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Foreword

The Indo-Gangetic Plains are home to an ancient civilization and the livelihoods of millions of
people depend on these fertile plains. With the availability of high-yielding rice and wheat va-
rieties and improved production methods, rice-wheat has become the most dominant cropping
system and in irrigated areas double cropping is commonly practiced. In recent years, however,
the productivity growth of these two major cereals has been marginal. One major cause of the low
productivity of rice is delayed planting caused by various constraints—labor, water, and the power
source for transplanting of rice. Alternative technologies of rice establishment—dry and wet seed-
ing—have been developed in a project in operation for the past five years at Pantnagar in collabo-
ration with the International Rice Research Institute (IRRI), Philippines, and Natural Resources
Institute (NRI), UK. To take stock of the present knowledge on direct seeding of rice, a workshop
was organized at Pantnagar, with participants being scientists from state agricultural universities
located in the Gangetic Plains (G.B. Pant University of Agriculture and Technology, Pantnagar;
Narendra Deva University of Agriculture and Technology, Faizabad; Chandra Shekhar Azad Uni-
versity of Agriculture and Technology, Kanpur; Rajendra Agricultural University, Bihar), national
research institutes (Project Directorate for Cropping Systems Research, Modipuram; Directorate
of Rice Research, Hyderabad; Directorate of Wheat Research, Karnal; WTC, Indian Agricultural
Research Institute, New Delhi; NRC Weed Control, Jabalpur), IRRI, Los Bafnos, Philippines; NRI,
UK; University of Liverpool, UK; Rice-Wheat Consortium, New Delhi; NGOs; herbicide compa-
nies; and farmers of Uttaranchal, Uttar Pradesh, and Bihar. Paper presentations covered the major
aspects of rice production—methods of rice establishment, weeds and weed management in differ-
ent cropping systems, water management, varieties suited to direct seeding, rice quality, and socio-
economic issues. This, I hope, will be of immense help to all stakeholders of direct-seeded rice in
the irrigated rice-wheat system and will help promote these technologies, which are cost-effective,
save labor and water, and increase farmers’ profit.

P.L. Gautam R.S. Zeigler
Deputy Director General (Crop Science) Director General
Indian Council of Agricultural Research International Rice Research Institute
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Emerging issues and strategies in
the rice-wheat cropping systemin
the Indo-Gangetic Plains

PL. Gautam

The Indo-Gangetic Plains are the grain bowl of India, occupying 40% of the area
and contributing more than 50% to the production of cereals, mainly rice and
wheat. The area under the rice-wheat cropping system has increased over the
years and, in the state of Punjab, 97% of the cropped area is under these crops
only. Production of these two crops has provided food security for India. In the
last few years, however, production has stagnated as seen from yield trends,
growth rates, and the analysis of long-term experiments. Yields have stabilized at
levels much below the potential productivity of existing rice and wheat varieties.
One of the major causes of low productivity is delayed planting of rice and wheat
in the entire regime, except in Punjab. As one moves east in the Indo-Gangetic
Plains, planting gets delayed and yields decline. To overcome the constraints of
delayed planting, options are to adopt alternate methods of crop establishment.
Technologies are now available for the direct dry seeding of rice, as well as wet
seeding, through which the crop can be raised with much less water and energy,
and timely planting can be assured. Similarly, zero-tillage and surface-seeding
technologies of wheat sowing can advance sowing, reduce production costs, and
raise productivity. The other major issue in the Indo-Gangetic Plains is the declin-
ing groundwater table because of its overexploitation. In Punjab, 66% of the area
is well irrigated. In Uttar Pradesh, 75% of the irrigation is from wells. Recharge of
groundwater through monsoon irrigation is the best option to conserve water for
double cropping and reduce the cost of pumping the water. Water-use efficiency
can be enhanced by alternate ways of irrigation scheduling in dry and wet regimes
or aerobic cultivation. Laser leveling, integrated nutrient management, and inte-
grated pest management can improve water-use efficiency. The present practices
of burning up residues leads to a loss of carbon and machines are needed to in-
corporate or better retain the residues for surface decomposition to add nutrients
and improve soil biological activity. Better nutrient management can be achieved
through site-specific nutrient management. To raise farm income and sustainabil-
ity of the system, system diversification has been recommended.



Table 1. Shift in cropping pattern and food grain production in Punjab.

Total area of food- Share (%) in total cropping pattern Total food-grain
Years grain crops production
(TE)? (million ha) Rice Wheat Coarse Pulses (t)
cereals

1971-72 3.9 10.5 58.0 20.4 11.2 6.8
1984-85 5.2 28.5 59.5 8.1 3.9 15.0
1995-96 5.9 37.8 57.9 3.6 0.8 21.1
2000-01 6.2 41.8 54.7 3.2 0.3 25.0

aTE = triennium ending.
Source: Janaiah and Hossain (2003).

The Indo-Gangetic Plains (IGP) are home of an ancient civilization and archeological evidence of
the same is seen in Mohanjodaro and Harappa in Punjab of Pakistan and Nalanda in Bihar, India.
These are considered as the most fertile plains and the livelihood of millions of people depends on
the agricultural richness of these lands. In the past, based on natural resources, the western part of
the IGP (Punjab and western Uttar Pradesh) was an important wheat-producing area, whereas the
eastern part (eastern Uttar Pradesh, Bihar, West Bengal) was mainly a rice-producing area. With
a need to produce more and the development of infrastructure, irrigation, fertilizer, and improved
seeds, rice cultivation was extended in the western areas and wheat toward the east, making the
IGP an important rice-wheat area. The main thrust came during the Green Revolution era with the
availability of high-yielding short-duration photo-insensitive varieties and modern technologies
for rice and wheat production, which made rice-wheat double cropping possible. This brought a
significant change in the cropping pattern and cropping intensity in the entire IGP. A marked ex-
ample of this shift can be seen in the state of Punjab, where 97% of the cropped area is under rice
and wheat (Table 1).

Rice-wheat has emerged as the most widespread crop production system in the IGP and the