zone from the crop growth zone.) Controlled traffic
with direct drilling improved timeliness, creating
earlier planting opportunitiesin all seasons examined,
compared with controlled traffic for both cultivation
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and conventional tillage. Raised beds under SSC in
the irrigation studies were observed not to degrade,
suggesting that no obvious limitation was present to
prevent the combination of SSC, permanent beds and
controlled traffic.

Eastern Indonesia

Van Cooten and Borrell (1999) discussed the
development of a rice-based cropping system for
eastern Indonesia, arguing that crop production on
permanent raised beds enables growth to be better
matched to water supply. To develop a viable and
practical system based on permanent raised beds,
Van Cooten and Borrell (1999) first identified, then
examined, the following components: (1) compati-
bility of raised beds for rice and upland cropping;
(2) timeliness of operations; (3) water harvesting and
drainage; (4) using stored soil water; (5) mechaniza-
tion; (6) weed control; (7) erosion control; (8) an
integrated approach to food and cash cropping;
(9) living fences;, and (10) availability of labour.
Those components directly related to improved
WUE in rice-based cropping systems are discussed
later in this paper (see ‘Developing Rice-Based
Cropping Systems for South-East Asia’).

Improving rice management

Three field experiments were conducted at Batu Plat,
Kupang, West Timor (10.2° south, 123.9° east),
between 1993 and 1995 to improve rice production in
this region (Borrell et a. 1998). The primary objec-
tives of these studies were to examine the effects of
irrigation method (raised beds under SSC v. flooded
system), irrigation frequency (daily v. twice weekly)
and rice genotype (traditiona v. improved) on crop
yield and yield components. Secondary objectives
were to examine the response of rice grown on raised
beds to sowing time and nitrogen fertilization. Higher
WUEsfor rice grown under SSC in tropical Australia
suggested that similar benefits might be realized with
thisirrigation method in West Timor. The West Timor
experiments were conducted within a low-external-
input system, and al experiments were affected by
drought. The key issue was to match crop growth with
water supply to ensure adequate quantity and quality
of grain production at the end of the season.

Time of sowing

An improved lowland rice cultivar (cv. Lemont) was
sown early (15 December) and late (15 January) to
examine the impact of sowing time on grain yield in
the wet season. Crop growth was better aligned with
the available water resources in the early sowing,
since yield potential (indicated by grains m—2) was
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similar for both sowings, yet more water was avail-
able to complete grain filling in the early sowing,
resulting in higher grain quality (indicated by grain
size) for this sowing time (Borrell et al. 1998). Per-
manent raised beds, such as those used in SSC, pro-
vide a mechanism for sowing crops immediately
after the onset of wet-season rains, thereby mini-
mizing the risk of drought late in the grain-filling
period. The SSC therefore provides a means of better
matching crop growth with water supply by enabling
farmers to sow at optimal time.

Water management

Irrigation method (SSC v. flooded rice) was split for
irrigation frequency (daily v. twice weekly applica-
tions), which was again split for genotype (traditional
upland v. improved lowland). No difference in grain
yield between rice grown on raised beds and rice
grown in flooded bays was found, suggesting that
yield can be maintained in an unflooded system,
using SSC (Table 2; Borrell et a. 1998). Nor did
irrigation frequency have impact on grain yield, high-
lighting the advantage of irrigating twice weekly
rather than irrigating daily or flooding. Although
water use was not monitored in these studies, reduc-
tions under SSC compared with traditional flooded
production may have occurred, as for the northern
Australian studies (Borrell et a. 1997).

Other benefits of raised beds are enhanced
drainage, particularly in the wet season. Although
drought is the main limitation to crop yield in eastern
Indonesia, excess rainfall is common between
January and February when the north-west monsoons
peak. Poor drainage can result in crops being water-
logged for several weeks, following cyclonic activity.
Pellokila et al. (1991) define the ideal cropping area
as one that has sufficient drainage to prevent water-
logging but is capable of storing adequate moisture to
minimize water stress during drought. Ideal cropping
areas are rare, however such areas can be created by
constructing fields of permanent raised beds, which
provide excellent drainage during periods of intense
rainfall in the wet season, yet capture and store water
during periods of low rainfall.

The growth of rice on raised beds also opens the
way for other crops to be grown in rotation with rice.
Field crops such as maize and soybean are not suited
to the flooded soil conditions used for rice pro-
duction, but these crops do grow well on raised beds
in rotation with rice (Garside et a. 1992b). The
development of arice-based cropping system on per-
manent raised beds would enable farmers to produce
food and cash crops, thereby meeting the criteria of
food security and income generation highlighted by
Pellokila et a. (1991).
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Table 2. Grain dry mass, above-ground dry mass, harvest index, grain number per m2, mass per grain, panicle number per
m2, grain number per panicle, plant number per m2 and panicle number per plant for two irrigation methods, two irrigation

frequencies and two rice genotypes.

Treatment  Graindry  Above- Harvest Grain Massper  Panicle Grain Plant Panicle
mass grounddry  index number grain number number per number number per
(gm) mass per m2 (mg) per m?2 panicle per m?2 plant
(gm?)

Irrigation method

Raised beds 150 487 0.28 6374 218 228 29 119 23

Flooded 154 353 0.44 6180 24.9 210 32 84 20
LSDgos ns ns ns ns ns ns ns ns ns
Irrigation frequency

Daily 163 465 0.36 6696 24.1 224 32 104 22

Twice weekly 140 375 0.35 5858 22.6 214 29 98 21
LSDo0s ns ns ns ns ns ns ns ns ns
Rice genotype

Traditional 127 371 0.34 5546 219 163 35 102 16

Improved 176 469 0.37 7008 24.8 275 26 101 238
LSDg0s ns ns ns ns 15 50 ns ns 0.2

Source: Adapted from Borrell et al. (1998).

Traditional versusimproved genotypes

The performance of an improved short genotype (cv.
Lemont) was compared with that of ataller traditional
rice from the neighbouring island of Alor in adry and
wet season (Borrell et al. 1998). The traditional geno-
type appeared to have an advantage over the
improved genotype when growth was limited by
water during grain filling. The choice of traditional
versus improved genotypes, and their associated
‘input’ packages, requires careful consideration.
Experience from other parts of Indonesia has shown
that rice production can be significantly increased
with improved resources. However, the cost is high
and the appropriateness of these high-input systems
needs to be fully examined (Pellokila et al. 1991).
There is a need to better examine the world's genetic
stocks of crops and forages that are well suited to
eastern Indonesia (Barlow and Gondowarsito 1991).
Pellokila et a. (1991) are now identifying early
maturing rice varieties that are disease resistant,
adapted to the environment and able to flower during
the wet season, thus avoiding a potential end-of-
season drought.

Developing Rice-Based Cropping Systems
for South-East Asia

Below we briefly discuss some of the cropping
system components identified by Van Cooten and
Borrell (1999) in terms of their applicability to the
development of rice-based cropping systems for
South-East Asia.
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Compatibility of raised beds for rice and upland
cropping

The successful growth of rice on raised beds in
northern Australia (Borrell et al. 1997) and in eastern
Indonesia (Borrell et al. 1998) opens the way for
upland crops to be grown in rotation with rice. In
northern Australia, wet-season soybean was grown
on raised beds in rotation with dry-season rice, and
dry-season maize was grown in rotation with wet-
season rice (Garside et al. 1992b; Borrell 1993). This
concept has been extended to eastern Indonesia
where soybean, maize, sorghum (Sorghum spp.),
garlic (Allium sativum L.), mung bean (Vigna
radiata L.) and cassava have been grown on raised
beds in rotation with rice in West Timor (Van
Cooten and Borrell 1999). Similarly, arange of crops
could be grown in rotation with rice on raised bedsin
Cambodia and Laos.

Timeliness of operations

The single largest constraint to cropping in eastern
Indonesia is late planting of the wet-season crop
(Borrell et al. 1998; Van Cooten and Borrell 1999).
Delayed sowing reduces yield because growth is
poorly aligned with water availability, resulting in
the crop experiencing end-of-season drought. A
related factor is staggered plantings as farmers wait
for cattle or tractors to become available for cultiva-
tion. Late-planted crops are more likely to run into
moisture stress and, in addition, they are more likely
to suffer yield reduction due to the build-up of pests
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from earlier crops (Pellokilaet al. 1991). Raised beds
provide a mechanism for sowing crops immediately
after the onset of wet-season rains, thereby reducing
the risk of drought during grain filling. Crops of rice
(Borrell et a. 1998) and soybean (R.M. Kélly, pers.
comm., 2000) sown in December yielded more than
comparable crops sown in January. Therefore perma-
nent raised beds enable farmers to sow at optimal
times, providing a means of better matching crop
growth with water supply and phenology.

Water harvesting and drainage

Water shortage, a major constraint to agricultural
production in eastern Indonesia and throughout
South-East Asia, can be defined as the under-
exploitation of available water resources and con-
tinued dependence on rainfal with al of its
uncertainties (Duggan 1991). Waterlogging can aso
occur for a number of weeks following cyclonic
activity, particularly if drainage is poor. Further,
rainfall within the wet season can be highly variable,
resulting in patches of intermittent water deficit
between periods of intense rainfall. However, the
effects of intermittent drought can be minimized by
harvesting and storing more water from the intense
rainfall periods. Thus, during subsequent dry
periods, the crop will have increased availability of
water. Within bunded fields, furrows between raised
beds can capture water during high rainfall events
without causing waterlogging, while providing extra
water for the crops in dry spells.

Using stored soil water

Capturing, storing and using soil water is one key to
successful dry-season cropping. In eastern Indonesia,
rainfed crops sown at the end of the wet season will
need to rely almost exclusively on stored soil water

for growth since, on average, less than 5% of rainfall
occurs during the dry season. Potential still exists for
dry-season cropping via improved agronomy (raised
beds) and plant selection (drought-resistant species).
If wet-season crops are sown on raised beds before
mid-December as proposed by Borrell et al. (1998),
they can be harvested at the end of March. This
opens the way for drought-resistant crops such as
sorghum [Sorghum bicolor (L.) Moench] to be sown
into the beds in late March or early April. Rainfall
data for the 10 years preceding 1995 (Table 3) shows
that, on average, 214 and 72 mm of rain fell in the
months of March and April, respectively, athough
only 42 mm fell during the following 6 months. This
suggests that, on average, sorghum can be planted
into a near-full soil water profile at the start of the
dry season. Experiments have shown that drought-
resistant sorghum lines can yield over 2 t hal in
southern India (Borrell et al. 1999) when grown on
stored soil water under severe water deficit. Relay
cropping of sorghum or mung bean immediately
after wet-season rice or soybean is an effective
means of using stored soil water (Van Cooten and
Borrell 1999).

Weed control

Another critical issue for raised-bed cropping is the
extent to which weeds will colonize this system,
compared with a flooded rice-based system. Weed
growth in unflooded systems is usualy higher than
in flooded systems (De Datta et al. 1973; Borrell et
al. 1997), although this is not always the case
(Tabbal et a. 1992). Rotational cropping systems
have the potential to reduce weed growth since the
environment for the survival of any particular weed
species is constantly being changed, preventing the
build-up of any one species. We have observed that,

Table 3. Total monthly rainfall (mm) from January to December recorded at K upang, West Timor, between 1985 and 1995.

Year Jan Feb Mar  April  May June  July Aug Sep Oct Nov Dec  Totd
1985 203 163 196 49 0 8 0 0 4 92 101 57 873
1986 640 299 129 45 5 0 95 0 0 0 47 1075 2335
1987 1075 416 52 0 0 0 0 0 0 0 250 375 2168
1988 544 122 243 12 0 0 0 0 0 0 378 321 1620
1989 272 202 264 0 9 20 21 0 0 0 26 114 928
1990 187 386 337 55 29 0 0 0 0 0 113 252 1359
1991 554 456 50 274 0 0 5 0 0 0 180 95 1614
1992 314 3% 200 154 0 0 0 2 9 16 42 58 1190
1993 453 250 189 0 14 5 0 0 43 13 30 150 1147
1994 265 318 236 66 0 0 0 0 0 0 7 82 974
1995 427 569 460 141 59 2 0 0 0 20 179 266 2123
Mean 449 325 214 72 10 3 11 0 5 13 123 259 1485
Source: Adapted from Van Cooten and Borrell (1999).
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in West Timor, wet-season soybean, when well
established, quickly reach full canopy, choking out
competing weeds. The subsequent dry-season
sorghum crop is drought-resistant, competing well
with weeds in this arid environment. Combining
stringent herbicide use, mechanica cultivation,
manual weeding and rotational cropping systems
should adequately control weeds on permanent
raised beds in South-East Asia.

Erosion control

Using permanent raised beds can reduce erosion in
two ways. Firgt, raised beds on clay soils in the low-
lands increases the stability of the system because the
beds are permanent and can provide all-year ground
cover. Hence bare soil is not exposed to high rainfall
a the beginning of the wet season. Second, upland
cropping on steep slopes can be replaced by avariety
of tree species, providing additional food, fodder,
firewood and medicines while reducing erosion. This
is possible because the crops currently grown in
upland fields (e.g. maize) can instead be grown on
raised beds in the lowlands since waterlogging is not
aproblem on the raised beds. Replacement of upland
cropping areas with forests, however, assumes that
al the farmers' basic food and cash crop require-
ments can be met by growing a diverse intercrop on
large raised beds, interspersed by smaller raised beds
planted to monocultures of rice or soybean in the wet
seasons and sorghum or mung bean in the dry season
(see below *An Integrated Approach ...").

Availability of labour

To reduce the risk of crop failure, farmers may
cultivate three or four swidden gardens, 5 to 10 km
apart, aswell ascultivaterice. Widely dispersed fields
increase the chance that at least one field receives
enough rain at the right time for a successful harvest
(Simpson 1995), but they also increase the labour and
time required for walking to and fro. The availability
of labour, especialy for land preparation, weeding
and guarding of gardens from livestock intrusion, bird
damage and stealing, is a major factor affecting crop
production in eastern Indonesia (Pellokila et al.
1991). The permanent raised bed system proposed by
Van Cooten and Borrell (1999) combines both upland
swidden gardening with rice cultivation in the one
field, thus reducing the labour and time involved in
walking between widely dispersed fields and there-
fore increasing the farmers opportunities for pro-
tecting their crops from livestock, birds and thieves.
The higher water-holding capacity of the lowland
soils and the ability to store excess water in the
furrows better uses rainfal, reducing the need for
widely dispersed gardens. Intercropping and crop
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rotation can also reduce the labour requirements for
weeding. However, the initial establishment of raised
beds and furrows requires considerable labour, that is,
farmers adopting this system will need to work
together or be helped with arevolving credit scheme
that will enable them to hire additional labour or use
machines.

An Integrated Approach to Food and
Cash Cropping

Subsistence farmers' most important concern is to
provide sufficient nutritious food for their families.
Only after household needs are met can farmers con-
sider the feasibility of entering the cash economy.
Income generated from cash cropping is required for
housing, health care and education. Food security is
paramount in regions such as West Timor, and the
cropping systems evolved in these areas aim to
reduce total crop failure through drought or flooding
(Pellokila et al. 1991). Cropping systems in South-
East Asia must therefore meet the criteria of food
production (food crops) and income generation (cash
Crops).

Recent experiments in West Timor have shown
that rice (Borrell et al. 1998) and soybean (Van
Cooten and Borrell 1999; R.M. Kelly pers. comm.,
2000) can be grown successfully on raised beds in
the wet season. Rice is an important food crop,
supplying energy in the form of complex carbo-
hydrates (Eggum 1979). However, rice production in
eastern Indonesia is severely limited by drought
(Borrell et a. 1998), and N and P deficiencies in the
soil also limit yield (Pellokila et al. 1991). In con-
trast, soybean vyields particularly well on soils
depleted in both N and P, indicating the suitability of
this grain legume to the harsh environment and poor
soils of eastern Indonesia (R.M. Kelly pers. comm.,
2000). Soybean is also an excellent source of pro-
tein, complementing the carbohydrates supplied by
various cereals.

Garlic, an important cash crop, isgrown mainly in
the highlands of West Timor during the south-east
monsoons (Pellokila et al. 1991; Simpson 1995).
Garlic can be grown on raised beds in rotation with
other crops (Simpson 1995). We also found that,
when planted between April and June, garlic grew
well on raised bedsin the lowlands near Kupang. We
observed that sequential cropping on raised beds of
wet-season rice, soybean or cassava followed by dry-
season sorghum, garlic, cassava or mung bean was a
viable system that provided a balance of food (carbo-
hydrates and protein) and cash income. Peanut (Ara-
chis hypogaea L.) comprises another important cash
crop in West Timor, being grown mainly as a
monocrop in small areas (Pellokila et a. 1991).
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Intercropping is an example of risk-aversion
management used by subsistence farmersto maximize
rainfall use, and is an important part of existing
cropping systems in south-eastern Indonesia
(Simpson 1995). Although yields may be lower for
individual cropswithin this system, total crop produc-
tion is optimized, regardless of the type of wet season
(Pellokilaet al. 1991). Intercropping in Timor usualy
involves crops that mature after the maize harvest and
can grow on residual soil moisture (Pellokila et al.
1991), that is, cassava, sorghum and pigeon pea
(Cajanus cajan (L.) Millsp.). The effects of inter-
cropping peanut and maize on maize yields have been
studied in some detail by Bahtier et a. (1989), Salam
Wahid et a. (1989a, b) and Zubachtirodin (1989).
They conclude that crops such as peanut with similar
growing seasons to that of maize should not be inter-
cropped becausethey competefor availableresources,
reducing the potential maize yield and therefore the
amount of food available to the household.

Intercropping on large raised beds was evaluated
in the village of Oenesu, West Timor, during the
1997/98 wet season (Van Cooten and Borrell 1999).
Maize, yam bean (Pachyrrhizus erosus (L.) Urban),
cassava, traditional sorghum and pigeon pea were
intercropped on raised beds that were 0.5 m high and
4 m wide. Between the large beds, rice and soybean
were grown on smaller beds, 0.2 m high and 1.3 m
wide. The surface of the large beds was flat (3 m),
with sloping edges (0.5 m) into which yam bean was
planted. Sorghum was planted along the edge of the
bedswith maize, pigeon peaand cassavaintercropped
in the centre of the beds. Maize, pigeon pea and cas-
sava were sown in the first week of December at the
start of the wet season (Figure 1). Sorghum was
planted in the third week in December, followed by
yam bean in the first week in January. The crops were
harvested sequentially as they matured, beginning
with maize at the end of March (2.6t hal). Y am bean
(0.8tha?l), sorghum (1.8thal) and cassava
(2.3t hal) were harvested in June, and pigeon pea
(0.3t hal) in the second week of July.

The yields quoted were fresh weights, as the
village had no drying facilities. These experiments
highlighted the fact that it is possible to grow crops
other than rice on the lowland clay soils in the wet
season and, more importantly, that the total yield of
this system per unit land area (7.8 t hal fresh
weight) is far greater than that achieved with rice
monoculture (about 1.5 t hal dry weight, Borrell et
a. 1998). Moreover, crops could be harvested from
late March to early July, guaranteeing continuity of
food supply over this time. Periods of intermittent
drought affected some crops more than others, but all
crops yielded something at the end of the season.
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Raised-bed cropping in Timor would also provide
a mechanism for farmers to plant a traditional mix-
ture of crop species on the more fertile aluvia soils,
thus improving the output of the traditional system
and ensuring the survival of species diversity. In a
survey on the ethnobotany of Alor, eastern Indo-
nesia, Van Cooten (1999) reported 57 plant species
of importance to the Abui people. These species are
used for food, medicines, poisons and dyes (Kelly
and Van Cooten 1997).

Conclusions

The permanent raised bed system proposed in the
northern Australian (Garside et al. 1992b; Borrell et
al. 1997) and Indonesian (Borrell et al. 1998; Van
Cooten and Borrell 1999) studies recommends modi-
fications to the current agricultural systems in these
regions, to obtain a more sustainable system with
higher annual production.

Collectively, the complementary studies con-
ducted in northern Queensland between 1989 and
1992 indicate that the double cropping of rice and
field crops in rotation is feasible and may provide
additional synergistic and logistic benefits over those
found in the traditiona rice/falow system (Garside
et a. 1992b). The key to integrating the various
system components seems to depend on developing
SSC technology for rice production. Regardless of
where this technology is adopted in the tropics,
acceptance of SSC by rice growers would lead to
decreased water use and more efficient use of water.
In addition, adoption of permanent raised bed
concepts and controlled traffic would improve the
timeliness of farm operations, facilitate the change
from one crop to the next, and greatly improve the
reliability of achieving multiple crops per year. This
would lessen the probability of unproductive fallow
periods. Incorporation of agrain legume such as soy-
bean would improve the N economy of the system,
and P requirements for field crops following rice
may be reduced by growing rice under SSC.

Experiments undertaken in West Timor between
1993 and 1999 have shown that a range of crops, in
addition to rice, can be grown on raised beds during
the wet season, overcoming the previous limitation
of waterlogging to crop growth. Initial construction
of raised beds before the wet season in lowland
areas, and maintenance of permanent structures
thereafter, enables crops to be sown at the onset of
the wet season, thereby avoiding end-of-season
drought and significantly increasing crop yields.
Appropriate mechanization in the form of a two-
wheeled hand-tractor and associated bed-maker can
be used to construct and maintain the beds. Early
sowing and harvesting of the wet-season crop opens
the way to plant a drought-resistant species such as
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Figure 1. Cropping calendar for a raised-bed farming system in West Timor. Horizontal bars denote the length of the
growing season for various crops. Each crop is also classified as either irrigated or rainfed. The total monthly rainfall was
recorded at Kupang, West Timor, and is the mean of a 10-year period from 1985 to 1995.

sorghum in late March or early April, better using
stored soil water from the end of the wet season.
This system greatly increases the probability of
attaining both wet- and dry-season crops each year,
thus enhancing food security for subsistence farmers
in eastern Indonesia. It also opens up the possibility

of reforesting eroded upland cropping areas with a
range of perennial species that would provide food,
fodder, firewood, building materials and medicines,
assuming that the subsistence farmers basic food
and/or cash crop requirements can be met by inten-
sive lowland production.
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Together, the studies conducted in northern
Queendand and eastern Indonesia provide a frame-
work for using less water and increasing the WUE in
rice-based cropping systems throughout South-East
Asia. Saturated soil culture on permanent raised beds
is the key technology underpinning these improved
efficiencies.
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Low Temperature Tolerance in Rice:
The Korean Experience

Moon-Hee Lee

Abstract

In 1980 and 1993, low temperatures seriously damaged the Korean rice crop. Grain yield
decreased by 26% and 9.2%, respectively, compared with the national average of other years. Low
temperatures cause the rice plant to suffer poor and slow vegetative growth, spikelet sterility,
delayed heading and poor grain filling. Rice varieties differ significantly in their capacity to
tolerate low temperatures at various growth stages. Tongil types (Indica/Japonica hybrids and high-
yielding rices), for example, are more susceptible to low temperatures than are Japonica varieties,
needing temperatures that are 2.5° to 3.0°C higher. Reliable screening methods have been
developed, using a phytotron, growth chambers and low water temperatures, and significantly
improving cold-tolerant selections. For year 2000, 57% of varieties released in Korea were highly
tolerant of low temperatures. Management of cultural practices is another method for improving
cold tolerance in rice. For example, optimal application of nitrogen can maximize yields and
reduce damage by low temperatures. If leaf nitrogen content is too high, then, under low tempera-
tures, spikelet sterility increases significantly—by 3.5% in Tongil and 2.5% in Japonica varieties.
In 1993, in cool mountainous regions, applying organic matter during low temperatures signifi-
cantly increased grain yield. Deepwater (20 cm) irrigation during the reproductive stage can

increase grain yields by 10% to 14%, compared with rice growing in shallow water.

RICE is Asia’'s most important staple, and its con-
sistent production isvital for food security. Most rice-
growing countries are faced with climate-induced
stresses that significantly reduce rice productivity:
droughts, floods, low temperatures and winds. Low
temperatures comprise a major climatic problem for
rice growing in 25 countries, including Korea and
Japan, and even in tropical countries such as the
Philippines and Thailand (Kaneda and Beachell
1974).

The Korean peninsula is located in the Far East,
between latitudes 33° 06" and 43° 01" north and
between longitudes 124° 11’ and 131° 53’ east, in the
northern temperate climatic zone. Summers are hot
and humid and winters severely cold. Rice is there-
fore a summer crop, grown between April and
October. In the northern, mountainous regions, the
rice plant can suffer from low temperatures at any

International Rice Research Ingtitute (IRRI), PBGB, MCPO
Box 3127, 1271 Makati, Philippines.
E-mail: m.lee@ cgiar.org

stage between germination and maturity. In years of
extreme low temperatures, al rice-growing areas are
susceptible to cold at the reproductive stage. For
example, in 1980 and 1993, low temperatures
seriously damaged the Korean rice crop, with grain
yields dropping by 26% and 9.2%, respectively,
compared with the national average yield on either
side of these years (MOAF 1994).

This paper discusses the damage caused by low
temperatures in Korea in recent years and the
development of new varieties and cultural practices
for cold tolerance. Developing cold-tolerant varieties
and suitable cultural practicesis of great concern for
the future because these will lead to consistently high
yields in cold regions, particularly in the highlands
and cooler regions of the subtropics.

Geo-Climatic Conditions

The geography of the Korean peninsula is charac-
teristically hilly or mountainous. Three regions can be
distinguished: (1) apine northern and eastern

KEYWORDS: Cold tolerance, Low temperatures, Low temperature damage, Rice, Sterility
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peninsula, featuring a high and long mountain range
known asthe Hamgyong and Taebaeg Range; (2) mid-
dtitudes: located mid-peninsula and extending north
to south; and (3) coastal plains: mostly western and
southern peninsula. The mountainous topography
reduces arable land to about 21.7% of the nation’s
total land area (KOIS 1993).

The Korean peninsula has four distinct seasons: a
cold winter, spring, a warm and humid summer and
autumn. The average annual temperature is around
12°C, averaging between 12° and 15°C in the south,
10° and 12°C in the central region, and 5° and 10°C
in the north. Temperatures range from 0°C in the
coldest month (January) to 25°C in the warmest
month (August) (NCES 1990).

Temperature, solar radiation and water are the
three critical requirements for growing rice. Over
summer (the rice-growing season), the mean monthly
air temperature gradualy increases from 11°C in
April to 25°C in August, then declinesto below 13°C
in October (Figure 1). Temperatures vary, however,
according to year and region, for example, the
southern and coastal areas usually have higher tem-
peratures than do the northern and inland regions.

350

Average annua rainfal in Korea is about
1250 mm, with some regional variation. However,
70% of total rainfall occurs in the summer, from
June to September, with 330 mm falling in July. As
are autumn and winter, spring is often a dry season,
frequently delaying transplanting of rice in rainfed
areas. In the autumn dry period, the crop receives
sufficient solar radiation between physiological
maturity and harvest to permit ripening and therefore
adequate yields.

Low Temperature Damage in Korea

The Korean rice industry has suffered many climate-
induced disasters, including low temperatures, strong
winds, droughts and floods. Winds cause severe and
frequent lodging (Table 1). However, low tempera-
tures comprise the biggest threat to the Korean rice
industry in terms of area and degree of damage. In
1980 and 1993 summers, for example, 783 000 and
208 000 ha were damaged, respectively, by low tem-
peratures during the rice crop’s critica vegetative
and reproductive stages.
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Figure 1. Changesin monthly air temperatures (lines) and precipitation (bars) during the rice cropping season (Kim and Kim

in press).
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Figure 2. Daily mean temperatures from June to August of 1980 and 1993, and the average of the last 30 years, Korea.

Table 1. Area of paddy fields damaged by unfavourable
climatic factors in Korea, 1965 to 1998.

Year Unfavourable climatic factor
Drought Wind Low temp.  Others
(103x ha) (103xha) (103xha) (103 x ha)

1965 574 48 — —
1970 — 172 — 67
1975 24 50 — —
1980 5 105 783 7
1985 — 111 — 3
1990 — 122 — —
1993 — 39 208 9
1995 7 84 — —
1998 — 235 — 67

Source: MOAF (1999).

The daily mean air temperatures during reproduc-
tive and maturing (July—September) in 1980 and 1993
were lower compared with the 30-year average
(Figure 2). During the 1980 season, the spell of low
temperatures started late July and continued until late
August, whereas, in 1993, cool weather was prevalent
between mid-July and early August, that is, 2 weeks
earlier, but 2° to 3°C warmer.

The low temperatures in 1980 and 1993 decreased
rice production significantly, compared with Korea's
national average in other years. Yields in 1980
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averaged 2.89 t hal, representing a 26% decrease,
compared with the national average in the previous
5years and, in 1993, yields averaged 4.18 t ha'l,
representing a9.2% decrease (Figure 3; MOAF 1999).
These rice production data suggest that a significant
difference in rice production existed between 1980
and 1993. The improvement may have been due to
improved cold-tolerant varieties and cultural prac-
tices, and to the degree and extent of low temperature
damage. Following the cold weather in 1980, three
research substations were established in both the
alpine and mid-altitude regions to develop low-
temperature-tolerant varieties and improve cultural
practices.
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Figure 3. Average milled rice yield from 1975 to 1999,
Korea (MOAF 2000).
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Conditions for Low Temperature Damage

For successful rice production in Korea, air tempera-
ture should average more than 13°C for 150 days.
Too cool air and water temperatures cause damage at
crop establishment, while low air temperature by
itself affects the rice plant at the reproductive and
grain-filling stages. Research on breeding cold-
tolerant varieties and cultural practices did not begin
until 1970. Since then, it has been strengthened, par-
ticularly when the Tongil types (Indica/Japonica
hybrids and high-yielding rices) were found to be
highly susceptible to low temperatures.

Research findings on critical low temperatures
and symptoms of resulting damage are summarized
in Table 2 (NCES 1990). The critical temperature for
rice is usualy below 20°C and varies according to
growth stage, for example, for germination, the
critical temperature is 10°C and for the reproductive
stage, it is 17°C. Nishiyama (1985) and Y oshida
(1978) report that the critical low temperature differs
according to variety, duration of low temperature
and the plant’s physiological development.

Table 2. Type and symptoms of cold damage in rice,
Korea.

Growth Critica Type and/or symptoms of cold injury
stage temp.
(°C)
Germination 10 Poor, delayed
Seedling 13 Retarded seedling growth
Leaf discolouration
Seedling rot
Vegetative 15 Inhibited rooting, growth and tillering
Delayed panicle initiation
Reproduc- 17 Inhibited panicle development
tive Degenerated spikelets
Disturbed meiosis and pollen
formation
Delayed heading
Heading 17  Poor panicle exsertion
Inhibited anther dehiscence and
pollination
Maturity 14  Poor grain filling and quality

Early leaf senescence

Source: NCES (1985).

The usual symptoms of low temperature damage
in Korea are poor and delayed germination, stunted
seedling growth and leaf yellowing during early
growth, and inhibited rooting and tillering during the
vegetative stage. The rice plant is most sensitive to
low temperatures during the reproductive stage,
showing inhibited panicle initiation and develop-
ment, spikelet degeneration and disturbed pollen
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formation. Near maturity, low temperatures induce
poor grain filling and rapid leaf senescence.

Results of NCES research show that, under con-
trolled conditions and at 10°C, germination rate was
very low, compared with the rates at 12° and 15°C
(Table 3). However, germination rates were signifi-
cantly different between the Japonica (74%) and
Indica/lJaponica (12%) varieties, 20 days after
sowing at 10°C. Jun et al. (1987) aso reported that
Japonica rice varieties germinated well, compared
with IndicalJaponica crosses under the same low
temperatures.

Table 3. Differences of germination rates (%) between
Japonica and Indica/Japonica rice lines according to
temperature.

Line group Varieties
(no.)

Temperature?

10°C 12°C 15°C

15D 20D 15D 20D 15D 20D

5
7

45
2

74
12

85 88
51 64

93
72

95
97

Japonica
IndicalJap.

ap = days after sowing.
Source: NCES (1977).

Seedling growth is highly variable under different
temperature regimes (Table 4). At the vegetative
stage, temperatures lower than 15°C reduce plant
height, tillering, root growth and dry weight of the
rice plant. Hue (1978) and other studies suggest that
Japonica rice varieties can tolerate low temperatures
much better than Indica/Japonica varieties, with the
latter requiring 2.5°-3.0°C higher temperatures than
do Japonica rice varieties for effective growth
between germination and maturity.

Table 4. Effect of temperature on seedling growth and
rooting in the Indica/Japonicarice variety Milyang 23.

Temperature Plant Tillers Roots  Dry weight
(°C) height  (no. per (no. per (g per
(cm) hill) plant) 10 plants)
20 64 9.6 84 251
12 12 2.6 10 0.7
25-122 59 31 32 33
15-25b 40 45 22 7.1
Control 36 13.2 83 17.8
(Natural)®

aGrown for 10 days at 25°C and for 20 days at 12°C.
b Grown for 10 days at 15°C and for 20 days at 25°C.
¢Natural : Field temperature condition

Source: NCES (1970).
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Within the reproductive stage, booting is the stage
a which rice is most sensitive to low temperatures,
particularly 10 days before heading, leading to
panicle degeneration and empty grains at harvest.
Yoshida (1978) and Satake (1976) found that low
temperatures most affect the young microspore
stage, at about 10 or 11 days before heading. A
recent phytotron experiment compared two varieties
(Tongil, i.e. Indica/Japonica type, and Jinheung, i.e.
Japonica type) exposed to low temperatures at dif-
ferent times before heading. The lowest filled grain
ratios were 30% for Tongil and 70% for Jinheung at
10 days before heading (Figure 4).
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Figure 4. Filled-grain ratio for Jinheung (Japonica rice
type) and Tongil (IndicalJaponica rice type) varieties
exposed to low temperatures on different days before
heading (after Lee et al. 1987a).
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Developing Cold-Tolerant Rice Varieties

Breeders aim to develop rice germplasm that can
produce high and stable yields in regions where low
temperatures are found. Specific objectives include
integrating qualities of other varieties into leading
varieties. Traits include short-cycle maturity,
medium stature, multiple resistance to pests and
diseases and good grain quality.

Screening

Screening for low temperature tolerance in rice is
highly complex, because responses to low tempera-
tures differ between varieties, growth stages and
actual temperatures used. For effective selection, the
standard screening methods and facilities used need
to be reliable in providing the required low air and
water temperatures. A list of standard screening and
testing methods for low temperature tolerance
developed in Korea is given in Table 5. To screen
effectively for adapted cultivars, low temperature
treatment and duration differ according to growth
stage, for example, at germination, a 7-day treatment
of air and water cooled to 13° to 15°C isimposed; at
the 3-leaf stage, a 10-day treatment of 12°/10°C
(day/night air) is used; at booting, 10 days of air and
water at 18°C; and at grain filling, 20°/15°C (day/
night air) for 20-30 days, using the phytotron or
greenhouse. The simultaneous use of controlled
facilities such as the growth chamber or phytotron

Honam Agric.
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Figure 5. Cooperative system between three experiment stations and their five substations for screening and selecting cold-

tolerant rice varieties, Korea (after NCES 1985).
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and mass screening in the field is required for
efficient selection.

For mass screening, the cold-water screening
system works efficiently, especially for combined
cold tolerance throughout the entire plant growth.
The screening system consists of planting lines in
12-m-long rows, and irrigating them with a 7°C
gradient in water temperature over 10 m from inlet to
outlet. The paddy field is constantly irrigated with
cold water from 20 days after transplanting to
maturity. This screening system allows researchers
to determine the response of various agronomic traits
associated with cold damage, and to identify varietal
differences.

Breeding system

To solve low temperature problems in rice, the
National Crop Experiment Station (NCES) estab-
lished fecilitiesin 1978 at the Chuncheon Substation.
After the extreme low temperature events in 1980,
four substations were established in the highland and
mid-altitude regions: Jinbu at the NCES, Unbong at
the National Honam Agricultural Experiment Station
(NHAES), and Sangju and Yeongdeog at the
National Yeongnam Agricultural Experiment Station
(NYAES). Research facilities consist of a field
screening system, using cold water, and greenhouse
screening.

A model of the collaborative breeding system
between the three experiment stations (NCES,
NHAES and NYAES), involving five of their sub-
stations has been developed (Figure 5). Most of the
cultivars selected for low temperature tolerance have
been tested, using the cold-water field-screening
system at the Chuncheon Substation. Based on pre-
liminary results from Chuncheon, very early

maturing material is then sent to Jinbu Substation.
Short-season cultivars, selected for their adaptability
to mountainous areas, are sent to the Cheolweon
Substation, located in the mid-atitude areas of
Korea's central region. Selections from the early
maturing materials from the NHAES are sent to the
Unbong Substation in the mid-altitude regions in the
southern part of the peninsula. Materials sent from
the NYAES to the Sangju and Yeongdeog Sub-
stations are for mid-atitude areas in southern and
eastern coastal areas.

To maximize breeding efficiency and develop
highly cold-tolerant varieties, using the research
facilities, the shuttle breeding system was established
between the stations (Figure 6). The idea was to
incorporate cold tolerance and other desirable traits
(multiple disease resistance) into commercia
varieties, using three-way bridge crossing or single
and back crossing at the stations. Selected F, popula-
tions and F3 lines are sent to the Chuncheon Sub-
station to screen for low temperature tolerance at the
cold-screening nursery. Selections from the F4 and
Fs generations are conducted according to maturity
type, spikelet sterility and phenotypic acceptability
under natural conditions. Very early maturing lines
are selected from the Fg and F; generations at Jinbu
and Y eongdeog. However, the Fg and F7 lines, which
are early maturing and possess desirable agronomic
traits, are selected at the Cheolweon, Unbong and
Sangju Substations. Subsequently, the selected Fg
lines are tested for adaptability to local conditions at
the substations and on farm. The selected €lite lines
are then nominated for release as new varieties.

Rice-breeding techniques for low-temperature
tolerance have led to the release of significantly
improved new cultivars during the last 30 years.
Cold-tolerant varieties usually have short cycles, are

Table 5. Methods and facilities for screening cold tolerance in rice, Korea

Types of damage Screening procedure? Facilities
Germinability Water and air at 13°-15°C for 7 days Germinator
Seedling

Chilling injury Water and air at 5°C for 2-3 days at 2-leaf stage
Cool-air treatment at 12°/10°C (D/N) for 10 days at 3-leaf stage
Discolouration Cold-water treatment at 13°C for 10 days at 3-leaf stage

Growth and

Growth chamber
Phytotron
Cold-water flowing test at Chuncheon

Phytotron and greenhouse
Phytotron and greenhouse
Cold-water irrigation screening
nursery at Chuncheon

Delayed heading 18°/10°C (D/N air) for 10 days at 10-20 days after transplanting Phytotron
Sterility 18°/18°C (air/water) for 10 days at meiosis
10°/23°C (air/water) for 10 days at heading
Combined type  Cold water at 17°C and flowing for the whole growing period
from 20 days after transplanting
Grain filling 20°/15°C (D/N air) for 20-30 days

Phytotron

aD/N = day/night;
Source: NCES (1990).
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Figure 6. Shuttle system for breeding cold tolerance rice, Korea (after NCES 1990).

short and have a high yield potential and good grain
quality. By year 2000, 101 rice varieties have been
recommended to farmers in Korea. Of the recom-
mended varieties, 86% have short cycles and 65%
have intermediate cycles, these were al identified as
being tolerant of low temperatures (Table 6). The
cold tolerance program has identified 60% of
released varieties as being highly resistant.

Developing Cultural Practices

In years of low temperatures, the use of cold-tolerant
varieties and implementation of appropriate cultural
practices (e.g. fertilizer and water management) are
important for minimizing low temperature damage.

Fertilizer application

Good crop establishment is an advantage for rice
during cold conditions. Fertilizer applications are
needed for plant maintenance aswell asfor nourishing
and accelerating plant growth. The relationship
between applied fertilizer and cold damage has been
thoroughly studied and the nutritional balance is
critical to varietal tolerance. For example, during
booting, nitrogen concentration in the plant should be
low while temperatures are low (Amano 1984; Lee et
a. 1987b). On studying the relationship between N
concentration in the leaf blade at panicle initiation
with the filled-grain ratio under low temperatures, the
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NHAES (1985) found that the filled-grain ratio
decreased with increasing N levels (Figure 7).
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Figure 7. Effect of leaf nitrogen concentration at panicle
initiation on the filled-grain ratio under low temperatures
(after NHAES 1985).

The effects of N application are well illustrated by
Sasaki and Wada's findings (1975). When they used
artificial climate chambers, they found that the
relationship between N and fertility differed in 1977
and 1980 because of low temperatures (Figure 8).
The 1980 low temperatures caused a sharp declinein
the filled-grain ratio with increased N, compared
with the stable response from 1977. Shiga et a.
(1977) reported that top-dressing with N at panicle
formation increased spikelet sterility. Top dressing at
the flag-leaf stage during lower temperatures there-
fore increases the risk of damage to the rice crop.
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Table 6. Degree of low-temperature tolerance in recommended rice varieties, Korea.

Degree of tolerance

Maturity Varieties
(no.) High Moderately high Fair Moderately Susceptible
susceptible

Early 30 20 6 2 — 2
Intermediate 38 13 12 7 1 5
Late to intermediate 33 — 7 19 4 3
Total 101 33 25 28 5 10
Source: RDA (1998).

100 The application of organic matter, compost, rice

S straw and barnyard manure is widespread in the

D o]
o o
ol I

Filled-grain ratio (%)
N
o
.

1980

N
o
I

0 T

0 80 160 240 320
Nitrogen level (kg ha1)
Figure 8. Effect of nitrogen level on filled-grain ratio of the

1977 and 1980 rice crops, Korea (RDA 1981).

Phosphorus is another important nutrient in cold
regions. When sufficient phosphate is applied, low
temperature damage is reduced. When the amount of
phosphate is increased from 100 to 200 kg ha,
milled rice yield increases by 12% as the grain
number and filled-grain ratio increase (Table 7;
Chungbuk RDA 1980).

Table 7. Effect of phosphate application on rice under low
temperatures.

Phosphate Grains Filled-grain  Milled rice
(kg had) (no.in ratio yield
103 m2) (%) (t had)
100 275 87.0 3.89
150 28.6 89.0 4.16
200 311 90.4 4.49

Source: Chungbuk RDA (1980).

northern and mountainous rice-growing areas of
Korea. Farmers believe that applying organic matter
improves the physiological strength of rice and pre-
vents low temperature damage, particularly in
mountainous areas. Onodera (1936) reports that,
from practical experience, applying compost and
barnyard manure reduces cool weather damage in
Japan. Amano (1984) shows that applications of
compost reduces sterility and improves root health,
both in morphological and physiologica terms, com-
pared with plots without compost application. The
mechanism providing the favourable effects of com-
post on yield has not yet been fully elucidated. These
observations were confirmed by an experiment con-
ducted at Jinbu Substation during the 1993 low tem-
perature year. The optimal N-P—K-supplied plot had
low yields, compared with the plot treated with rice
straw, animal residue and compost (Table 8). Using
the findings of this study, we found that applying
reduced synthetic fertilizer and adding an organic
source led to improved yield at low temperatures.

Water management

When the air temperature is low enough to damage
rice crops at panicle initiation or early booting, deep-
water irrigation (15-20 cm) is an effective way of
protecting panicle formation and increasing the
filled-grain ratio. A yield increase of 14% and 11%
was recorded in Sangjubyeo and Y eongdeog, respec-
tively (Table 9).

Table 8. Effect of organic matter on rice grain yield under low temperatures at Jinbu, Korea, 1993.

Treatment? Heading date in August Filled-grain ratio (%) Brown rice yield (t hal)
N—P—K' (optimum) 12 10.3 0.44
50% + rice straw 10 58.1 2.33
50% + animal residue 9 49.8 2.36
50% + compost 9 52.5 231
50% + compost + animal residue 9 54.2 2.58

a50% = 50% of N—P—K optimum.
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Table 9. Effect of shallow (5 cm) and deep (15-20 cm)
irrigation on grain yield of rice growing under low temper-
atures at two sites, Korea.

Site Water depth ~ Filled-grain~ Milled-rice
(cm) ratio yield
(%) (tha?)
Sangjubyeo 5 59.9 4.09
1520 71.9 4.66
Y eongdeogk 5 59.3 412
1520 80.3 4.57
Source: NYAES (1993).
Conclusions

Rice researchers and farmers in Korea found that
two periods of severe low temperatures damaged rice
crops in 1980 and 1993. These experiences led to the
establishment of research facilities, five research
substations, a phytotron and greenhouses, and a
research program plan to develop highly resistant
varieties and appropriate cultural practices. Of the
released rice varieties, 57% were identified as highly
resistant to low temperatures. Appropriate cultural
practices for fertilization and water management
were developed to minimize low temperature
damage. The research programs will continue
focusing on low temperature resistance, both in
breeding and agronomy, to stabilize rice production
under Korea's unpredictable climate.
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Response of Growth and Grain Yield to Cool Water at

Different Growth Stagesin Paddy Rice

Hiroyuki Shimono, Toshihiro Hasegawa* and Kazuto lwama

Abstract

Rice growing in cool climates and under flooding can be subjected to suboptimal water temper-
ature (Ty,) at any stage of the crop cycle. Although the response to T, depends on the stage of crop
growth, little is understood, in quantitative terms, about this stage-dependent growth response. We
therefore conducted field trials for three years to determine the response of biomass and grain yield
to Ty at three different stages: vegetative, reproductive and early grain filling. Cool irrigation
water, under either two or three temperature regimes (16°-25°C), was used for 20 to 34 days of
each period. We confirmed that grain yield was most severely reduced by low T,, (below 20°C)
during the reproductive period, as a result of low spikelet fertility. Low T,, during the vegetative
period also reduced grain yield by as much as 20%. Although crop growth rate (CGR) was reduced
by low Ty, in al stages, the magnitude differed according to period, being greatest during the
vegetative period, followed by the reproductive and early grain-filling periods. Reduced CGR
before heading was associated largely with decreased canopy radiation interception and limited
leaf area, whereas radiation use efficiency (RUE) was relatively unaffected by T,,. Decreased CGR
after heading was associated with reduced RUE, although leaf area was also reduced by low Ty,.

The present results can be used to quantify rice growth and grain yield as affected by T,,.

Rice (Oryza sativa L.) grown under flooding con-
ditions can be subject to cool water stress at any time
during growth. Water temperature (T,,) can affect
various growth processes, and response to T,, can
differ according to growth stage. During the vegeta-
tive period, cool water reduces the rates of tillering,
leaf emergence and leaf elongation (Enomoto 1936;
Takamura et al. 1960; Matsushima et a. 1964b),
which, in some cases, are accompanied by leaf
yellowing (Kondo and Okamura 1931). Cool water
during the reproductive period, particularly around
the microspore stage, substantially decreases spikelet

Graduate School of Agriculture, Hokkaido University,
Sapporo, Hokkaido 060-8589, Japan.
*Corresponding author: Toshihiro Hasegawa, Graduate
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E-mail: thase@res.agr.hokudai.ac.jp

fertility, thereby resulting in severe yield decline
(Tanaka 1962; Matsushima et al. 1964a; Tsunoda
1964). Grain yield can aso be reduced by low Ty,
during the vegetative period (Shimazaki et al. 1963).

Because cool water temperature has a large impact
on grain yield, several studies have been conducted
to identify the processes and factors that affect
spikelet sterility during the reproductive period (see
reviews by Nishiyama 1983 and Wada 1992).
Takamura et al. (1960) and Matushima et al. (1964b)
have also reported on the effect of T,, on vegetative
growth, focusing on such processes as tillering and
leaf emergence. However, understanding of the
response of biomass to T, is still limited to quanti-
fying crop growth under suboptimal T, at various
stages of the crop cycle.

Crop growth is an integrated result of various
physiological processes, including canopy radiation
capture, photosynthesis and conversion of photo-
synthate to biomass. However, a simple linear

KEYWORDS: Canopy radiation interception, Cool water temperature, Crop growth rate, Oryza sativa L.,

Radiation use efficiency, Rice, Spikelet fertility
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association has often been observed between canopy
radiation interception and biomass in many crops
(Montieth 1977), and the regression slope, known as
radiation use efficiency (RUE), represents the
capacity of plants to use the intercepted solar energy
in the accumulation of biomass (see review by
Sinclair and Muchow 1999).

This simple but physiologically sound relationship
has often been used in many crop growth models
(Horie 1987; Muchow et a. 1990; Amir and Sinclair
1991). It also alows us to analyse the processes
limiting crop growth under various stresses. For
example, Boonjung and Fukai (1996) studied the
reduction of dry matter production of upland rice
associated with drought stress at various growth
periods, and found that reduced radiation intercep-
tion was largely responsible for reduced crop growth
rate (CGR) in the early growth period, but that the
growth thereafter was limited by RUE. For wheat
(Sinclair and Amir 1992) and sunflower (Giménez et
a. 1994), both radiation interception and RUE can
constrain crop growth under limited N conditions,
and, for maize (Andrade et al. 1993), low air temper-
ature (T,). However, no such analysis has been made
for rice grown under suboptimal T, conditions.

Many attempts have been made to quantify rice
growth as affected by T, (Iwaki 1975; Horie 1987,
Berge et al. 1994; Drenth et a. 1994; Hasegawa and
Horie 1997), but few have taken into account the
effect of Ty, even though its importance for crop
growth is well known. Matsushima (1964a, b) con-
ducted a pot experiment with factorial combinations
of T, and T, (16°-36°C) at various growth stages,
and found that growth and yield are limited more by
Tw than by T, before the mid-reproductive period.
Takamura et al. (1960) aso found that T, was
relatively more important than T, in leaf emergence
in early growth.

In paddy fields, Ty, is different from T, and the
difference is generaly larger in a cooler climate.
Tanaka (1962) monitored the difference between T,
and T, in paddy fields at Aomori (40° 49" north),
northern Japan, and showed that the maximum and
minimum T,, can be higher than T, by as much as
10° and 5°C, respectively, with the difference
decreasing with canopy development. Because T, is
higher than T, in the first half of the growing period,
deep-water irrigation has been used to protect
panicle development from low T, in a cool climate
(Sakai 1949; Satake et al. 1988).

However, considering the difference between T,
and Ty, and the large impact of T,, on growth, the
response of biomass and yield production to Ty
needs to be determined in relation to various growth
parameters to evaluate the magnitude of the stress.
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This paper therefore aims to determine the effects
of cool Ty, on dry matter production and yield during
various growth periods, thereby improving our quan-
titative understanding of growth of field-grown rice
under suboptimal T,

Materials and Methods

Field experiments were conducted in paddy fields at
the Experiment Farm of the Faculty of Agriculture,
Hokkaido University, Sapporo, Japan (43° 04’ north)
in 1996, 1997 and 1998. Germinated seeds of rice
cultivar Kirara 397 were sown in late April (3 seeds
per pot) and seedlings raised under a polyhouse.
They were transplanted in late May (Table 1). The
number of leaves on the main culm at the trans-
planting time was 4.4 in 1996 and 5.2 in 1997 and
1998. Planting density was 13 x 33 cm except for
1997 (16 x 33 cm). Each plot received equal
amounts of basal fertilizers (9.6, 9.6 and 7.2 g m=2
for N, P,Os, and K0, respectively).

Table 1. Sowing and transplanting dates and harvest at
days after transplanting for the 1996, 1997 and 1998 rice
crops, Sapporo, Japan.

Year Sowing Transplanting Harvest
1996 18 Apr 21 May 126

1997 23 Apr 27 May 115-129
1998 22 Apr 26 May 121-129

The treatment was conducted for three growth
periods. vegetative (from 17-21 days after trans-
planting [DAP] to panicle initiation [PI]), reproduc-
tive (from PI to full heading), early grain filling
(from full heading to 20 d after full heading). The
trial area received cool (about 15°C) irrigated water
between 0600 and 1800 h at a rate of about 300 L
min (Table 2). A temperature gradient from the
water inlet was used to set either two or three T,
regimes for each period. The size of each plot was
between 64 and 72 m2, enclosed with plastic
boarding 30 or 45 cm high.

The water level was maintained a 10 cm above
the soil surface until about 20 days after full heading
(8695 DAP), except for the reproductive period in
1996 where deep-water irrigation at 20 cm deep was
conducted.

Each treatment was assigned two letters, the first
representing the period (i.e. V for vegetative, R for
reproductive and G for early grain filling), and the
second, the water temperature (L = low; M = middle).
The plot with the highest T,, for all three growth
periods was designated as ‘control’. In 1996 and
1997, the plot with intermediate T,, was treated
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continuously for al three periods and was designated
as ‘CM’. The treatment was not replicated because
the random assignment of the plots was difficult.

Table 2. Periods (days after transplanting) of water
temperature treatments and developmental stages of the
1996, 1997 and 1998 rice crops, Sapporo, Japan.

Year Treatment?® Treatment  Panicle Heading
period initiation

1996 Control — — —
VL 2148 — —
RL 49-74 — —
GL 75-94 — —
CM 21-94 — —

1997 Control 39 64
VL 2145 46 71
RL 42-74 39 73
GL 66-85 39 63
CM 21-85 43 75

1998 Control 39 66
VL 17-38 47 73
VM 17-38 42 70
RL 39-72 39 80
RM 39-72 39 76
GL 73-92 39 66
CM 73-92 39 66

aV = vegetative stage; R = reproductive stage; G = early
grain filling; C = continuous treatment throughout crop’s
life cycle; L = low water temperature; M = intermediate
water temperature.

To show variation of data, the standard error or
pooled standard error was used. Water and soil tem-
peratures were measured at the centre of each plot by
thermocouples placed 5 cm below either the water
surface or soil surface (Copper-Constantan, 0.6 mm
in diameter), and recorded in the data logger (IDL-
3200, North Hightech, Sapporo) at 10-min intervals.
The daily mean temperature was expressed as the
average of the daily maximum and minimum tem-
peratures. On-site T, a 1.5 m above the ground and
global solar radiation (S) were also recorded. Phaoto-
synthetically active radiation (PAR) was estimated
as05x S

Plants with an average number of tillers were
sampled from each plot a seven growth stages,
including from the beginning and end of each treat-
ment for five (1996, 1997) or four hills (1998).
Plants within two rows of the edge of each plot were
not sampled to avoid the border effect.

Leaf area was measured with an automatic area
meter (AAM-7, Hayashi Denko, Tokyo), and the dry
weight for each organ was determined after drying
for morethan 72 h at 80°C. Leaves were ground, then
subjected to Kjeldahl analysis for N determination.
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At maturity, 20 hills (four rows x five hills) were
sampled at four (1998) or five (1996, 1997) placesin
each plot between 115 and 129 DAP, to determine
yield and its components. In 1996, the number of
grains per panicle and 1000-grain weight were not
measured. Percentage of ripened spikelets was deter-
mined with ammonium sulfate solution of 1.06
specific gravity. Spikelet fertility was measured for
the panicles on the three tallest culms (1996) and
those on all culms (1997, 1998) of five (1996, 1997)
or four (1998) plants in each plot. Anther length and
number of engorged pollen grains were measured for
the third, fourth and fifth spikelets growing on the
first, second and third primary branches on the three
main culms of three hills per plot in 1996, following
the method of Kariya et a. (1985). Plant height, tiller
number and leaf number on the main stem were
measured weekly for 10 hills per plot until heading
(1997 and 1998).

In 1998, canopy PAR transmittance was measured
under diffuse radiation conditions about twice a
week with a PAR sensor (LI1-250, LI1-COR, Lincoln,
NE, USA) attached to the top of a 1-m stainless steel
pole. We measured PAR below the canopy at 20-30
points by moving the sensor at about 7 cm intervals,
perpendicularly to the rows. Immediately after
reading the below-canopy PAR, the above-canopy
PAR was determined to obtain the percentage of
PAR transmittance.

Results

Climatic conditions, water temperatures and
developmental stages

Average air temperature (T,) during the vegetative
period ranged from 16.4° to 18.8°C (Table 3), and
was generally higher in 1997 than in 1996 and 1998.
Air temperature (T) during the reproductive period
was also higher in 1997 than in the other 2 years, but
none of the experimental years showed, for this
period, T, below 20°C, the critical temperature for
damage from mid-season coolness (Wada 1992).
During early grain filling, however, T, in 1997 was
lower than in the other 2 years. Solar radiation (S) in
al 3 years showed similar yearly variation to T,
where S during the vegetative and reproductive
period was dlightly higher in 1997 than in 1996 and
1998, and vice versain early grain filling.

Average water temperature (T,) ranged from
15.6° to 24.6°C, and differed by 3.6° to 6.7°C
between Treatment L and control in each period
tested. Yearly variation was observed for T,, associ-
ated with T, and S, where T, in 1997 was relatively
high in the vegetative and reproductive periods. Soil
temperature a 5 cm below the surface showed a
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smaller diurnal change than did T, and the daily
mean was 1° to 2°C lower than that of T,,. Although
cool water was supplied during the day, water and
soil temperatures were consistently lower in L and M
(data not shown).

Table 3. Average water temperatures, air temperatures
and global solar radiation (+ standard deviations) during the
vegetative, reproductive and early grain-filling periods of
the 1996, 1997 and 1998 rice crops, Sapporo, Japan.

Period Treatment? 1996 1997 1998
Water temperature (°C)
Vegetative  Control 204+ 1.7 23.2+1.7 21.8+25
VL 16.6+1.8 17.7+15 16.8+1.3
VM — — 19.2+2.0
CM 18.0+1.7 20.5%15 —
Reproductive Control 23.3+1.9 24.6+26 23.3+1.2
RL 16.9+12 179+15 165+1.1
RM — — 195+1.6
CM 184+16 19.3+1.6 —
Early grain  Control 22.1+15 20.3+24 21.2+11
filling GL 185+1.3 16.0+2.0 156+0.8
GM — — 16.1+0.8
CM 195+13 17.3+20 —
Air temperature (°C)
Vegetative 164+18 188+21 16.7+25
Reproductive 20.4+2.2 219+24 20.3+22
Early grain
filling 21.2+2.0 19.8+26 20.5+1.8
Solar radiation (MJ m2 d-1)
Vegetative 14.7+6.5 16.2+6.9 15.1+85
Reproductive 14.0+64 162+7.1 14.7+76
Early grain
filling 141+6.4 11.6+6.0 13.9+59

aV = vegetative stage; R = reproductive stage; G = early
grain filling; C = continuous treatment throughout crop’s
life cycle; L = low water temperature; M = intermediate
water temperature.

Low T, substantialy delayed all developmental
stages (Table 2). Panicle initiation (PI) in VL was
delayed by 7-8 days because of low T,, during the
vegetative period, while the time from Pl to heading
was similar for both VL and control. Low T, during
the reproductive period aso had alarge impact on the
time between Pl and heading: the crop under RL
reached heading 9-14 d | ater than it did under control.

Yield and its components

Grain yield was largely affected by low T,, during all
growth periods, but the magnitude of yield loss dif-
fered considerably with the period tested (Table 4),
as reported elsewhere. Yield was most severely
reduced (by almost 100%) under CM in 1996 and
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under RL in all 3 years—these treatments received
water at temperatures below 19°C during the repro-
ductive period. The CM during the reproductive
period in 1997, when T,, averaged at 19.3°C, aso
had severely reduced yields (58%). The substantial
decrease in spikelet fertility suggested that low T,
during the reproductive period apparently causes a
typical sterility-type cool injury. In addition, the
1000-grain weight was lower than in the control,
while the number of spikelets was not affected.

A yield loss of 14%—-20% was also recorded in the
treatments during the vegetative period in all 3 years.
Treatments VL and VM had fewer panicles—
numbers were reduced by 9% to 14%—which
accounted for most of the yield reduction. The 1000-
grain weight was dlightly higher under VL and VM
than under control. The effect of low T, during early
grain filling was not consistent across the years. In
1996, while GL negatively affected yield, little dif-
ference was observed between GL and control in
1997 and 1998.

Dry matter production

The crop growth rate (CGR) was significantly
reduced by cool water treatments in al the periods
tested (Table 5), and the magnitude of the effect
appeared different according to the stage, the most
severe reductions (up to 74%) occurring under treat-
ments VL and VM in al the years studied. Treat-
ments during the reproductive and early grain-filling
periods resulted in similar reductions in CGR. Under
CM, CGR was reduced by 13% to 33% for the three
growth periods, except the vegetative in 1997.

The mean leaf areaindex (mLAI) was reduced by
low T, during amost all periods. Low T, during the
vegetative period resulted in the largest reduction (as
much as 50%), followed by RL. Even after heading,
low T, decreased LAl by about 10%—20%, indicating
faster senescence under cool water conditions. The
response of the relative leaf growth rate (RLGR) to
Tw isillustrated in Figure 1. Note that, for the repro-
ductive period, data from PI to booting were used to
caculate RLGR because LAl in some treatments
reached the maximum value at booting. For al the
periods tested, RLGR responded linearly within the
temperature range tested. As usually occurs with
other crops, RLGR decreased in the present study, but
the dependence on temperature was similar between
the vegetative and reproductive periods, being about
a50% decrease in RLGR with a5°C decreasein Ty,.
Moreover, the relationship was well conserved over
the years under different S and T, conditions.

The RLGR in the vegetative period was positively
correlated with the relative rate of tillering (rTiller)
and leaf emergence rate (LER) on the main culm
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Table4. Yield, and its components, of the 1996, 1997 and 1998 rice crops grown under different water temperature regimes

in Sapporo, Japan.
Year Treatment? Yield Panicles Spikelets Spikelets 1000-grain Fertile
(gm?) (m?) per panicle (10° m?) weight (g) spikelets (%)
1996 Control 633 468 — — — 88.6
VL 504 401 — — — 914
RL 0 478 — — — 0.0
GL 522 385 — — — 94.8
CM 0 459 — — — 0.0
SE 26 59 — — — 1.0
1997 Control 533 427 57.8 24.7 22.7 96.4
VL 460 381 59.5 22.6 229 93.1
RL 45 366 60.8 21.9 18.1 31.0
GL 565 436 57.8 252 22.8 97.0
CM 223 362 57.5 20.7 20.5 62.1
SE 45 59 34 30 0.3 6.2
1998 Control 652 565 61.3 34.6 22.5 94.3
VL 528 503 53.9 27.2 23.7 93.7
VM 539 516 52.0 26.9 23.0 94.2
RL 1 710 45.0 31.9 14.5 4.7
RM 96 658 57.6 37.6 19.2 16.7
GL 693 609 60.1 36.6 22.8 94.5
GM 568 520 52.8 274 23.0 95.9
SE 38 35 32 2.3 12 50
aSE = pooled standard error.
Vegetative Reproductive Early grain filling
(until booting)
0.15 0.08 0.00 x
y =0.00917T, - 0.101 y = 0.00483T,, - 0.0520
r=0.868* r = 0.889*
]
L olo 0.06 |- -0.01 [~
© Y
o
V]
z
0.05 |- 0.04 |- -0.02 |- =
= y = 0.00259T,, - 0.0580
r = 0.896*
0.00 | 0.02 1 —0.03 1
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Figure 1. Relationship between relative leaf growth rate (RLGR) and water temperature (Tw) in the 1996, 1997 and 1998
rice crops, Sapporo, Japan. ** = significant at 1% level. @, 1996; A, 1997; M, 1998.

(Figure 2), indicating that the limiting effect of low
Tw on leaf area development appeared through both
processes. In the reproductive period, RLGR could
no longer be related with rTiller because few new
tillers appeared, but LER still had a positive influence
on RLGR. Interestingly, a single regression line
effectively expressed the relationship between RLGR
and LER in both vegetative and reproductive periods,
possibly providing areliable basis for estimating |eaf
area development under various T,.

To convert LAI to the canopy gap fraction, the
radiation extinction coefficient (k) needs to be

known. We therefore ascertained if the k value varies
with Tw. Figure 3 illustrates the close association
between PAR transmittance (logarithm) below the
canopy and LAl measured during the vegetative and
reproductive periods in 1998. We observed no
significant differences in the slope of the regression
line between the treatments in both periods, which
allowed us to use the single and constant k value of
0.4 to estimate radiation interception of the canopy.
This agrees with the response of the k values of other
crops to such stresses as drought for barley (Goyne
et al. 1993) and wheat (Robertson and Giunta 1994)
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Tableb. Crop growth rate (CGR), mean leaf areainindex (mLAI), mean daily canopy PAR interception (PARI) and radiation-
use efficiency (RUE) of rice grown under different temperaturesin the vegetative, reproductive and early grain-filling periods.2

Period Y ear Treatment? CGR mLAlI PARI RUE
(gm2d? (MJIm2d) (gMIY
Vegetative 1996 Control 4.36 0.53 1.77 2.46
VL 2.00 (0.46) 0.26 (0.49) 0.86 (0.48) 2.34(0.95)
CM 3.24 (0.74) 0.40 (0.75) 1.36 (0.77) 2.38(0.97)
1997 Control 413 0.42 1.68 2.47
VL 2.54 (0.62) 0.28 (0.67) 1.02 (0.61) 2.49 (1.01)
CM 4.36 (1.06) 0.43 (1.02) 1.65(0.98) 2.65(1.07)
1998 Control 4.49 0.67 152 2.97
VL 1.18 (0.26) 0.30 (0.45) 0.65 (0.43) 1.81 (0.61)
VM 2.56 (0.57) 0.46 (0.68) 0.84 (0.55) 3.05 (1.03)
Reproductive 1996 Control 15.2 281 4.62 3.29
RL 14.0 (0.92) 2.18(0.78) 4,01 (0.87) 3.50 (1.06)
CM 13.2 (0.87) 1.95 (0.69) 3.67 (0.80) 3.58 (1.09)
1997 Control 17.8 231 5.45 3.27
RL 125 (0.70) 1.75 (0.76) 4.03 (0.74) 3.09 (0.94)
CM 12.0 (0.67) 1.82 (0.79) 3.61 (0.66) 3.32(1.01)
1998 Control 17.8 2.56 5.63 3.17
RL 13.0 (0.73) 2.41 (0.94) 4.68 (0.83) 2.78 (0.88)
RM 14.4 (0.81) 262 (1.02) 4.90 (0.87) 2.95 (0.93)
Early grainfilling 1996 Control 231 3.93 5.76 4.02
GL 18.7 (0.81) 3.78 (0.96) 5.67 (0.98) 3.29 (0.82)
CM 18.3 (0.79) 3.48 (0.89) 5.47 (0.95) 3.35(0.83)
1997 Control 18.8 3.22 4.35 4.33
GL 11.7 (0.62) 2.83(0.88) 4.07 (0.94) 2.87 (0.66)
CM 15.3 (0.81) 2.63(0.82) 4.33 (1.00) 3.54 (0.82)
1998 Control 18.5 3.81 5.66 3.27
GL 17.0 (0.92) 3.45 (0.91) 5.44 (0.96) 3.12 (0.96)
GM 17.0 (0.92) 3.38(0.89) 5.55 (0.98) 3.07 (0.94)

aValues in brackets are relative to those of control.

by = vegetative stage; R = reproductive stage; G = early grain filling; C = continuous treatment throughout crop’s life cycle;
L = low water temperature; M = intermediate water temperature.

and nitrogen deficiency for sunflower (Giménez et
al. 1994). Canopy PAR interception (PAR;) in 1996
and 1997 was therefore derived from PAR, measured
leaf area and the k value of 0.4.

The PAR; was reduced by 39% to 57% in VL and
13% to 26% in RL, which results are similar to those
observed for CGR (Table 5). As a result, radiation
use efficiency (RUE), defined as the quotient of
CGR over PAR;, was mostly unaffected by low Ty, in
both periods, except for the VL in 1998 where RUE
was reduced by about 40%.

During early grain filling, poor correlation existed
between PAR transmittance and leaf area, and PAR,;
did not change with time in any treated plot, even
though LAI decreased by as much as 22%. Accord-
ingly, because the reduced LAI during early grain
filling did not affect PAR;, a reduced RUE was
responsible for the reduced CGR.

Low T,, during any period also affected dry matter
after treatment (e.g. see 1998 data in Figure 4).
Notably, lower T,, during the vegetative period led to
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a wider gap in dry weight during the reproductive
period than in the vegetative period, resulting in a
smaller biomass during early grain filling, although
the longer duration for RL and RM narrowed the dif-
ference at harvest.

Discussion

Despite many studies conducted on rice growth at
suboptimal  temperatures (Kondo and Okumura
1931; Enomoto 1936; Takamura et al. 1960; Tanaka
1962; Shimazaki et al. 1963; Matsushima et al.
19644, b; Tsunoda 1964; Sato 1972a, b, 1974), few
have reported on the response of the crop biomass to
water temperature (T,,) under field conditions.

We found that cool T, imposed at any growth
period, reduced CGR by at least 8% to as much as
74%, even after the meristem emerged above the
water surface in mid-reproductive period (Table 5).
Reduction was severest under low Ty, in the vegeta
tive period, causing the largest influence on biomass
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Figure 2. Relationships between relative leaf growth rate (RLGR), relative tillering rate (rTiller) and leaf emergence rate
(LER) in the vegetative (closed symbols) and reproductive (open symbols) periods of the 1997 (A) and 1998 ([]) rice
crops, Sapporo, Japan. For the reproductive period, data from panicle initiation to booting were used. ** = significant at 1%,

*** — ggnificance at 0.1%.

production after treatment. The reduced crop size in
VL and VM during treatment apparently decreased
canopy radiation interception, compared with the
control, after treatment. The result was an even
larger difference in biomass between control and VL
and VM during the reproductive and early grain-
filling periods, athough time to heading was pro-
longed (Table 2).

LAl

loge (I/lo)

-25

Figure 3. Relationship between logarithm of photosyntheti-
caly activeradiation (PAR) transmittance below the canopy
(loge (I/10)) and leaf areaindex (LAI) during the vegetative
(closed symbols) and reproductive (open symbols) periodsin
the 1998 rice crop, Sapporo, Japan. [] = control; O = low
water temperature; A = intermediate water temperature. | =
PAR below canopy; lo = PAR above canopy; *** = signifi-
cance at 0.1%; vertical bar = standard error.
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This after-effect decreased not only shoot mass at
harvest, but also grain sink capacity, which is known
to depend largely on crop size during the mid-
reproductive period (Wada 1969). In our study, we
also observed a close linear association between
shoot dry weight at booting and spikelet number per
unit land area (r = 0.882, P < 0.01). A smaller bio-
mass at this stage in VL, that is, 31%-55% smaller
than the control, reduced spikelet number between
9% and 23%. As a consequence, grain yield
decreased by 3.4% with a 1°C decrease in T, in the
temperature range of 16° to 23°C during the vegeta-
tive period (Figure 5).

During the reproductive period, reductions in
CGR were smaller than in the vegetative period,
ranging from 8% to 30%, but grain yield was most
severely reduced by the treatments. The finding that
grain yield was most highly sensitive to T,, during
the reproductive period agrees with the findings of
many earlier studies (Enomoto 1936; Tanaka 1962;
Matsushima et a. 1964a; Tsunoda 1964).

Lower temperatures during the reproductive stage
(notably at the microspore stage) have been long
known to reduce anther size and the number of
engorged pollen grains (Hayase et a. 1969; Nishi-
yama 1983). In our study, a substantial decrease in
anther length was observed with decreasing Ty,
during the reproductive period, and amost no
engorged pollen grains in RL (measured only in
1996). Thisresulted in arelative grain yield response
to Ty (Figure 5) that was similar to what was
observed in the yield—T, relationship (NIAS 1975;
Wada 1992), where yield drops sharply at tempera-
tures below 20°C. Apparently, spikelet fertility is
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Figure 4. Changes in shoot dry matter accumulation for the whole growth period in the 1998 rice crop, Sapporo, Japan.
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Figure 5. Relationship between grain yield (relative to control) and water temperature (T,,) during the vegetative and repro-
ductive periods of the 1996 (@), 1997 (A) and 1998 (M) rice crops, Sapporo, Japan.

more sensitive to T, than is CGR, which overrides
the T, effect on CGR for grain yield. However, bio-
mass production during the reproductive period can
be an important determinant for spikelet number and
the level of carbon reserves at flowering (Wada
1969). For varieties that better tolerate sterility-type
cool injury, biomass reduction with low T, may
have a significant impact on grain yield.

Even after heading, CGR was reduced by low T,
in al years to an extent similar to that of the low T,
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treatment during the reproductive period, while the
effect on grain yield was not clear. Matsushima et al.
(1964a) and Tsunoda (1964) found that the effects of
Tw during grain filling on yield and its components
were negligible, compared with those of T,, based on
the pot experiment with factorial combinations of T,
and T, ranging from 16° to 31°C. During grain
filling, the increase in panicle grain weight depends
on current assimilate supply and carbon stored
before heading.

Increased Lowland Rice Production in the Mekong Region
edited by Shu Fukai and Jaya Basnayake
ACIAR Proceedings 101
(printed version published in 2001)



Under water stress, in early grain filling, Kobata
and Takami (1979, 1981) found that grain weight of
stressed rice increased at a similar rate to that of
control rice, despite heavily reduced dry matter pro-
duction. Further, Takami et al. (1990) demonstrated
that grain growth in rice was limited only where total
assimilate supply (current assimilates and stored
carbon) was below grain demand for carbon. Hence,
dry matter production, restricted by low T,, in our
study, probably did not decrease the level of total
assimilate supply below the grain demand for
carbon.

Under low T,, before heading, any reduction in
CGR was caused mostly by reduced canopy PAR
interception (PAR;), which resulted from limited |eaf
area (Table 5). Leaf growth is well known to be
sensitive to various environmental stresses such as
low T, (Sato 1972a), drought (Boonjung and Fukai
1996) and nitrogen deficiency (Hasegawa and Horie
1997). The present study aso showed that leaf area
was largely responsible for limited growth under
low Ty,.

Relative leaf growth rate (RLGR) is known to be
closely associated with T, (Miyasaka et al. 1975), a
finding borne out by our study, including for grain
filling. Water temperature (T,,) is generally con-
sidered to strongly influence rice growth in the first
half of the growing season, but our results aso
suggest a strong influence of T,, on both leaf area
development and senescence, which influence was
consistent over the years under different radiation
and T, conditions.

Leaf areagrowth isan integrated result of tillering,
leaf emergence and leaf elongation. While several
studies have been conducted to find the effect of T,
on each process (Takamura et al. 1960; Matsushima
et a. 1964b), few have tried to relate them to each
other to give a dynamic and quantitative relationship.
In the vegetative period, both rTiller and LER are
apparently responsible for reduced leaf area, while
the association of RLGR with rTiller diminished in
the reproductive period because few new tillers
appeared.

Although we did not measure individua leaf
lengths, ample evidence exists for limited elongation
of the leaf under low T,, (Matsushima et al. 1964b),
which might aso have reduced the RLGR in our
study. Even though several processes are involved in
leaf area growth, we found a close association
between RLGR and LER across years and growth
periods. Because the interval of leaf emergence can
be easily expressed as a function of T,, (Ellis et al.
1993; Sie et al. 1998), the present finding will pro-
vide a solid basis for modelling leaf area, which is
the major determinant for crop growth under low T,,.
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In contrast to leaf area and PAR;, RUE was
relatively unaffected by low T, during the vegetative
and reproductive periods. Radiation use efficiency
(RUE) is generally considered as a stable parameter
under various environments, but some reports
showed that low T, decreased RUE in maize
(Andrade et a. 1993) and peanut (Bell et a. 1992).
The limited response of RUE to T,, may indicate the
small impact of T,, on photosynthetic rates. In rice,
the photosynthetic rate has been reported to decrease
with T, (Ishii et al. 1977; Huang et a. 1989; Makino
et a. 1994). Only a few studies investigated the
response of photosynthesis to Ty, but, in tomato,
Shishido and Kumakura (1994) found no apparent
change in the photosynthetic rates, with the soil tem-
perature ranging from 10° to 22°C.

In our experiment, the T,, range of 16°-25°C may
not have strongly affected the photosynthetic rate in
the vegetative and reproductive periods. It should
also be noted that the treatments conducted in this
study were ‘long term’ so that the plants had
probably acclimatized to low Ty,. In fact, as a result
of limited leaf area growth, leaves became thicker
during the treatments (before heading) and leaf N
content on an area basis increased, which probably
reduced the negative effect on RUE. ‘Short-term’
treatments may possibly lead to different responses.
Changes in physiological parameters under low T,
need to be evaluated to clarify this point.

Flooding conditions of irrigated paddy fields can
promote rice growth under cool climates because the
warmer T, in the first half of the growth period can
serve as a ‘water blanket’ to protect the shoot base
and developing panicles. In addition, unlike T, Ty
can be managed in various ways, including by
warming ponds and canals.

The present study revealed that a slight difference
in T,, affects CGR in all growth periods, with the
magnitude depending on the given growth stage. The
largest reduction due to low T,, was observed in the
vegetative period, followed by the reproductive and
early grain-filling periods, while grain yield was
most severely reduced in the reproductive period, as
found elsewhere. During the vegetative and repro-
ductive periods, limited leaf area and PAR; were the
major reasons for reduced CGR, while RUE was
relatively unaffected. The decrease in CGR during
early grain filling was associated with a reduced
RUE, athough leaf areawas also reduced by low Ty,.

These responses to T,, obtained in the present
study will be useful for identifying the magnitude of
temperature stress and for evaluating the impact of
water management on growth and grain yield of
irrigated paddy rice.
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Temperature Constraints to Rice Production in
Australia and Laos. A Shared Problem

T.C. Farrdlabc K. .M. FoxP<¢, R.L. WilliamsP¢, S. Fukai?, R.F. Reinke* and
L.G. Lewinb.c

Abstract

With the transition to dry-season rice production, Laos now faces many new challenges relating
to extreme temperature problems. Temperatures are highly variable throughout Laos, because of
variable atitudes. Provinces in northern Laos suffer from low temperatures during the rice crop’s
vegetative and reproductive stages. These problems are shared with temperate-climate rice-
growing countries such as Australia, where temperature variation is seasonal. Provinces in
southern Laos face problems relating to high temperatures during anthesis. With the establishment
of the Cooperative Research Centre for Sustainable Rice Production, Australia now focuses on
improving the level of cold tolerance in commercia varieties at establishment and during the
reproductive stage. Cultivars with superior seedling vigour and cold tolerance have aready been
identified and incorporated into the Australian breeding program. Collaborative research between
Australia and Laos on the management of extreme temperature variability to reduce yield loss will

prove mutually beneficial to both countries.

Seasonal temperature variation iscommon throughout
the world, at times causing severe food shortages.
Extreme temperatures throughout the rice season
dramatically reduce yield, changing key yield com-
ponents. Cooperative research into the effect of tem-
perature on rice can contribute to food security
worldwide.

Important factors for grain yield potentia are
vegetative development (emergence to panicle
initiation [PI]), reproductive development (panicle
initiation to heading) and grain formation and
ripening (Boerema 1974). Although the dynamics of
rice production in Australia and Laos are at different
extremes of the production and mechanization

aSchool of Land and Food Sciences, University of Queens-
land, Brisbane, Qld., 4072, Australia

b Cooperative Research Centre for Sustainable Rice Produc-
tion, Yanco Agricultura Institute, New South Wales, 2703,
Australia

¢New South Wales Agriculture, Yanco Agricultural Institute
*Corresponding author:

E-mail: tim.farrell@agric.nsw.gov.au

spectrum (Table 1), significant yield losses due to
temperature variability are experienced in both
countries.

Table 1. Estimates of rice production in Australia and
Laos in 1998.

Australia Laos

Planting method 90% aerial  100% trans-

sowing planting
Rice area (ha) 139 902 650 000
Total annual rice production (tons) 1.32 million 1.67 million
Average yield (t ha?) 9.42 2.7
Export (%) 85 <10
Percentage of cropped land (%) 0.762 <80
Irrigated land (%) 100 8.3

aCalculated from ABARE's (2000) commaodity report.

With the development of the Cooperative
Research Centre for Sustainable Rice Production
(Rice CRC) in Australia, a multifaceted approach
to research on low temperature has begun, with

KEYWORDS: Australia, Cold tolerance, Laos, Low temperature, Rice
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progress being made in the understanding of low
temperature problems at the protein, cell, organ and
plant levels. The collaborative project between Rice
CRC and the ACIAR, Increased Crop Production
for Lowland Rice in Laos, Cambodia and Australia,
has initiated research towards solving the problems
caused by extreme temperatures on rice production
in Australiaand Laos.

Rice Practices
Australia

Rice growing in Australiais confined to the Riverina
region of New South Wales (NSW), centred at 35°
south and 146° east. Altitude (averaging 120 m)
throughout the region varies little. About 140 000 ha
are sown each year, producing an average yield as
high as 9.4 t hal, with the highest yielding crops
exceeding 13 t hal. Although rice-growing areas in
southern Riverina are 1° to 2°C cooler than in
northern Rivering, temperatures usualy vary little
within a given season across the whole rice-growing
area. Average rainfall during the growing season is
200 mm with the crop requiring full irrigation. The
growing season is characterized by long days with
high levels of solar radiation. Low temperatures
during establishment and a cool grain-filling period
restrict the length of the growing season, while low
night temperatures during reproductive development
can cause catastrophic yield loss.

The crop is planted in spring and, after summer
growth, is harvested in autumn. Planting startsin late
September, as soon as the risk of frost is negligible.
Full-season and short-season cultivars are sown in
early October and November, respectively, to
ensure—as far as possible—that reproductive
development coincides with the warmest night tem-
peratures (late January—early February). Grain filling
occurs in February—March when the cooler tempera-
tures extend the duration of grain filling, producing
grains of high quality. Rice crops are drained and
harvested in March-April, before the first frosts and
when grain moisture content is between 16% and
22%. More than 90% of Australian rice crops are
sown aerialy. Most of the nitrogen is applied before
permanent flooding and, if necessary, top-dressed at
Pl. Average N application rates are 80-100 kg haL.

Laos

The Lao People’'s Democratic Republic (Lao PDR)
is located in the tropics, between 14° and 22° north
and 100° and 108° east. The Lao rice area comprises
650 000 ha, producing an average yield of 2.7 t hal,
with the highest yields reaching 4t hal. Lao PDR is
geographically divided into northern, centra and
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southern regions, each having different temperature
regimes as a result of variations in atitude and
latitude. Laos has distinct wet and dry seasons.
Historically, most rice production in Laos was pro-
duced during the wet season as upland and lowland
crops. With the advent of irrigation, rice production
in the dry season has increased from 13 600 ha in
1995 to 87 000 ha in 1999 (NAFRI 2000). The wet-
season crop is transplanted to the field in June and
harvested in October, whereas the dry-season crop is
transplanted between November and January and
harvested in May.

Of the rice produced in Laos in 1998, the rainfed
lowlands accounted for 74%, the rainfed uplands for
13% and another 13% was irrigated (IRRI 1999).
The long-term aim for Lao rice production is to
reduce the area of rainfed upland rice and increase
that of irrigated rice. AlImost all ricein Laos is trans-
planted by hand and harvested by non-mechanized
methods.

The impact of low temperature on Lao rice pro-
duction relates specificaly to the dry-season crop at
both establishment and during the reproductive
stage. As mentioned before, temperature variation is
principally determined by atitude and latitude. For
example, Champassak, a southern province (15°
north), has an average altitude of 120 m, with high
temperatures during flowering in April (Figure 1f)
that sometimes limit dry-season yields. In contrast,
Xieng Khouang has an average atitude of 1050 m
and is located at 19.5° north. It suffers from low
temperatures at establishment and during the micro-
spore stage in the dry season (Figure 1d). Tempera-
ture patterns in al six provinces show that the
average minimum temperatures slowly decrease
from November to December throughout early estab-
lishment (Figure 1).

Low Temperatures during the
Vegetative Stage

Background

The vegetative stage refers to the period from germi-
nation to Pl and is characterized by active tillering,
gradual increase in height, and leaf emergence at
regular intervals. Germination starts when seed
dormancy has been broken, the seed absorbs
adequate water, and is exposed to a soil temperature
ranging from about 10° to 40°C. Temperature has a
profound influence on germination by affecting the
activation stage and post-germination growth. There
are clear varietal differences in seed germination at
low temperatures (Y oshida 1981). Low temperatures
can affect the rice plant’s developmental processes;
and impair photosynthesis, thus reducing growth and
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Figure 1. The long-term maximum and minimum temperatures of Yanco, Australia, compared with six provinces in Laos:
(8 Luang Namtha, (b) Oudomxay, (c) Houaphanh and (d) Xieng Khouang, al in the northern region, () Vientiane, central
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resulting in indirect yield loss because of less carbo-
hydrate available for grain production (Smillie et a.
1988). Poor establishment and vegetative growth in
rice, caused by low temperatures, are common
problems in countries such as Australia and Laos.

Temperature variability

The average minimum temperature during establish-
ment (November) in Yanco, New South Wales, Aus-
traia, is 12.3°C, with the variation being higher
within, rather than across, years. For the corre-
sponding period in Laos (December), the average
minimum temperatures in Xieng Khouang and
Champassak were 8.3° and 18.5°C, respectively.

Variation for temperature within and across years
was calculated according to daily maximum and
minimum temperature data. The coefficient of varia-
tion (CV) of temperature across years was calculated
from the standard deviation of the mean temperature
for each year divided by the mean temperature across
al years. The CV of temperature within years was
calculated as the mean of the CV of daily data for
each year. All CVs are shown as percentages
(Table 2).

Establishment of dry-season rice cropsin provinces
such as Xieng Khouang (where the minimum temper-
ature is 8.3°C) is difficult, because 10°C is probably
the critical minimum temperature for the elongation
of shoots and roots (Yoshida 1981). Temperature
variability was higher within years than across years
in al six provinces. In Laos, the distribution of low
temperatures appearsto berelated to atitude, withrice
in the Vientiane (171 m) and Champassak (120 m)
provinces not being affected by low temperatures
during establishment.

Seedling vigour

Seedling vigour is important for efficient crop pro-
duction. Vegetative vigour—the rapid attainment of
plant biomass—depends on the initia size of seed-
lings and the rate at which they grow. A controlled

environment experiment was conducted at Y anco to
explore differences in seedling vigour among 38
direct-sown cultivars from the International Rice
Cold Tolerance Nursery (IRCTN). Seedlings were
grown at 25°-15°C for 2 weeks before temperature
treatments were imposed. Seedling size at 2 weeks
was considered as the initial size. Temperature treat-
ments comprised 7°/22°C, 10°/25°C and 13°/28°C
(minimum and maximum temperatures, respec-
tively), reflecting the range of conditions likely to
occur during establishment in Australia and Laos.

There was a five-fold difference in average seed-
ling biomass between the low and high temperature
treatments. Cultivars exposed to the highest tempera-
tures had the greatest biomass, averaging 600 mg per
seedling. Average biomass of seedlings at the inter-
mediate and low temperature treatments were signifi-
cantly lower, at 290 mg and 120 mg, respectively. A
selection of four cultivars, including those with the
greatest and least response to temperature is shown
in Figure 2.

800 -
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—O— L202
600 - —W¥— HSC55 v
—/— Amaroo
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400 -

Biomass per seedling (mg)
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Figure 2. Effect of temperature on biomass per seedling, 41
days after sowing from a subset of rice cultivars displaying
variation in temperature response. Vertical bars = standard
error.

Table 2. Comparison of average minimum and maximum temperatures during 1 month of establishment at the Yanco

Agricultura Institute, Australia, and six provinces in Laos.

Month Site Country Min. °C Across CV%  WithinP CV% Max. °C
Nov Y anco Australia 12.3 10.0 324 26.6
Dec Luang Namtha Laos 15.0 8.2 16.9 24.6
Dec Oudomxay Laos 115 16.0 26.3 245
Dec Houaphanh Laos 111 11.9 284 20.8
Dec Xieng Khouang Laos 8.3 22.1 38.6 21.6
Dec Vientiane Laos 17.2 7.4 13.9 28.3
Dec Champassak Laos 185 — — 31.2

aCoefficient of variation across years relative to the mean.
b Coefficient of variation within years relative to the mean.
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The tropical cultivar IR36 had the smallest
response to increasing temperature. Surprisingly, a
temperate cultivar from California, L202, showed a
modest response to temperature. HSC55, a cultivar
from Hungary (a temperate-climate region) showed
the greatest positive response to increasing tempera-
ture. There were significant differences between
cultivars for each temperature treatment, with differ-
ences being greatest at the highest temperature. The
NSW cultivars Amaroo (Figure 2), Jarrah, Millin and
Illabong (not shown) performed similarly and were
intermediate in their response to temperature. At the
lowest temperature treatment, no cultivar had a higher
biomass than Amaroo but, at higher temperatures, sig-
nificant genotypic variation was seen. In Laos, tem-
perature conditions during establishment resemble the
10°/25°C and 13°/28°C temperature treatments.

The potential benefits of incorporating early vigour
cultivars such as HSC55 into commercia cultivars,
include early leaf area display causing increased
radiation capture, improved weed competitiveness
and rapid biomass accumulation during the vegetative
phases (Reinke, 2000).

Nitrogen uptake

The NSW rice industry considers that N uptake by
the rice plant a Pl is a key determinant of yield
potential. Temperatures during establishment control
the amount of N in the above-ground tissue of the
rice plant a Pl. Mean ar temperature from
November 1 to December 31 was calculated for
1989 to 1999 at the Yanco Agricultural Institute. For
each year, the average N uptake for al ‘Amaroo’
crops sown in the first 7 days of October was cal cu-
lated across all rice-growing areas.

A significant correlation (r2 = 0.55) was found
between average air temperature and N uptake at Pl
(Figure 3d). The average temperature in 1994 was
20°C and N uptake was 87 kg hal. In 1995, the
average temperature was 23°C and N uptake was
125 kg ha'®. A significant correl ation existed between
N uptake and yield (r2 = 0.45), which suggests that
good early growth resulting in higher Pl nitrogen
uptake is an important factor contributing to higher
yields (Figure 3b). A strong correlation between
average temperature during establishment and grain
yield (r2 = 0.73) highlights the importance of early
growth in contributing to Australia's high yields
(Figure 3c).

Low Temperatures during the
Reproductive Stage

Background

Low temperatures during reproductive development
(i.e. Pl to maturity) comprise a mgjor constraint to
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productivity for the NSW rice industry. Low temper-
atures during late January to early February disturb
the norma development of pollen grains, causing
spikelet sterility. Therisk of yield reduction in a cool
year is greatly enhanced by increased N status of the
crop (Heenan 1984; Satake et al. 1987). Hayase et al.
(1969) concluded that, in rice plants, the young
microspore stage, which isrelated to male sterility, is
the stage that is the most sensitive to low tempera
tures. Low temperatures during reproductive devel-
opment reduce the number of engorged pollen grains
and fertilized spikelets in rice (Ito 1971). Deep
irrigation water (20 cm) during the reproductive
period can help protect young panicles from low air
temperatures by providing a buffer and increasing
panicle temperature by as much as 7°C on a cool
night (Williams and Angus 1994).

A recent greenhouse experiment at the University
of Queendand found a significant positive correla-
tion between the total number of engorged pollen
grains produced in an anther and the number of
pollen grains intercepted by the stigma (r2 = 0.81).
This correlation suggests that 600 engorged pollen
grains per anther would result in more than 40 being
intercepted on the stigma (Figure 4a). A significant
negative correlation was found between the number
of engorged pollen grains and spikelet sterility (r2=
0.59). The relationship suggests that 600 engorged
pollen grains will result in less than 30% sterility
(Figure 4b). These corrélations indicate that a large
number of engorged pollen grains per anther is key
to successful fertilization.

Temperature variability

The critical temperature for inducing sterility varies
among cultivars. The unpredictability of low temper-
ature during the microspore stage of rice has caused
severe yield losses throughout the world. Low
temperatures throughout Japan in 1993 led to the
opening up of Japanese markets to rice imports. An
extended low temperature event in Australiain 1996
during the rice crop’'s reproductive stage reduced
yields across the rice industry by 25%. In Laos, the
1999-2000 season was the coolest since 1974,
causing major shortfalls in rice production. Satake
(1969) estimates that critical temperatures are 15° to
17°C in atolerant cultivar and 17° to 19°C in a sus-
ceptible one.

Australian rice crops are exposed to damage from
low temperatures in the reproductive stage from late
January through early February. Long-term data
show that this period is usually the warmest, with an
average minimum temperature of 17°C.

In Laos, however, for dry-season rice crops, the
time of reproductive development is more variable,
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occurring between early March and mid-April. The
average minimum temperature across five Lao
provinces increases by 3.5°C from early March to
early April (Figure 5). For example, the average
minimum temperature in Oudomxay, northern Laos,
increases from 12°C in early March to 16.4°C in
early April. Delaying reproductive development by
sowing later may reduce the extent of low tempera-
ture damage in Laos.

Genotypic variability
Greenhouse trials

Two experiments, using 36 and 18 cultivars, respec-
tively, on genotypic variation for low-temperaturetol-
erance were recently conducted in temperature-
controlled facilities at the Yanco Agricultura Insti-
tute. Three day/night temperature regimes (32°/25°C,
25°/15°C and 27°/13°C) were imposed on the culti-
vars from after Pl to head emergence. A combined
analysis identified seven international cultivars that
consistently performed better than all the Australian

cultivars. These were cultivars Liman and Pavliovsky
(from Russia), Plovdiv 22 (Bulgaria), Akihikari and
Haenuki (Japan), HSC55 (Hungary) and M103
(Cdifornia, USA). Low temperatures reduced harvest
index (grain/total biomass) of these tolerant cultivars
by only 20%, compared with 50% for the major
Australian cultivars.

Field trials

Field trials at the Yanco Agricultural Institute during
the 1998-99 and 1999-2000 seasons aimed to con-
firm the tolerance of cultivars in the field. The 1998/
99 season consisted of nine sowing dates from early
October to late December, with each sowing date
including a replicated trial of 30 genotypes. How-
ever, attempts to confirm cold tolerance in the field
were thwarted by the occurrence of above-average
temperatures. The 1999-2000 field trial comprised
six sowing dates from 5 October to 30 December
1999. Deep (22 cm) and shallow (5 cm) water depth
treatments were imposed throughout the critical
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young microspore stage. Twenty-eight cultivars from
different origins, with varying susceptibility to low
temperatures, were replicated in each of the 12 bays.

Low night temperatures during the late December—
early January and late January caused significant
levels of sterility in most cultivars in the shallow
water treatments. Cultivars Liman, M103 and
Hitomebore (Japan) had low levels of sterility,
despite experiencing low temperatures during critical
stages in late January. Cultivars Sprint (Russia),
Doongara (Australia) and Leng Kwang (China) had
high levels of sterility in the shallow water treatments
and appeared to be susceptible to mid-season low
temperatures.

Screening for Low Temperature Tolerance
during the Reproductive Stage

Background

With more than 100 000 rice cultivars worldwide,
screening for low-temperature tolerance at establish-
ment and during the microspore stage in rice has
been targeted. Australia' s researchers have success-
fully used temperature-controlled facilities and serial
field trials, while Japan’ s researchers have devel oped
field screening, using cool water from bores.

Genetic materials

The IRCTN carries a selection of cultivars from
different origins evaluated at different sites for cold
tolerance. Australia has sourced cold-tolerant
cultivars aresult of their performance in the IRCTN,
reports in the literature or recommendations by inter-
national scientists. In 1995, 105 international
cultivars from the 1991 and 1992 IRCTNs were
introduced to Australia and grown in small plots at
the Yanco Agricultural Institute. In recent tempera-
ture- controlled experiments, seven cultivars from
this nursery were more cold tolerant than ‘Millin’,
Australia’s most cold-tolerant cultivar.

Australia has successfully exchanged cold-tolerant
material, and continues to do so, with many countries
such as Japan. Australia's plant physiologists and
breeders are working closely together to improve the
level of cold tolerance in commercial rice cultivars.

Deep cool water screening

Japanese experiment stations successfully carry out
rapid screening of genotypesfor cold tolerance during
the reproductive stage of rice. Many other research
stations have dedicated small experimental bays to
screening of cold-tolerant cultivars. Rice is trans-
planted into these bays and cool bore water (19°C) is
introduced after Pl of thefirst cultivar until flowering
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of the last cultivar. Water depth is maintained at
20 cm for about 40 days. The rice breeder from the
Miyagi Prefecture Agriculture Experiment Station,
Furukawa, has successfully released cold-tolerant
cultivars such as Jyoudeki, using the Station’s deep
cold water screening facility (Nagano 1998). The
water temperature from a spearhead bore at Y anco,
Australia, is about 20°C, which is about 5°C warmer
than bore water in Japan and may not be suitable for
cool water screening.

High Temperatures during Flowering
Temperature variability

When high temperatures occur during flowering,
spikelet sterility can sometimes be seen on the wind-
ward side of Australian rice crops. Evaporative
cooling can reduce canopy temperature by 7°C on
hot windy days, protecting spikelets from high tem-
peratures at anthesis. Historically, high-temperature-
induced sterility has not been a major problem in
South-East Asia because most rice is grown in the
wet season. However, high temperatures and high
humidity during flowering are now becoming con-
straints to rice production in the lowlands, particu-
larly in southern Laos.

A recent report confirmsthat spikelet sterility under
high temperature increases with humidity (Matsui et
al. 1997). The average maximum temperatures during
March and April in the Champassak province, is35.3°
and 35.8°C, respectively (Figure 1f). In the Sekong
province, the average maximum temperature was
greater than 35°C from January to May 1998.

The breeding program that produces cultivars for
southern Laos should aim to improve heat tolerance
and attempt to induce earlier flowering.

M echanisms

The rice plant is most sensitive to high temperatures
during flowering. Too much heat can impair pollen
germination and reduce the number of pollen grains
on the stigma, thus leading to spikelet sterility
(Yoshida et a. 1981). IRRI (1979) confirmed that
genotypic variation existed by identifying 13 of 291
selections that tolerated high temperature damage at
flowering. High temperatures occurring within the
hour after anthesis disturb such reproductive pro-
cesses as anther dehiscence, pollen shedding, pollen-
grain germination and pollen-tube elongation
(Yoshida 1981). More than 10 germinated pollen
grains on a stigma are needed for normal fertilization
(Togari and Kashiwakura 1958, cited in Yoshida
1981). Yoshida (1981) suggested that high tempera-
tures on the day of flowering caused spikelet
sterility. Anthesis usually occurs between 1000 and
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1200 h, with temperatures rising in the morning and
exceeding the critical temperature (35°C) by 1000 h
in hot areas. Therefore, early morning anthesis is
highly desirable if high temperatures are to be
avoided and sterility reduced (Y oshida 1981).
Theflowers of Oryza glaberrima, an African culti-
vated rice species, open early in the morning (IRRI
1979), and this species has been a source of earliness
for Oryza sativa. The 1-h earlier flower-opening time
may have a significant effect in decreasing sterility,
because air temperature rises at a rate of 3°-4°C h!
in many tropical aress. In screening tolerant
materials, 8-h treatments of 35° and 38°C were effec-
tive in selecting heat susceptible and tolerant lines,
respectively (Y oshida 1981). Two methods are there-
fore possible to improve the heat tolerance of culti-
vars in Laos. increasing true tolerance through the
use of cultivars that have improved pollen shedding
and pollen germination, and encouraging earlier
flowering time to avoid high day temperatures.

Conclusions

Although Australia and Laos have very different
environments, the problems relating to the effect of
extreme temperatures on rice production are shared.
Altitude accounts for a large proportion of the
temperature variability in Laos. In the northern and
central regions, low temperature causes problems
during establishment and the reproductive stage,
whereas, in the southern lowlands, high temperatures
during flowering causes damage.

Identifying and screening genotypes to minimize
the impact of extreme temperatures at establishment,
and during the reproductive and flowering stages
must remain a major focus target of research efforts.
Collaboration between international scientists on the
common problem of temperature constraints to rice
production can contribute to increased productivity
and worldwide food security.
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Response of Dry-Season Irrigated Rice to Sowing Time at

Four Sitesin Laos

V. Sihathep?, Sipaseuth?, C. Phothisane?, Amphone Thammavong?,
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Abstract

Experiments were conducted on dry-season irrigated rice at four sites: Vientiane Municipality
and Provinces of Champassak, Xieng Khouang and Luang Namtha, Laos. The aims were to deter-
mine optimal sowing time and varietal requirements, and to identify temperature effects on growth
and yield. Results indicated that optimal sowing time in southern and central Laos is December,
when winter temperatures are appropriate for rice establishment. The experiments were conducted
in the 1999-2000 season, which was particularly cool. Securing enough seedlings for transplanting
was therefore key to obtaining high yields this season. In northern Laos, sowing in November
improved establishment, compared with sowing in December, when the cold period began at the
end of the month. Once the crop was successfully transplanted, low temperatures did not appear to
severely limit yield in any of the regions studied. The experiments need to be repeated in at least
one more year to obtain crop yield response to sowing time under more typical seasonal con-
ditions. Historical records should be checked to identify the risk of occurrence of low temperatures

that would limit production of dry-season rice in northern Laos.

RICE is the single most important crop in Laos. The
areaunder dry-season irrigated riceis currently about
12% (87 030 ha) of the total rice area in Laos. This
represents an increase of about 60%, compared with
the area planted in the 1997-98 dry season (54 000
ha), and almost 500%, compared with the area planted
in the 1992-93 dry season (13 000 ha). Such expan-
sion reflects governmental policy to rapidly increase
the level of nationa rice self-sufficiency while
reducing the year-to-year variability of production
caused by the impact of extreme climatic conditions.

1Rice Research Station, Champassak Province, Laos
2National Agriculture Research Centre, Vientiane, Laos
3Provincial Agricultural Service, Xieng Khouang Province,
Laos

4Rice Experiment Station, Luang Namtha Province, Laos
5National Agriculture and Forestry Research Institute,
Vientiane, Laos

6 a0 RRI Project, Vientiane, Laos

7School of Land and Food Sciences, The University of
Queensland, Brisbane, Qld., Australia

*Corresponding author: E-mail: s.fukai @mailbox.ug.edu.au

Cultivation of dry-season rice is important for
furthering the economic development of Laos. How-
ever, agronomic research has not kept pace with the
expansion of irrigated areas. Some parts of Laos
suffer heavy rice yield losses in the dry season,
because of adverse weather conditions such as overly
high or low temperatures (J.M. Schiller et a. 2001,
this volume). Problems associated with low tempera-
tures include low germination levels (Y oshida 1981,
Nishiyama 1985), poor seedling establishment,
delayed flowering and spikelet sterility (Hayase et al.
1969; Ito 1971; Gunawardena et a. 1999). High
temperatures during flowering and grain filling (late
March and April) can also cause yield losses in
southern Laos.

In northern Laos, the common cropping pattern
for dry-season irrigated rice is to sow in early
November and transplant in late November to early
December. In the south, where altitudes are lower
and low temperatures are not such a problem, sowing
is typicaly carried out in December and trans-
planting in January. However, sowing time often

KEYWORDS: Irrigated rice, Cold tolerance, Laos
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depends on the availability of irrigation water. To
estimate optimal sowing time and harvesting, wet-
season cropping patterns must also be considered.
The wet and dry-season crops are commonly
harvested in November and June, respectively. Early
maturing, high-yielding varieties are required for
dry-season irrigated conditions to ensure that the
wet-season rice can be sown at an appropriate time.
Optimal sowing times and varietal requirements
differ throughout Laos because of temperature varia-
bility (J.M. Schiller, et al. 2001, this volume).

This study aims to establish appropriate sowing
times for different phenological groups to improve
dry-season rice yields. This research will contribute
to the development of a double-cropping rice system,
and will identify the impact of extreme temperatures
at different stages on rice growth and yield in Lao
provinces.

Materials and Methods

Field experiments were conducted at four sites in
Laos, one in each of the Vientiane Municipality
(central Laos, atitude 170 m), and the Provinces of
Champassak (southern Laos, 168 m), Luang Namtha
(northern Laos, 600 m) and Xieng Khouang (northern
Laos, 1050 m). The 5-year average minimum temper-
atures during sowing time (November—December)
are 21.5°, 23.0°, 19.4° and 18.5°C, respectively.

At each site, varieties from three phenological
groups were evaluated. These were early (var. SK12),
medium (var. RD10) and late flowering (var. TDK1)
plus a local check. Check varieties were TSN1
(Vientiane), PN1 (Champassak), TDK3 (Luang
Namtha) and Tiane (Xieng Khouang). The experi-
mental design was a split plot with three replicates.
Sowing times, that is, first sowing (S1), second
sowing (S2), third sowing (S3) and forth sowing ($4),
were assigned to main plots, and varieties to subplots.
Plot size was 4 x 4 m. Seeds were soaked for about
2 days before they were sown into nursery beds.

Seeds were usually sown at 3-week intervals,
although actual sowing dates varied to some extent at
different sites (Table 1). Seedlings were transplanted
30 days after sowing. For RD10 at S1inthe Vientiane
Municipality (VTN), not enough seeds were available
and seedlings were transplanted only into one repli-
cate. Transplanting of the S2 crop in Luang Namtha
Province (LNT) was delayed for 15 days because the
seedlings were too small at 30 days after sowing. Fer-
tilizer (90 kg hat of N and 60 of P,Os) was applied
to the seedbed at 7 days after sowing. Six seedlings
were transplanted at a spacing of 15 x 15 cm. After
transplanting, fertilizer was again applied, at the rates
of 90 kg hal of N, 60 of P,Os and 30 of K,O.
Nitrogen was applied in three equal splits: at trans-
planting, and 30 and 50 days after transplanting.

Table 1. Sowing times (S1-S4), and ranges of flowering times of dry-season irrigated rice varieties, of average maximum
temperatures at flowering and of average minimum temperatures for 10-20 days before flowering at four sitesin Laos.

Site? Sowing date Dates of flowering time  Avg. maximum temperatures  Avg. minimum temps. (°C) for
Sowing cycle (°C) at flowering (x 5days)  10-20 days before flowering
CPK
S1 15 Nov 99 5 Mar—19 Mar 35.0-35.5 21.4-239
S2 6 Dec 99 13 Mar-27 Mar 34.2-36.0 21.3-25.1
S3 27 Dec 99 25 Mar-3 Apr 33.6-36.1 24.4-25.6
4 17 Jan 00 15 Apr—26 Apr 32.1-36.4 24.9-25.9
VTN
S1 15 Nov 99 10 Mar-27 Mar 34.7-36.2 19.1-20.7
S2 6 Dec 99 22 Mar-3 Apr 35.0-37.0 19.3-21.9
S3 27 Dec 99 31 Mar-26 Apr 32.1-36.2 20.3-22.6
4 17 Jan 00 17 Apr—20 May 29.4-31.6 22.8-24.1
LNT
S1 15 Nov 99 14 Apr-26 Apr 30.1-31.7 17.8-19.0
S2 6 Dec 99 5 May-18 May 26.9-31.5 20.0-20.8
S3 27 Dec 99 — n.ab n.ap
A 21 Jan 00 22 May-31 May 27.6-31.2 20.7-21.6
XK
S1 15 Nov 99 31 Mar-2 Apr 34.1-35.1 15.6-17.9
S2 6 Dec 99 — n.ab n.ap
S3 30 Dec 99 9 May-14 May 29.2-30.7 21.3-21.7
A 10 Jan 00 28 May-5 June n.ab 20.4-22.1

aCPK = Champassak Province; VTN = Vientiane Municipality; LNT = Luang Namtha Province; XK = Xieng Khouang

Province.
bn.a = not available.
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To protect against rice bug damage in VTN and
Champassak Province (CPK), Furadan (carbofuran)
was applied 30 days after transplanting, and Sevin
(carbaryl) was applied at flowering. In LNT and
Xieng Khouang Province (XK), applying rodenticide
a sowing, Sevin at flowering and Furadan at 3% at
30 to 45 days after transplanting is common practice.
Despite these precautions, rice bug damage was a
severe problem for the early maturing varietiesin S1
in VTN (var. SK12) and CPK (var. PN1). In LNT,
the crop planted at S4 was heavily attacked by rats,
birds and rice bug and could not be harvested. Rats
also damaged the $4 nursery in XK. Seedlings were
therefore insufficient for al three replicates, the
available seedlings being sufficient mostly for two
replicates.

Dry weight and height of 200 seedlings were deter-
mined at transplanting, and tiller number wasrecorded
4045 days after transplanting. Grain yield at 14%
moisture content, panicle number per m2, grains per
panicle, 100-grain weight and the filled-grain per-
centage were recorded at maturity. The filled-grain
percentage was estimated according to the 100-grain
weights of filled and unfilled grain and the weights of
filled grain and unfilled grain per m2. Daily maximum
and minimum temperatures for the experiment’s
duration were collected from meteorological stations,
which were each located within 10 km of thetrial site
and at similar altitudes.

Results
Temperatures

Figure 1 shows the mean maximum and minimum
temperatures for 10-day periods from November
1999 to May 2000 for the four sites. Temperature
data for December in XK were not available, and
were estimated from the regression of daily tempera-
tures in XK against corresponding temperatures in
LNT obtained in other months.

The 1999-00 season was extremely cold, particu-
larly during late December, with low minimum tem-
peraturesin LNT (4°C), VTN (7°C) and CPK (14°C).
In many places in Laos, the late-December tempera-
tures were believed to be the lowest since 1974. In al
study sites, temperatures were higher at the begin-
ning of the dry season (November) and decreased to
the lowest in the last 10 days of December. Minimum
temperatures were low in January and February but
increased gradually thereafter. Seasonal variation
was higher for minimum temperatures than for
maximum temperatures. The maximum temperature
was lowest in December and increased gradually
until April when it was around 35°C at all sites. The
maximum temperature dropped slightly in May at the
beginning of the wet season.
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If a 10-day mean minimum temperature of below
15°C congtitutes low temperature stress, then the
crops at the CPK site experienced no low tempera-
tures during establishment. However, in central
VTN, the minimum temperature was close to
threshold between December and mid-February,
except in late December when the temperature
dropped much lower. At the two northern sites, low
temperatures extended from December to March.

Effects of low temperatures on germination and
seedling growth

During late December, in LNT and XK, low temper-
atures affected germination, resulting in either no
germination or seedling death for the S2 crop in XK.
In LNT, germination problems occurred for the
crops sown at S2, S3 and $4. Figure 2 shows the
daily temperatures in LNT during the early part of
the experiment. Daily minimum temperatures were
about 15°C during most days in November and early
December, before it dropped sharply to amost 0°C
in the last 5 days of December. Minimum tempera-
ture was above 10°C after January 5.

Because of the extreme low temperatures, one
variety (TDK?3) did not germinate, and the number of
seedlings for the other varieties was greatly reduced
in S2. Consequently, only one replicate could be
transplanted with the available seedlings. Seedling
growth for the S2 crop in the nursery was aso very
dow, and transplanting was delayed for 15 days,
compared with other sowings and sites. The S3
sowing, which corresponded with the lowest temper-
ature period in late December, resulted in no germi-
nation. Germination of the S4 crop (sown 17 Jan)
also failed, when the minimum temperature dropped
below 10°C. The $4 crop was re-sown 4 days later
(21 Jan), when the minimum temperature was higher
than 10°C. The 17 Jan seeds might have germinated
had they remained in the field longer.

Seedling weight and height

Dry weight and plant height of 200 seedlings were
determined at transplanting. Mean seedling weight
and height were regressed with mean air temperature
during the nursery period (Figure 3). Strong relation-
ships existed between temperature and seedling
growth. Seedling height and weight data were not
available from CPK.

At the LNT site, at S2, 45-day-old seedlings were
used, while at all other sites and sowings, 30-day-old
seedlings were used. Seedling weight and height for
the S2 crop at the LNT site were adjusted for the
difference in number of days from sowing to trans-
planting. Mean air temperature in VTN was higher
than in the north, as reflected by improved seedling
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Figure 1. Maximum (-@-) and minimum (- O -) temperatures during November 1999 to May 2000 at sites in the Vientiane
Municipality (VTN), and the Provinces of Champassak (CPK), Luang Namtha (LNT) and Xieng Khouang (XK), Laos.
Sowing dates (S1-S4) for dry-season irrigated rice are shown. Dotted line indicates the critical temperature of 15°C for low

temperature damage.

growth. Most sowings at the VTN site had higher
seedling weights and heights than did those of the
LNT and XK sites.

Flowering times and heat sum requirements

The flowering time of the four varieties differed
according to site and sowing time (Table 1). The
higher temperatures in CPK induced earlier
flowering than in VTN, LNT or XK. Maximum
temperatures at flowering were about 35°C at CPK
and VTN, whileit was cooler at LNT. The maximum
temperature data in Table 1 indicated that high tem-
perature problems were unlikely to occur in XK,
except at S1. The crop flowered 14-24 days earlier
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than did the S1 crop a LNT, and it may have
suffered male sterility problems.

The mean minimum temperature for 10-20 days
before flowering is aso shown in Table 1. The
period was chosen because temperatures lower than
17°C at this growth stage can cause male sterility.
Except for the S1 crop at the XK site, the mean
minimum temperature exceeded 17°C.

Heat sum requirements from sowing to flowering
were calculated by assuming the base temperature to
be 10°C. Results showed that heat sum requirements
for TDK1 and RD10 were similar and were greater
than for SK12 in CPK and VTN, while the differ-
ences among varieties were much smaller in LNT
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and XK (Table 2). The estimated heat sum was
dlightly higher at the CPK site than at the other sites
for RD10 and TDK1, possibly because the base tem-
perature was lower than 10°C. The heat sum for the
S1 crop in XK was consistently lower than that for
other sowings. The reason for this is not known, but
it should be noted that temperature records were not
available for December at XK and, therefore, the
heat sum was estimated, using a regression based on
temperatures recorded at the LNT site.

30 4

N
=]
|

Temperature (°C)
T
o
1

Month

Figure 2. Maximum (-@-) and minimum (- O-) tempera
tures during November 1999 to February 2000 in Luang
Namtha Province, Laos. Sowing dates (S1-S4) and trans-
planting dates (TP1, TP2 and TP4) for dry-season irrigated
rice are aso shown.

Grain yields

Grain yield varied greatly, depending on site and
sowing time, while genotypic variation was relatively
small in most cases. Figure 4 shows the effect of site
and sowing time on mean yield across four varieties.
Champassak Province and VTN showed similar
responses to sowing date. Yields were lower at S1
and highest at S2, with a gradual decline towards $4.
InLNT, the mean yield was over 2500 kg ha™? for the
first two sowings, but the S3 and $4 crops failed to
yield. The S3 crop failed because of low tempera
tures, preventing germination, whereas the S4 crop
failed because of heavy infestations of rats, birds and
rice bug before harvest, because most of the $4 rice
crops near the experimental site were harvested well
before maturity of the $4 crop. Although the S2 crop
produced a good yield, low temperatures reduced
germination and no replicates could therefore be
carried out. In XK, the S2 crop failed because of low
temperatures at germination, whereas the mean yield
of other sowings varied between 2500 and 3500 kg
har?. It should be pointed out that the $4 crop did not
produce sufficient seedlings because of low tempera-
tures at the nursery, and yield was produced only in
two replicates.

The three highest yields were similar at
4500 kg ha?, being obtained by the S2 and S3 crops
in CPK and the S2 crop in VTN. The mean yield of
the three crops was calculated for each of the three
common varieties to estimate the potentia yield for

Table 2. Estimated heat sum accumulation for sowing to flowering of rice varieties TDK 1, SK12, RD10 and local check
varieties PN1 (Champassak Province), TSN1 (Vientiane Municipality), TDK3 (Luang Namtha Province) and Tiane (Xieng

Khouang Province) at four sowing times (S1-$4), Laos.

Variety Heat sum (°C-days)

Location

S1 S2 S3 A Mean

SK12

Champassak 1766 1592 1584 1650 1648

Vientiane 1582 1456 1425 1470 1483

Luang Namtha 1733 1655 — 1673 1687

Xieng Khouang 1370 — 1682 1930 1661
RD10

Champassak 1964 1776 1954 1817 1878

Vientiane 1618 1583 1706 1874 1695

Luang Namtha 1577 1813 — 1560 1650

Xieng Khouang 1370 — 1698 1913 1660
TDK1

Champassak 2044 1847 2039 1857 1947

Vientiane 1635 1612 1724 1892 1716

Luang Namtha 1604 1863 — 1706 1724

Xieng Khouang 1406 — 1745 1985 1712
PN1 (Champassak) 1865 1672 1766 1702 1751
TSN1 (Vientiane) 1899 1682 1924 2057 1891
TDK3 (Luang Namtha) 1546 — — 1656 1601
Tiane (Xieng Khouang) 1334 — 1665 1842 1614
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height of dry-season irrigated rice at four sowing timesin Vientiane Municipality (V), and the Provinces of Luang Namtha (L)
and Xieng Khouang (X), Laos. The number after letter indicates sowing time.

the dry season. The mean yields were higher for
TDK1 (4790 kg hal) and RD10 (4800) than for
SK12 (4190). These were then used to estimate yield
loss percentage at other sowing times and sites for
each variety (Table 3). The reduction was lower for
SK12 than for other varieties in most combinations.

Table 3. Yield reduction in three, dry-season, irrigated
rice varieties in relation to sowing time (S1-$4) at four
sites, Laos. The S2 and S3 crops in Champassak Province
and the S2 crop in Vientiane Municipality were used to
estimate reduction percentage.

Site Yield reduction (%)
Variety
S1 S2 S3 A
Champassak
TDK1 50 0 0 17
SK12 50 0 0 4
RD10 50 0 0 9
Vientiane
TDK1 31 0 20 37
SK12 28 0 7 12
RD10 662 0 21 44
Luang Namtha
TDK1 31 702 100 100
SK12 24 382 100 100
RD10 35 R 100 100
Xieng Khouang
TDK1 38 100 16 54p
SK12 30 100 1 37
RD10 37 100 30 490

aOnly one replicate.
bOnly two replicates.
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Figure 4. Association between grain yield of dry-season
irrigated rice and sowing date at four sites: Vientiane
Municipality (-@-) and the Champassak (-O-), Luang
Namtha (-[]-) and Xieng Khouang (-m-) Provinces, Laos.

Yield and yield components of the four varieties
at the four sites are shown in Table 4. In CPK, the
lower yields at S1, compared with those at S2 and
S3, were related to the smaller number of grains per
panicle with low percentages of filled grain in all
varieties. In the later flowering TDK1 and RD10,
tiller numbers of the S1 crop were higher than for the
other sowings, whereas the panicle number was
smaller in S1. This indicates the effect of adverse
weather conditions during panicle development
period in the S1 crop in CPK.
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Table 4. Yield and yield components of four rice varieties sown four times (S1-S4) in (a) Champassak Province, (b)
Vientiane Municipality, (c) Luang Namtha Province and (d) Xieng Khoung Province, Laos.

Sowing date Variety Yield Tillers Panicles Grainsper  Filledgrain ~ 100-grain
(kg ha®) per m? per m?2 Panicle (%) weight (g)

(a) Champassak Province

15 Nov 99 (S1) TDK1 2388 a 593 a 326 a 60 a 395a 30a
SK12 2080 a 467 b 303 a 59a 38.7a 26b
RD10 2383 a 614 a 306 a 70a 229b 30a
PN1 2118 a 524 b 312a 57a 382a 27ab

6 Dec 99 (S2) TDK1 5097 a 475 Db 391a 8lb 723 a 30a
SK12 4281 b 488 b 319b 111 a 589 b 26b
RD10 4880 a 511 ab 33lab 104 a 60.1 ab 29a
PN1 4428 b 556 a 345 ab 97 ab 70.0a 28ab

27 Dec 99 (S3) TDK1 4598 a 526 a 343a 84 a 65.0 ab 30a
SK12 4147 b 504 a 293a 9la 68.4a 27b
RD10 4717 a 491 a 319a MYa 59.5b 29a
PN1 4572 a 494 a 324 a 93a 64.8b 29a

17 Jan 00 ($4) TDK1 3971 b 510 a 293 a 100 a 58.6 b 30a
SK12 4010 b 483 a 28la 100 a 625a 27b
RD10 4367 a 516 a 324 a 87a 583 b 30a
PN1 4153 ab 477 a 315a 88 a 62.9 a 29a

Sowing date Variety Yield Tillers Panicles Grainsper  Filledgrain  100-grain

(kg ha®) per m? per m?2 Panicle (%) weight (g)

(b) Vientiane Municipality

15 Nov 99 (S1) TDK1 3277 a 519a 306 a 111 a 555b 28a
SK12 3000 a 424 a 274 ab 8a 40.2 ¢ 24b
RD10 16422 2552 2592 — 63.77 2,97
TSN1 3106 a 287b 201 b 80 b 63.2a 2.7a

6 Dec 99 (S2) TDK1 4697 a 535 a 367 a 96 a 722 a 29a
SK12 4136 a 403 b 286 b 9la 68.3a 25b
RD10 4805 a 390b 275b 94 a 716a 29a
TSN1 4387 a 362 b 278 b 9la 67.4b 25b

27 Dec 99 (S3) TDK1 3804 a 433 a 279 a 97a 49.8b 28a
SK12 3864 a 352 a 26la 83a 66.5 a 26b
RD10 3767 a 329a 215a 86 a 64.2a 28a
TSN1 3600 a 352a 199 a 86 a 63.2a 24c

17 Jan 00 (S4) TDK1 3021 ab 523 a 265 ab 65 a 376b 27b
SK12 3666 a 458 ab 282a 85a 712a 26¢
RD10 2643 bc 376 b 204 ab 68 a 46.7b 29a
TSN1 2016 ¢ 382b 386 b 63 a 283 b 2.4d

ZOnly one replicate

The lower potential yield of SK12 inthe S2 and S3
cropsin CPK and the S2 crop in VTN was related to
a smaller number of panicles per m2. In VTN, the
lower yields of the S1 crop, compared with those of
the S2 crop, were related to reduced panicle density
and low percentages of filled grain. Filled-grain per-
centages were particularly low for SK12 because of
rice bug infestation. In the S4 crop, the yield of late-
flowering varieties that flowered in May was lower
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than that of SK12, which flowered in mid-April.
While maximum temperatures in April were higher
than in May, late-flowering varieties had lower per-
centagesof filled grain and were not suitablefor VTN.

Variety TDK3 did not perform well at any
sowingsin LNT. In the S1 crop, the low yield of this
variety was related to low panicle number per m2,
while in the S2 crop, it was a result of poor germi-
nation, possibly because of increased susceptibility
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Table 4. (Continued)

Sowing date Variety Yield Tillers Panicles Filled grain  100-grainweight
(kg har®) per m? per m? (%) ()

(c) Luang Namtha Province

15 Nov 99 (S1) TDK1 3307 a 409 a 255a 783 a 30a
SK12 3146 a 34la 120b 59.9 b 28a
RD10 3108 a 328 a 147b 57.8b 28a
TDK3 942 b 337a 70c 372¢c 29a

6 Dec 99 (S2) TDK1 14267 247 247 80.22 3.0
SK12 25627 2947 2957 69.87 2.9
RD10 43557 286% 2867 76.17 2%
TDK3 — — — — —

21 Jan 00 ($4) TDK1 432 a
SK12 261b
RD10 250 b
TDK3 148 b

Sowing date Variety Yield Tillers Panicles Filled grain  100-grainweight

(kg har®) per m? per m? (%) ()

(d) Xieng Khoung Province

15 Nov 99 (S1) TDK1 2956 a 324 a 266 a 58.2a 30a
SK12 2925a 300 b 262 a 59.2 a 27b
RD10 2093 b 312 ab 263 a 531b 29a
Tiane 3643 a 300 b 268 a 59.0 a 30a

30 Dec 99 (S3) TDK1 4018 a 372a 319a 57.6a 28a
SK12 3704 a 324 b 294 b 585 a 27b
RD10 3332a 325b 303a 583 a 28a
Tiane 3058 a 332b 207 a 54.4 a 30a

10 Jan 00 ($4) TDK1 2192 & 276 & 226 & 83.1 & 30
SK12 2630 & 228 by 200 & 68.1 by 270
RD10 2432 & 210 ¥ 194 by 250 29 by
Tiane 941 by 216 bey 201 & 405 bY 3la

ZOnly one replicate.
Y Only two replicates.

to cooler temperatures. In XK, the low yields of
RD10 in the S1 crop and Tiane in the S3 crop were
related to low percentages of filled grain.

Discussion

The four sites reported in these field trials experi-
enced contrasting minimum and maximum tempera-
tures during crop establishment and flowering. In
CPK and VTN, minimum temperatures were higher
than 15°C during most of the growth period. LNT
and XK experienced extremely low temperatures
(below 10°C) during crop establishment that affected
germination and seedling vigour. M.-H. Lee (2001,
in this volume) has also reported temperatures of
below 10°C as causing germination failure in Korea.
The S2 crop in XK and the S3 crop in LNT were

affected by extremely low temperatures (below 5°C),
either failing to germinate or the seedlings of all four
varieties dying. The variety TDK3 did not germinate
in the S2 crop in LNT, probably indicating higher
susceptibility to low temperatures (between 10° and
15°C) than the other varieties, which could germi-
nate. Nishiyama (1985, 1995, 1997) also reported
varietal differences for germination under low tem-
peratures. Systematic screening of varieties may
therefore be needed to identify varieties for low tem-
perature tolerance in these regions.

Poor crop establishment was the main cause of
crop failurein XK and LNT. In addition to complete
failure, in some cases, not enough seedlings were
available to complete transplanting to the fields (e.g.
the S2 and $4 crops in LNT and XK, respectively),
thus reducing grain production further.
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Data do not clarify whether extreme temperatures
during rice growth in the main fields reduced yields.
While temperatures at flowering were often high, no
clear relationships between temperatures at flowering
and filled-grain percentages could be seen. Y oshida
(1981) and Yoshida et al. (1981) reported that high
temperatures cause pollen abortion in rice grown
under tropical conditions.

Further studies need to be conducted to confirm
the impact of high temperatures on spikelet sterility
and yield in central and southern Laos. The experi-
mental results for the northern regions suggest that
the effect of low temperatures during germination
and establishment are more crucia for crop growth
in northern Laos than low temperatures during the
reproductive stage (T.C. Farrell, at a., 2001 in this
volume). Low minimum temperatures of below 17°C
a the critical panicle development stage were
obtained only in the S1 crop in XK, but filled-grain
percentages in the S1 crop were similar to those
obtained in the S3 crop for which the minimum
temperature during panicle development was higher
than 20°C.

The 1999-00 dry season in which this experiment
was conducted was extremely cool, particularly in
late December. This experiment therefore needs to
be repeated to confirm the results of the present
experiment. Optimal times for sowing in northern
Laos therefore cannot be recommended, using these
data alone. The early and late sowings were damaged
by pests, and the impact would probably have been
reduced if larger rice areas had been used.

Further research should be carried out to identify
optimal sowing times, taking more into account
other biotic constraints (such as pest population
buildup) prevailing in the low-temperature areas of
northern Laos. For central and southern Laos,
December sowing appears appropriate and yields
close to 5000 kg ha® should be expected with appro-
priate varieties and crop management.
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Finding Genetic Donors for Cold Tolerancein the
INGER Gene Pool

Edwin L. Javier* and Ma. Concepcion Toledo

Abstract

The International Network for Genetic Evaluation of Rice (INGER) is a collaborative effort
between national agricultural research systems (NARS) and international agricultural research
centres. Rice-breeding programs all over the world contribute elite breeding lines and varieties to
INGER, who then organizes them into nurseries that are distributed freely to interested NARS for
evaluation and use. A nursery may have 50 to more than 100 entries. Cold-tolerant genetic materials
are entered in any of the International Rice Cold Tolerance Nursery (IRCTN), the International Rice
Boro Observational Nursery (IRBON), and the International Rice Temperate Observational
Nursery (IRTON). The IRCTN consists of japonica and indica genetic materials, which are used
mainly as genetic donors. Testing sites differ according to low temperature regimes. IRBON carries
mostly indica genetic materials with good yield potential and tolerance at the seedling and
vegetative stages in their country of origin. IRTON carries temperate rice lines with good
agronomic characteristics. Some of these lines are adapted to tropical conditions. Results of trials
over a wide range of environments are analysed, and outstanding entries are stored in the IRRI
Genebank. INGER data include the origins, pedigrees and grain characteristics of genetic materials
and the results of trials across locations. Annual nursery reports are sent to collaborators and
interested parties. Some INGER partners make seed requests based on results given in annual
reports. INGER data are managed through the INGER Information System, which isintegrated with
the International Rice Information System, which handles genealogical, characterization and

evaluation data on rice.

THE development and use of improved rice varieties
has contributed substantially in improving rice pro-
duction throughout the world. The International
Network for Genetic Evaluation of Rice (INGER),
formerly designated as the International Rice Testing
Program (IRTP), has been a major player in the
worldwide dissemination of improved cultivars and
genetic donors since its establishment in 1975. This
cooperative activity involving international agricul-
tural research centres (IARCs) and national agri-
cultural research systems (NARS) has the following
objectives:

1. To facilitate the unrestricted, safe exchange of
germplasm and information across geographical
and political boundaries worldwide.

2. To broaden the genetic diversity and genetic base
of rice varieties used by farmers.

International Rice Research Ingtitute (IRRI), Makati City,
Philippines

*Corresponding author: Edwin L. Javier

E-mail: ejavier@cgiar.org

3. To acquire, characterize and evaluate superior
rice germplasm.

4. To assess and validate important traits of superior
germplasm, including resistance to, or tolerance
of, stresses and quality characteristics.

5. Characterize and evaluate G x E interactions for
important traits so that rice improvement pro-
grams, particularly in the NARS, can capitalize
on general and specific adaptation.

6. To enhance the capacity of NARS to use and
improve rice germplasm.

More than 21 000 breeding lines and varieties of
rice developed in countries around the world have
been exchanged and evaluated through INGER over
the years. More than 350 INGER genetic materials
have been released as 530 varieties in 62 countries.
Those countries that directly use INGER materias
save 2-5 years of research time and resources per
material. About 6000 INGER materials have been
used as parents in more than 15 000 crosses gener-
ated worldwide by various NARS since 1975. They

KEYWORDS: Boro rice, Cold tolerance, Genetic donors, INGER
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were used to diversify and improve locally adapted
varieties. More than 1200 lines derived from these
crosses have also been released.

This paper discusses the finding of genetic donors
for cold tolerance in the INGER gene pool. It
provides an overview of how INGER operates,
describes the different nurseries with cold-tolerant
germplasm, presents test entries with cold tolerance
and good phenotypic acceptability over a wide range
of environments, and describes information exchange
through INGER.

Overview of INGER Operations

INGER members send their outstanding rice genetic
materials, together with their pedigrees and salient
characteristics, to the International Rice Research
Ingtitute (IRRYI), usually in theform of small quantities
of seed. Nominated entries are initially multiplied at
IRRI’s post-quarantine area at Los Bafios, where the
IRRI Seed Health Unit and the Philippine Plant
Quarantine Office monitor them for diseaseincidence.
Further seed multiplication at the IRRI Farm is done
until the amounts required for the nurseries are
obtained. A variety or line will take at least 2 years
from being nominated to being included in a nursery.

Resulting seeds are thoroughly cleaned and
checked. Seeds that are half-filled, discoloured,
diseased and off-type are discarded. Only materials
with at least 90% viability and that pass the seed
health evaluation are included in the nurseries. For
requests from NARS, the seeds are processed
according to the phytosanitary requirements of the
importing NARS, athough INGER aways ensures
that it distributes seeds of the highest quality.

IRRI informs INGER members of the types of
nurseries available each year. INGER members
decide what nurseries to import and where to grow
them. IRRI sends the nurseries, together with the
Material Transfer Agreement for FAO-designated
germplasm. After growing them, IRRI’ s collaborators
send their datato IRRI for analysis and interpretation.
Outstanding test entries are identified and stored in
the IRRI Genebank. Results of analyses are sent back
to the collaborators.

INGER Nurseries with Genetic Donors for
Cold Tolerance

International Rice Cold Tolerance Nursery
(IRCTN)

The first IRCTN was established in 1975, then dis-
tributed every year from 1975 to 1993 and every other
year after 1993. Since 1975, about 3000 varieties and
breeding lines have been tested. So far, requests for
IRCTN have been received from 65 countries. A
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country may request for one or more sets of IRCTN
inagiven year. More than 170 000 seed packets (sum
of number of requests x number of varieties) have
been distributed worldwide.

Entries that are nominated for the IRCTN have
cold tolerance at one or more growth stages in their
countries of origin. However, they may or may not
have good agronomic characteristics. Thus, they are
used mainly as genetic donors for cold tolerance.
Entries are classified as indica or japonica type
according to the information provided by the collab-
orators or to isoenzyme analyses. They are evaluated
against the international check varieties and the best
local check at each trial site. The 1999 IRCTN
carried 63 test entries, originating from 11 countries
and IRRI. The indica international checks were
China 1039 and K39-96-1-1-1-2 (both from India)
and the japonica international checks were Barkat
K78-13 (from India), Stejaree 45 (former USSR) and
Tatsumi-mochi (Japan).

AnIRCTN isanon-replicatedfield trial. Each entry
isevaluated in 5-m long plots with 4 rows and 1 plant
per hill a a spacing of 25 x 25 cm. Collaborators
decide the fertilizer rates, pest control measures and
other cultural practices to be followed. The standard
screening procedure uses the usual irrigation water in
the station. The temperature of the irrigation water is
unknown or beyond the control of the collaborator.
The standard screening procedure may be modified by
irrigating the trial with cold water, the temperature of
whichiscontrolled by the collaborators. The modified
screening procedure is used only at a very few sites.
Plant data collected include cold tolerance at different
stages of growth, seedling vigour, tillering ability,
plant height, days to flowering, phenotypic accepta-
bility, panicle exsertion and spikel et fertility. Daily air
temperature is also recorded.

The analysis of varieta performance is made
relative to the temperature regime during the trial’s
execution. The air temperature pattern is defined for
each site by considering the monthly average
minimum temperature relative to the growth stages
of the rice crop. There are eight general temperature
patterns, based on data received over the last 5 years:
1. Low temperatures throughout the growing season.
2. Low temperatures at the vegetative stage.

3. Low temperatures at the vegetative and flowering
stages.

Low temperatures at the seedling/vegetative stage
and at maturity.

Low temperatures at flowering and at maturity.
Low temperatures at flowering.

Low temperatures at maturity.

Moderate temperatures throughout the growing
season (no cold stress).

©No O
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Table 1. Selected entries based on phenotypic accepta-
bility, origin, varietal groups, and number of sites for each
temperature pattern where selected entries showed cold
tolerance in the 1993 IRCTN.2

Selected entry Origin Group  Number of
sites with
temperature
pattern:P
4 5
CN839-102-8/2 India Indica 2 1
CT6742-22-5-4-M-3-M Chile Indica 2 1
Milyang 93 South Korea Japonica 2 1
Stejaree 45 ex-USSR  Japonica 2 1
Tomihikari Japan Japonica 2 1
‘79004-TR4-4-2-1-1'  Turkey Japonica 2 1

a8|RCTN = International Rice Cold Tolerance Nursery.
bTemperature pattern 4 = 3°-17°C, low temperatures at the
seedling/vegetative stage and at maturity; 5 = 8°-16°C, low
temperatures at flowering and at maturity.

Source: INGER (1994).

Table 2. Selected test entries based on mean phenotypic
acceptability across sites in the 1993, 1995 and 1997
IRCTN.2

Year Entry OriginP Group
1993 TellaHamsa India Indica
Tomihikari Japan Japonica
Suweon 349 (Jinmibyeo) Korea Japonica
K39-2 India Japonica
Panda Italy Japonica
Arongana 688 Madagascar  Japonica
1995 Jinling 78-102 China Japonica
Dalizhaoxai China Japonica
Yunlen 1 China Japonica
Yunlen 8 China Japonica
Diangen 8 China Japonica
Gendiao 3 China Japonica
Gihobyeo-M2-6-1 Korea Japonica
Yunlen 16 China Japonica
Yunlen 18 China Japonica
Kungen 4 China Japonica
1997 |IR58565-2B-10-2-2 IRRI Indica
IR59469-2B-3-2 IRRI Indica
CT6742-20-20-1-M-M-M  Chile Japonica
Hexi 10 China Japonica
IR62445-2B-12-1-2 IRRI Japonica
IR63352-AC-202 IRRI Japonica

3|RCTN = International Rice Cold Tolerance Nursery.
PIRRI = International Rice Research Institute.
Sources: INGER (1994, 1996, 1999b).

Low temperatures are below 18°C, whereas
moderate temperatures are between 18° and 25°C.
Sites falling within the same temperature pattern may
also vary for other factors such as soils and biotic
stresses. The top entries for each trait evaluated can
differ among sites belonging to the same temperature
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pattern. Collaborators decide what materials they
want to use in their breeding program.

At IRRI, top entrieswith wide adaptation are stored
for some years. They are selected according to cold
tolerance and phenotypic acceptability at maturity
over arange of environments. Inthe 1993 IRCTN, six
entries with good phenotypic acceptability ratings
were sel ected according to results of the modified cold
tolerance screening procedure used at three sites
(Table 1). All came from different countries, with
two—CN839-102-8/2 and CT6742-22-5-4-M-3-M—
belonging to the indica rice group and the others to
the japonica group.

Based on mean phenotypic acceptability across
12 sites, employing the standard procedure, and
across 3 sites, using the modified method, six entries
were identified as promising in the 1993 IRCTN
(Table 2).

Inthe 1995 and 1997 IRCTN, all collaborators used
the standard field screening procedure and scored the
test entries for cold tolerance and phenotypic accept-
ability. In 1995, 19 test entries were selected for cold
tolerance in at least 3 test sites (Table 3).

Table 3. Selected entries based on cold tolerance, origin,
varietal groups, and number of sites for each temperature
pattern where selected entries showed cold tolerance in the
1995 IRCTN.2

Number of sites

Selected entry Origin Group  withtemperature
pattern:P

1 2 3 6
Chuxai China Indica 0 1 3 O
Dalizhaoxai China Japonica 1 0 3 O
Yunlen 13 China Japonica 0 0 3 1
Yunlen 16 China Japonica 0 O 3 1
Yunlen 17 China Japonica 0 1 3 O
Banjaiman China Japonica 0 0 3 1
Diangen 8 China Japonica 1 1 3 1
Gendiao 3 China Japonica 0 1 3 O
Gihobyeo-M2-6-1 S Korea Japonica 0 0 3 O
K39-96-1-1-1-2 India Indica 0 2 2 2
Yunlen 12 China Japonica 2 0 2 O
K457-107-3-4-1-1-2 India Indca 2 0 2 1
Y ungen 79-635 China Indica 0 0 2 1
Yungen 20 China Indica 1 0 1 1
Yunlen 1 China Indica 0 0 2 1
Yunlen 9 China Indica 1 0 1 2
Yunlen 8 China Indica 3 0 2 1
Yunlen 7 China Indica 0 0 2 1
Yunlen 20 China Indica 0 1 2 1

a8|RCTN = International Rice Cold Tolerance Nursery.
bTemperature pattern 1 = 10°-17°C, low temperatures
throughout the growing season; 2 = 10°-20°C, low temper-
atures at the vegetative stage; 3 = 2°-18°C, low temperatures
a the vegetative and flowering stages; 6 = 11°-18°C, low
temperatures at flowering.

Source: INGER (1996).
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All entries originated from China, except three.
Ten entries belonged to the indica group and nine to
the japonica group. Based on mean phenotypic
acceptability across 17 sites, the top 10 entries were
identified. Seven entries were common in both
categories (Table 2). There were three entries rated as
tolerant of low temperatures at three sites (Table 4)
and six entries with good phenotypic acceptability in
4 or 5 sitesin 1997 (Table 2).

Table 4. Selected entries based on cold tolerance, origin
and varietal groups, and number of sites for each tempera-
ture pattern where selected entries showed cold tolerance in
the 1997 IRCTN.2

Selected entry Origin Group  Number of sites
with temperature

patternb
1 3 4 5
K479-2-3 India Indica 1 1 1 0
CT6748-CA-17  Chile Jagponica 0 0 1 2
PR26390-581CRF Philippines Japonica 0 0 1 2

3|RCTN = International Rice Cold Tolerance Nursery.

b Temperature pattern 1 6°-16°C, low temperatures
throughout the growing season; 3 = 8°-16°C, low tempera-
tures at the vegetative and flowering stages; 4 = 3°-17°C,
low temperatures at the seedling/vegetative stage and at
maturity; 5 = 3°-17°C, low temperatures at flowering and
at maturity.

Source: INGER (1999b).

International Rice Boro Observational Nursery
(IRBON)

Boro rice is a special type of rice that is traditionally
cultivated in India and Bangladesh during winter.
Thetotal area grown to boro rice is about 5.5 million
hectares and is increasing every year. This is
attributed to the rice’ s high yield potential in a season
considered to be almost risk free, provided that there
is supplementary irrigation. Low temperatures from
seedling to early vegetative stage is a major con-
straint to boro rice production.

IRBON started in 1993, with entries coming from
six countries and IRRI. It started with India and
Bangladesh as the only countries conducting the
trial. Over the years, countries requesting for IRBON
have increased. The Philippines, Vietham, Myanmar,
South Korea, North Korea, Nepal, Iran, Senegal and
Namibia are now exploring the potential of boro rice.
Around 7000 seed packets of nearly 350 materials
have been distributed.

IRBON is ayield nursery. It is laid out, using an
augmented design in Latin square with five blocks.
Five check varieties are aways entered in each
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block. The international checks are IR72 (early
maturing), PSBRC 2 (intermediate-maturing) and
IR42 (intermediate to late maturing). Collaborators
provide early maturing and late-maturing varieties.
Plot size is 5 x 1.2 m (7 rows) and hill spacing is
20 x 20 cm, with 2 seedlings per hill.

Plant data collected include percentage of germi-
nation in the seedbed, seedling vigour before trans-
planting, seedling vigour 15 days after transplanting,
cold tolerance at vegetative stage, yield, phenotypic
acceptability, plant height and days to flowering. The
average minimum and maximum temperatures for
each month of the growing season are also recorded.

In IRBON, the time of occurrence and duration of
low air temperatures at seedling to early vegetative
stages differ from site to site. Some genetic materials
tolerant of low temperatures at one site may not be
tolerant at other sites. In general, the mean monthly
air temperatures range from 12°-18°C at the early
vegetative stage. Test entries with wide adaptation in
the 1996 and 1997 IRBON (INGER 1998, 1999a)
are given in Table 5. The top cold-tolerant lines had
good seedling vigour and seedling recovery.
Although the top entries for high yield were different
from those for cold tolerance, their levels of cold
tolerance were also good.

International Rice Temperate Observational
Nursery (IRTON)

This yield nursery is the newest, having been estab-
lished in 2000. It has 88 genetically diverse entries,
contributed by 14 countries, IRRI and the Centre de
Cooperation Internationale en Recherche Agro-
nomique pour le Developpement (CIRAD). IRTON
has three international checks: IR50 (very early
maturing), IR72 (early maturing) and PSBRC 2
(intermediate maturing). Collaborators enter their
best early and intermediate-maturing local varieties.
Field design is similar to that of IRBON.

One of IRTON'sobjectivesisto identify temperate
rice lines that are adapted to tropical conditions, thus
IRTON is being conducted under both temperate and
tropical conditions. Countries currently conducting
IRTON are Bhutan, India, Sri Lanka, Nepal, Pakistan,
Vietnam, Philippines, North Korea, South Korea,
China, Egypt, Iran, Turkmenistan and Italy.

Information exchange

Every year, INGER sends collaborators and inter-
ested parties nursery reports containing information
on the pedigrees of test entries, their originsand grain
characteristics (analyses done at IRRI), and the results
of trials across environments. Collaborators with
limited resources for testing often make seed requests

Increased Lowland Rice Production in the Mekong Region
edited by Shu Fukai and Jaya Basnayake
ACIAR Proceedings 101
(printed version published in 2001)



Table 5. Selected entries in the 1996 and 1997 IRBON.2

Year Criteria
Cold tolerance, seedling vigour Yield

Entry OriginP Entry OriginP

1996 CR544-1-7 India IR56381-155-1-2-2 IRRI
IR59471-2B-20-2-1 IRRI IR61009-37-2-1-2 IRRI
IR58614-B-B-2-2 IRRI IR61009-47-3-1-1 IRRI
IR56394-70-1-2-2 IRRI IR25924-51-2-3 IRRI
IR61355-3B-11-2 IRRI |IR57259-9-2-1-3 IRRI
IR72 IRRI

1997  Gautam India BR1711-7-2-4-2 Bangladesh
IR57257-34-1-2-1 IRRI IR57080-2B-12-2-2-1 IRRI
Nanjing 14 China IR61336-4B-14-3 IRRI
OM 987-1 Vietnam NR11 Vietnam
PSBRC 4 IRRI RP2439-1195-623 India

Zhi 20-5 China

3|RBON = International Rice Boro Observational Nursery.

P|RRI = International Rice Research Institute.

Sources: INGER (1998, 1999a).

based on the information provided by the INGER References

annual reports.

The flow of genetic information relating to INGER
materials is as important as the flow of germplasm.
Advances in information technology and availability
of powerful database management tools offer
exciting new approaches for information exchange
among INGER partners. INGER data are managed
through the INGER Information System, which is
integrated with the International Rice Information
System (IRIS), adatabase system for handling genea-
logical, characterization and evauation data on rice
germplasm and variety improvement. The IRIS's
genealogical management system can be used to
quickly generate genetic information for a particular
variety such asfull or partial pedigree, ancestral land-
races and their specific genetic contributions, cyto-
plasmic source and degree of relationship (coefficient
of parentage) with other varieties. Parental selection,
variety development, and varietal release will be
strengthened with the use of a comprehensive infor-
mation system on rice genotypes.
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I mproving the Efficiency and Sustainability of
Fertilizer Use in Drought- and Submergence-Prone
Rainfed Lowlandsin South-East Asia

R.W. Belll*, C. Ros? and V. Seng?

Abstract

In the rainfed lowlands of South-East Asia, rice yields are low and often respond weakly to
fertilizers. Studies of soils in Cambodia and North-East Thailand suggest that a complex com-
bination of factorsrestrict rice yield and nutrient uptake in response to loss of soil-water saturation.
Two significant and closely linked constraints are variable rainfall and lack of soil nutrients. Inter-
mittent flooding and drying of soils depresses availability of some nutrients, even when water
supply is adequate. Moreover, extreme fluctuations in soil-water levels may impair root activity,
further restricting nutrient uptake. The resulting inefficient uptake apparently leads to weak
responses to fertilizer nitrogen and phosphorus. Developing management strategies for optimizing
the mineral nutrition of rice in drought-prone rainfed lowlands, particularly in the presence of
auminium toxicity and potassium deficiency, thus depends on understanding the function of rice
roots in nutrient uptake and their response to temporal and spatial variation in water content and
soil properties. This need is particularly relevant for the adoption of direct sowing of rice, which
results in a root system developing initialy in aerobic conditions, then being exposed to flooded
conditions and, during the growing season, returning to aerobic and, in extreme cases, to drought
conditions. With the potential increase of fertilizer use in the future, and thus potential pollution of
groundwater and eutrophication of water bodies, new management strategies also need to assess
risks of such contamination and seek ways of preventing it.

RAINFED lowland rice is grown in awide diversity of
environments, most of which are located in South and
South-East Asia (Wade et al. 1999). From the per-
spective of crop nutrition and rice productivity, the
main distinguishing characteristics of the rainfed low-
lands are lack of irrigation water and non-continuous
flooding of soil during crop growth (Zeigler and
Puckridge 1995). While rainfed lowland rice is
usualy grown in relatively level, bunded fields to
retain surface water, the depth and duration of field
flooding vary greatly from year to year, within a
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growing season and spatially over relatively short
distances within afield. Rainfed lowland riceis often
exposed to an extremely variable water regime during
growth.

Yields in rainfed lowlands are typically haf those
in irrigated rice ecosystems (Wade et al. 1999). The
amount and timing of rainfall is considered as the
major constraint to rice productivity, followed by low
soil fertility, as represented by a range of limiting
factors, including sdinity, alkalinity, Fe toxicity,
aulfide toxicity, N, P, K, and Zn deficiencies, and
organic and acid sulfate conditions. The lack of soil
fertility is exacerbated by the effects of a changing
soil-water regime on nutrient forms and their availa-
bility in the soil. Low rates of fertilizer or, asis often
the case, no fertilizer, mean that many of these con-
straints continue limiting rice production in farmers
fields.

KEYWORDS: Fertilizer, Loss of soil water saturation, Nutrient availability, Deficiency, Nutrient uptake,

Root function
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Within the rainfed lowland ecosystem, severa
subecosystems have been recognized, based on the
maximum depth of water accumulating in the fields.
Within areas where water depth is <25 cm, a further
subdivision is made according to the prevalence of
drought and/or submergence during the growing
season (Table 1). In each country of South and
South-East Asia, most of the subecosystems are
represented, but the mix differs so that the main
issues for soil fertility management (and breeding)
also differ in emphasis from country to country.

About 20% of rainfed lowland rice grows in
favourable environments where only minor events of
drought or submergence limit rice production. These
areas are relatively more prevalent in Indonesia,
Philippines, Vietnam, Laos and Myanmar. In
contrast, more than half of the rainfed lowlands of
India and Thailand occur in drought-prone environ-
ments. The drought-prone environments of North-
East Thailand (and Cambodia and Laos) differ from
those in India because, while the rainy period is long,
rainfall has an overall bimoda distribution and, in
any given season, is erratic in amount and distribu-
tion. In contrast, the drought-prone areas of north-
east India are characterized by a short growing
season with an end-of-season drought being
common. In Cambodia, more than half of the rainfed
lowlands are on lands that are susceptible to both
drought and submergence, either in different years or
possibly the same year. Submergence is a wide-
spread constraint for rainfed lowland rice, particu-
larly in Vietnam, Myanmar and Bangladesh.
Medium to deep water levels are most prevalent in
the rainfed lowlands of Myanmar, Indonesia, the
Philippines and Bangladesh.

In this paper, we focus on the less favourable sub-
ecosystems of the rainfed lowlands in South-East
Asiaand hence emphasize the soil and environmental

constraints to efficient and sustainable fertilizer use
in Cambodia, Laos and Thailand. Generally, in these
areas, only one rice crop is grown per year. A long
dry season follows the rice harvest and soils remain
dry for several months of the year, with limited plant
growth occurring. In Thailand and Cambodia, an
early monsoon season from May to June is followed
by a short dry period in June-July before the main
rainy season (Fukal et al. 1995). Transplanting is
often delayed until there is sufficient rainfall at the
start of the main rainy season for flooding of the soil
to occur.

Sails
Nutrients

The soils of the rainfed lowlands of South-East Asia
usually have low levels of nutrients, especialy of N
and P and, to a lesser extent, K and S. This is
especialy so in Cambodia (White et a. 1997; Pheav
et a. 1996), Laos (Linquist et a. 1998) and North-
East Thailand (Ragland and Boonpukdee 1987).
Indeed, given the low rates of fertilizer applied by
farmers, the relatively low rice yields in rainfed low-
lands of each of these countries can be attributed
largely to low soil fertility. In Cambodia, rainfed
lowland rice will respond to N on virtualy al soils,
including even the old marine floodplain soils that
receive annual depositions of alluvial sediment, and
are inherently more fertile than other rainfed rice
soils of Cambodia (Table 2). Similarly, al the sails,
except the old marine floodplain soils, are low in P
and yield responses to P application on rainfed rice
are expected. Many of the soils are low in K, and
responses to this nutrient have been reported,
especially when the supply of N and Pisimproved by
fertilizer application. Other deficiencies, including S,

Table 1. Relative occurrence (as percentage of total area) of the main rainfed lowland rice subecosystems in South and

South-East Asia.
Country Shallow (0-25 cm) and prone to: Mediumto  Tota area
deep (’000 ha)
No water stress Drought Drought + submerg.  Submergence (25-50 cm)
Indonesia 58 10 0 9 23 1404
Philippines 51 16 4 9 20 1510
Myanmar 41 10 0 26 23 2990
Vietnam 38 19 0 32 11 1744
Laos 33 33 33 0 0 277
Bangladesh 16 16 19 30 19 5328
India 12 51 15 10 13 14 530
Cambodia 10 29 57 0 5 747
Thailand 9 52 24 12 3 6 039
Total 20 36 15 16 13 35907
Source: Wade et al. (1999).
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Mg and B, have been diagnosed in pot experiments
(Pheav et a. 1996), but only S deficiency has been
demonsgtrated in the field (CIAP 1995).

Low soil pH is prevalent in lowland soils used for
rainfed rice in Cambodia, but the consequence of this
for rice production is still unclear. In their oxidized
state, pH (CaCl,) is as low as 3.9, and Al saturation
70% (Seng et a. 1996). However, flooding induces
relatively rapid increases in soil pH to values in the
range of 5.5 to 6.0 after 2—3 weeks (Seng et al. 1996,
1999). At these pH values, no KCl-extractable Al
can be detected; hence, Al toxicity for rice in flooded
soils can be ruled out (Seng 2000). However, as dis-
cussed below, the consequences of temporary loss of
soil-water saturation for soluble Al levels in the soil
and for rice nutrition and water uptake are till
unclear.

Many of the same nutrient constraints for rainfed
lowland rice production found in Cambodian soils
are shared with soils of North-East Thailand. The
often extremely sandy nature of the latter soils (clay
contents of <5%; Kawaguchi and Kyuma 1977
Mitsuchi et al. 1986; Willett and Intrawech 1988) is
atributed to ferrolysis, which leads to the destruction
and leaching of clays. In their oxidized state, the
sandy soils are acidic with a pH (H20) between 4.6
and 5.0. Despitelow levelsof N, P, K and S, response
to inorganic fertilizer is poor (Ragland and Boon-
pukdee 1987; Pairoj et al. 1996). These conclusions
are further supported by a recent international study
by Wade et a. (1999), who found that yields of
rainfed lowland rice at sites in North-East Thailand
were generaly lower than at other sites in Bangla-
desh, Indonesia, India and the Philippines. In addi-
tion, in Thai soils, responses to N-P-K or complete
fertilizer were generally weaker than in other sites.

In Laos, 85% of rainfed lowland rice crops in the
northern region and 100% of those in the central and
southern regions responded to N-P-K fertilizer
(Linquist et a. 1998). Nitrogen deficiency was the
most prevalent, with 40%-50% of crops responding

to N aone and another 30% when P aso was
applied. Some evidence suggests a S deficiency for
ricein Laos, and leaf analysis suggest that Mg levels
may also be too low for rice.

Physical properties

Soil physical properties have a significant bearing on
soil-water storage and retention, nutrient storage and
leaching, the timing and ease of cultivation of soils
and root growth. Soils that have been under lowland
rice cultivation for several years develop a com-
pacted layer at a depth of 10-40 cm in their profile
(Samson and Wade 1998). The layer aidsin retaining
rainwater but may also restrict root penetration. In
North-East Thailand, Laos and Cambodia, at least
half of the lowland rice soils are sandy, either
throughout the profile or in the surface layers (White
et a. 1997; Linquist et al. 1998). This, coupled with
the shallow plough pan and the rice crop’s shallow
root system, limits water storage and retention in the
root zone. Even the presence of a conventional
plough pan on coarse sandy soils is not sufficient to
retain water for long after the rain stops. Sharma
(1992) reported that water stressis evident in rice on
sandy soils from North-East Thailand within 1 week
after the rains cease.

However, when a significant amount of water in
the profileis stored bel ow the plough pan, mechanical
impedance in the compacted layer may restrict root
access to the stored water. Ahmed et a. (1996) found
that increasing root mass density in the 10-20 cm
layer of rainfed lowland soils of north-west Bangla-
desh increased rice yields (Table 3). Deep cultivation
to 20 cm or growing a deep-rooted crop like the
legume Sesbania aculeata before rice both decreased
penetration resistance in the 10-20 cm layer and
increased rice yields by 0.5-1.0 t haL.

Deep sandy soils in North-East Thailand and
Cambodia pose particular problems with water reten-
tion that not even the conventional plough pan can

Table 2. Chemical properties of the main soils used for cultivating rainfed lowland rice, Cambodia.

Deepsandy Shallow sand Depression Black soils ~ Brown plain  Old marine and
soils lying over clays soils of rainfed soils lacustrine
Property lowlands floodplain soils
Percentage of shallow- 13 30 13 5 15 21
water rainfed rice crop
pH (1:1 soil:water) 5.6 59 58 51 55 59
Olsen P (mg kg™) 13 04 10 26 31 46
Total N (mg gb) 0.5 0.3 0.6 11 0.9 10
CEC (cmol(+) kg™ 18 13 6.3 6.7 18.2 135
Exch. K (cmol(+) kg™) 0.02 0.03 0.07 0.06 0.16 0.19
Organic C (mg g 4.7 29 6.6 10.9 8.8 9.1
Source: White et al. (1997).
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overcome. The rapid percolation of water through
these soils means that they can lose saturation
quickly after rainfall ceases. Garrity and Vejpas
(1986) showed that an impermeable plastic sheet
installed at 40 cm deep in a sandy lowland soil at
Ubon Ratchathani, North-East Thailand, prevented
water percolation loss and increased rice yields. Sub-
soil compaction on the same soil type was also effec-
tive in reducing percolation losses of water by 88%,
and decreased from 60 to 17 the number of days
when loss of soil-water saturation occurred, thus
increasing yields by 60%-90% (Sharmaet al. 1995).

Table 3. Effect of tillage depth on penetration resistance
of soils, root mass density and grain yield of rice in a
rainfed lowland soil, north-west Bangladesh.

Parameter Tillage depth
6-8cm 12-15cm 18-20 cm 6-8 cmwith
Seshania
as pre-rice
crop
Penetration resistance (MPa)

0-10 cm 1.25 1.00 0.75 0.6
10-20 cm 2.20 1.25 125 11
Root mass density (kg m=3 at flowering)

0-10 cm 3.73 3.75 357 3.84
1020 cm 0.07 0.15 0.19 0.18
Grain yield (t ha?t)

39 43 45 45

Source: Ahmed et al. (1996).

Hard-setting behaviour of sandy rainfed lowland
rice soils of Cambodia and North-East Thailand is a
significant factor limiting land preparation for trans-
planting. When dry, the soils hard set and therefore
become difficult to cultivate with draught animals.
Within a few hours after cultivation, the soils again
achieve high soil strength as the sand and silt grains
consolidate, making transplanting difficult. Gener-
aly, farmers cultivate only as much land as can be
transplanted within the hours following. The con-
sequences of the hard-setting behaviour of these
sandy soilsfor root growth and activity are unknown.

Nutrient—water interactions

Fluctuating water regimes comprise the defining
characteristic of rainfed lowlands. Loss of soil-water
saturation may occur at any time from transplanting
onwards and for periods of up to several weeks at a
time. Generally, rainfed lowland rice soils will be
saturated and flooded at transplanting because, if
possible, farmers delay transplanting until there is
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sufficient water to facilitate transplanting, and to
maximize plant survival. An example from Seng et al.
(1996) illustrates the variability of the soil-water
regimefor arainfed lowland rice crop. In the 6 weeks
after transplanting, soils lost saturation at the surface
during three periods, each of about 4-7 days
(Figure 1) and coinciding with maximum tillering.
Thereafter, for 6 weeks, rainfall was adequate to
maintain a water level above the soil surface, but for
the remainder of the growing season, including
panicle initiation, the soil was again exposed to inter-
mittent loss of soil-water saturation. Surprisingly,
relatively few studies report on the depth of the
perched water table during the growing season so that
the effects of loss of soil-water saturation on nutrient
availability are poorly defined when comparing
experimental results among sites and seasons. Instal-
lation and monitoring of observation bores in experi-
mental plots are relatively simple and may add value
to many experiments on fertilizer response in the
rainfed lowlands.

Flooding has mostly beneficia effects on the
availability of nutrients and their uptake by rice
(Ponnamperuma 1972). Flooding, by increasing pH
and P availability and decreasing levels of soluble
Al, particularly and significantly benefits growth and
nutrient uptake of rice growing on sandy, acidic,
low-fertility, rainfed lowland soils (Ponnamperuma
1972; Willett and Intrawech 1988).

Flooding also has possible negative consequences,
including increased levels of Fe2* in some sails, loss
of NOs — N, sulfide toxicity, organic acid toxicity
and Zn deficiency. Symptoms of iron toxicity have
been reported in rice on some soils of Cambodia but
the yield losses associated with this disorder were
not quantified (White et al. 1997). Application of
S-containing fertilizers to sandy soils in Cambodia
and North-East Thailand have been reported to cause
toxicity by sulfides forming under flooded condi-
tions, especially when soils are aso supplied with
organic manures (Willett and Intrawech 1988; White
et a. 1997). The management of N under flooded
conditions is different from that on oxidized soils.
Under flooded conditions, NOg3is subject to losses by
leaching, except if an impermeable hardpan exists,
and by denitrification in the reduced layers of
flooded soils. Thus, NO3 present in soils at flooding
may be lost, whereas NH, — N supplied and incorpo-
rated into the flooded soil or released by mineraliza-
tion of organic matter is relatively stable.

When flooded soils lose saturation, re-oxidation
reverses the beneficial changes that occurred during
flooding. Several studies have examined the effects of
draining a previously flooded soil on nutrient forms
and availability for upland crops grown after rice
(Willett and Higgins 1980; Sah and Mikkelsen 1986).
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Figure 1. Perched water levels (mm) in relation to the soil surface (at 0) in a rainfed lowland rice field, south-eastern

Cambodia. TP = transplanting; Pl

On acid soils, pH drops and soluble Al re-appears.
Oxidation of Fe** after drainage of flooded soil
removes the risk of Fe toxicity, but generates amor-
phous Fe oxides that react with available forms of P
to decrease P availability. Ammonium N oxidizes
readily to NO3. These changes in nutrient availability
obviously are important considerations for nutrient
supply to upland crops grown after rice. Typicaly,
upland crops require more P after a flooded rice crop
than after upland rice (Brandon and Mikkelson 1979).
Thisfact hasimplications for the growing dry-season
crops after rice, using stored soil water.

In the rainfed lowlands, the water regime is more
complex and dynamic than the above cases where
soils planted to irrigated rice are drained after harvest
and planted to upland crops. Significant periods of
loss of soil-water saturation occur intermittently
throughout the growing season (e.g. Seng et a. 1996;
Trebuil et a. 1998). The implications of the tem-
porary periods of loss of soil-water saturation for
nutrient availability are not fully understood,
athough growth may be depressed as nutrient avail-
ability decreases (Fukai et al. 1999). Laboratory
studies show that intermittent flooding of soilsresults
in a significant loss of soil N (Patrick and Wyatt
1964). Oxidation of NH,4 to NO3 occurs during loss
of soil-water saturation, and the NOjs is then subject
to leaching as the soil water drains below the root
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= panicle initiation. (After Seng et a 1996.)

zone, and to denitrification once re-flooding of the
s0il occurs. In rainfed lowlands, where loss of soil-
water saturation may occur on several occasions
during the critica early growth stages, including
tillering and panicle initiation (Figure 1), significant
losses of N are expected to occur.

Seng et a. (1999) tested the effect of a 3-week
period of loss of soil-water saturation on P uptake by
rice in a pot experiment with two acid rainfed low-
land soils from south-eastern Cambodia. They found
that temporary loss of soil-water saturation led to
decreased P uptake and shoot dry matter, whether
with and without P fertilizer application. The
decreases were attributed to the decreased availa-
bility of P during the period of loss of soil-water
saturation. Subsequent field experiments on the same
soil also suggested that the period of loss of soil-
water saturation also depressed P uptake by rice
(Seng 2000). However, Willett and Intrawech (1988)
and Seng (2000) suggested that the increase in
soluble Al following re-oxidation of the soil was a
possible additional factor limiting P uptake during
periods of loss of soil-water saturation.

Improving the Efficiency of Fertilizer Use

The weak responses of rainfed lowland rice to fer-
tilizers, despite low soil fertility, suggest that the

Increased Lowland Rice Production in the Mekong Region
edited by Shu Fukai and Jaya Basnayake
ACIAR Proceedings 101
(printed version published in 2001)



efficiency of fertilizer use can be increased, but
taking into account not only soil factors limiting
nutrient uptake but also plant factors.

Root biology

Rice roots can greatly modify their rhizosphere and
in doing so, improve the availability of nutrients for
uptake. However, optimal benefit from these root
characteristics can only be captured if the roots are
able to access the pools of water and nutrients avail-
able in the soil by appropriate root exploration.
Limitations on root exploration are afunction of both
the genetics of a cultivar that determine the structure
of the root system and its distribution in the soil, as
well as soil physical and chemical factors that limit
root growth. Developing management strategies to
optimize mineral nutrition of rice in drought- and
submergence-prone rainfed lowlands depends on
understanding the function of rice roots in nutrient
and water uptake and their response to temporal and
spatial variation in water content and to soil physical
and chemical properties.

Extreme fluctuations in soil-water levels may
impair root activity, thus restricting nutrient uptake
either temporarily or in the longer term. However,
the function of the root system in nutrient uptake
under changed water regimes is not well understood
(Samson and Wade 1998). The dynamic nature of
the soil-water regimes in rainfed lowlands may aso
mean that there is a distinct advantage in roots
having a rapid and plastic response to changing
water supply and redox potential.

Lowland rice has an unusualy shallow root
system. Generally, 70% or more of therootsarein the
0-10 cm layer, 90% in the 0—20 cm layer, and very
few roots penetrate below 40 cm (Sharmaet al. 1994,
Figure 2). In contrast, upland rice can have rooting
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depths between 70 and 80 cm (Morita and Abe 1996).
The shalow rooting behaviour of lowland rice is
clearly controlled partly by genetics and partly by the
soil’s physical and chemical properties. Sharmaet al.
(1994) suggest that lowland rice cultivars show
genotypic differences for root length density,
although no differences were found among three
cultivars for depth of maximum root penetration.

Sharmaet al. (1994) aso compared three cultivars,
KDML 105, RD6 and |R46, at three sites representing
high and low topographical positions, and clay and
loamy sand textures. Measurable differences in root
length density among the cultivars were most consist-
ently found in the 10-30 cm layer. Cultivar differ-
ences in root length density were most obviousin the
loamy sand and less so in the clay soil. Somewhat
surprisingly, root density was greater in the 0-10 cm
layer in the high fields, where the perched water table
was below the soil surface for most of the season, than
in the low fields where the soil surface was flooded.
Unfortunately, the effects of root length density on
nutrient uptake were not examined, although anoxic
conditions can markedly alter nutrient availability in
the rhizosphere.

To grow under anoxic conditions, rice roots carry
O, to respiring tissues through longitudinal gas
channels (known as aerenchyma) found in the cortex.
Aerenchyma development and O, flux to root tips
increase in response to anoxic conditions (Colmer et
al. 1998). Oxygen may leak along the root axis, with
excess leaking occurring from the older basal roots,
thus limiting the amount of O, that can be delivered
to the root tips. Hence, under flooded conditions, the
depth of root growth may be limited by the amount
of O, that can be delivered to the root tips. Cultivar
selection for decreased O, leakage from basal roots
under anoxic conditions may be advantageous.

35-40

10 20

30 40 50 60

Root length density (cm cm-3)

Figure 2. Decrease, with soil depth, in root length density of rice at heading, in arainfed lowland soil. (After Samson and

Wade 1998.)
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Colmer et a. (1998) suggested that cultivars differ
inthe degree of aerenchymadevel opment. They found
two lowland cultivars that responded to stagnant
anoxic solutions by decreasing O, leakage to negli-
gible levels at 2025 mm from root tips. In contrast,
neither of thetwo upland cultivars showed any decline
in O, leakage along the root axisin response to anoxic
conditions. However, even if O, leakagein basal roots
can be decreased, Kirk and Du (1997) showed that a
significant proportion of O, leakage also occurred
from fine lateral roots, and that these roots can prolif-
erate from basal aswell asapical partsof theroot axis.

Kirk and Du (1997) also reported that P deficiency
increased both root porosity and the rate of O, released
per plant into the rhizosphere. Releasing O, into the
rhizosphere is beneficial under anoxic conditions
because it oxidizes Fe?* and causes the soil pH of the
rhizosphere to decline by 1 or 2 units. The excess
uptake of cations relative to anions by rice under
anoxic conditions also contributes to rhizosphere
acidification. Collectively, these mechanismsincrease
P availability to rice because, in the acid rhizosphere,
extractable-P levels increase. Rhizosphere acidifica
tion also appears to increase Zn uptake, but decreases
uptake of NH, — N and K (Kirk et a. 1994).

While root nutrient and water uptake processes
under oxic or anoxic conditions is reasonably well
understood, very little is known about how nutrient
and water uptake by rice roots responds to a changing
soil-water regime. In rainfed lowlands, roots may be
exposed for most of the growing season to anoxic
conditions, interspersed with periods of loss of soil-
water saturation. Alternatively, the roots may be
mostly exposed to oxic conditions with periods of
anoxia. The transition from oxic to anoxic conditions
appears to result in increased root porosity in only
some cultivars (Colmer et al. 1998). Whether adap-
tive responsesin root structure or physiology occur as
conditions change from anoxic to oxic is unclear.
Neither is it clear whether roots adapted to anoxic
conditions effectively absorb nutrients and water
when exposed to oxic conditions. Response to loss of
soil-water saturation may require rapid initiation and
growth of new roots adapted to these conditions. The
dynamics of root response and the functiona
efficiency of rootsfor nutrient and water uptake under
changing soil-water regimes require further research.

The problems of root adaptation to changing soil-
water regimes are compounded in direct seeding.
The roots of direct-seeded rice initially develop
under oxidized conditions, are then exposed to
anoxic conditions and, during the growing season,
return to oxic conditions, which, in extreme cases,
can mean drought. Fertilizer rates and methods of
application developed for transplanted rice may have
to be re-examined for direct-seeded rice. Detailed
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studies of root biology and physiology during the
various transitions between oxic and anoxic soil con-
ditions are needed to develop a rational basis for
modifying existing fertilizer recommendations for
direct-seeded rice crops.

Cultivars

Breeding for nutrient efficiency and adaptation to the
variable growing environments of rainfed lowlands
may be a cost-effective approach towards making a
major impact on the productivity of drought- and
submergence-prone rainfed lowlands, provided traits
associated with efficiency in that environment can be
identified. Ample evidence exists of variation in
nutrient efficiency among rice germplasm in low-
fertility rainfed lowlands in Laos and Thailand
(Fukai et al. 1999). However, selection of germ-
plasm for such conditions is difficult (Cooper et al.
1999), as is the management of water use and
nutrient availability. Fortunately, nutrient efficiency
appears to be expressed whether plants are grown
with or without fertilizer application, thus simpli-
fying the task of selecting because only one nutrient
regime needs to be tested rather than two.

The results of field-screening studies for adapta-
tion to low-fertility soils of the rainfed lowlands in
Laos suggest that internal efficiency is a genetically
determined trait that, overal, is consistent across
environments (Fukai et a. 1999). Low nutrient con-
centration in the plant and higher nutrient allocation
to grain were identified as potential selection criteria
for nutrient-use efficiency.

Soil physical properties

Shallow rooting depth is a maor constraint to
productivity for rainfed lowland rice. Alleviating soil
physical constraints to root penetration may there-
fore increase rice productivity by increasing access
to stored water and nutrients in the deeper layers of
the soil profile. If roots can penetrate the shallow
plough pan, then rice crops can extract significant
amounts of N from below 20 cm (Ventura and
Watanabe 1984). Kundu and Ladha (1999) reported
that deep cultivation increases rice yields. In Korea,
increasing cultivation depth from 14 to 19 cm
increased root depth from 27 to 36 cm and rice yield
from 4.5 to 8.1t hal. Increasing cultivation depth
from 15 to 40 cm on a soil with a hardpan at 15 cm
increased both N uptake and grain yield (Kundu et
al. 1996). The scope for increasing cultivation depth
with draught animals is of course limited. In Cam-
bodia, a pair of working animals can achieve a culti-
vation depth of 7-10 cm (Rickman et al. 1997).
However, increasing availability of tractors for pri-
mary cultivation is making deeper cultivation pos-
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sible on rainfed lowland soils with shallow hardpans.
In 1996, for example, about 12% of primary cultive-
tion in Cambodia was by tractor (Rickman et al.
1997).

In contrast to the above, studies at Ubon
Ratchathani, North-East Thailand, suggested that
subsoil compaction of deep sandy soils helpsincrease
grain yield (Trebuil et a. 1998). Compaction in the
10-80 cm layer of soil was achieved by 10 passes
with a 12-t vibrating roller. On such deep sandy soils,
percolation is so rapid that the soil drains very
quickly after rain. The primary benefit of compacting
this deep sandy soil was to decrease saturated
hydraulic conductivity from 38 to 12 cm day ! and to
increase the duration of surface flooding of soilsfrom
1 to 9 weeks. However, even on these deep sandy
soils, the importance of deep root penetration was
still evident. Deep cultivation to 20 cm following
compaction increased yields relative to shallow culti-
vation (7-10 cm) of the compacted profile.

However, apart from the practical consideration of
how to achieve subsoil compaction at a reasonable
cost to small farmers, the benefits were season
dependent. In a season where water supply was
adequate throughout, crops failed to respond to sub-
soil compaction + conventiona fertilizer rates,
requiring higher nutrient supply to benefit fully from
the improved water retention (Trebuil et al. 1998).
The decrease in percolation rates with subsoil com-
paction was insufficient to retain water in the soil
profile after the rice harvest, hence providing no
opportunity for growing a post-dry-season rice crop
on the residual moisture.

Soil water—nutrient interactions

Nutrient losses from the root zone and decreases in
availability of nutrients to rice roots are the two key
processes that need to be managed if fertilizer-use
efficiency is to be increased in rainfed lowlands.

Nitrogen

Considerable scope exists for decreasing N losses.
Nitrate N that accumulates during the dry season may
be substantially lost during early season rains, even
before the rice is transplanted (Kundu and Ladha
1999). On deep sandy soils with high percolation
rates, leaching losses are difficult to prevent with con-
ventional practices. One strategy is to grow pre-rice
crops in the early rainy season to capture NOz — N
and recycle it for the rice crop as organicaly bound
N. The N mineralizes and is supplied as NH4; — N to
the rice (George et a. 1994). Pulse crops like mung
beans that mature in 65 days can be planted in May
and harvested before the main rainy season in July—
August. However, in many parts of Cambodia, crops
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grown during the early rainy season were
unsuccessful because of temporary flooding of soils.

Seshania, in contrast, tolerates waterlogging and,
in 45-60 days, produces 1-18 t of aboveground fresh
biomass per hectare (CIAP 1994). Incorporating
sesbania into the soil before transplanting rice
increased rice yield by 40% in on-farm trias in
Cambodia (Neshitt 1997). The benefits are usualy
attributed to improved N supply for rice from N
fixation by sesbania. However, the capture and
recycling of accumulated soil NO3; — N may also be a
significant benefit of growing sesbania during the
early rainy season, because the amount of N fixation
is usualy related to soil N supply. If the supply is
high, then N, fixation is typically low and vice versa
(George et a. 1994).

A second strategy, carried out in most of
Cambodia, Laos and North-East Thailand, is to leave
the soilsfallow after therice harvest. Animals usually
graze the rice stubble during the dry season. In addi-
tion, volunteer weed and pasture plants may grow if
residual soil water is sufficient, or in the early rainy
season. P.F. White (pers. commun., 1999) noted that
leguminous pasture species growing in the early rainy
season increased in biomass, using residual P from
fertilizer applied to rice. The N, fixed during the early
wet season may therefore be a significant spin-off
benefit to the farming system from P fertilizer appli-
cation. Equally important may be the uptake by
volunteer pasture species and weeds of NO3 -N that
accumulatesin the soil during the dry season (George
et al. 1994). Further research is needed to improve the
management of the annual pasture-fallow period to
increase nutrient availability to rice.

The third alternative for increasing the capture
and recycling of NO3 — N accumulating in the soil
after the dry season is to direct sowing rice during
the early rainy season.

Phosphorus

If P uptakeis restricted during growth, particularly at
transplanting, loss of soil-water saturation may
impair growth and final yield (De Datta et al. 1990;
Seng et a. 1999; Seng 2000), although the relative
sensitivity of yield to P deficiency at different stages
of crop growth is poorly understood. Improved
understanding would permit better tactical decisions
on correction during the growing season. Options for
minimizing the impact of periods of loss of soil-
water saturation are either to use cultivars that are
efficient in P uptake and use and presumably would
be best able to cope with a temporary decline in P
availability (Fuka et al. 1999); or to treat soil with
straw (Seng et a. 1999). Stra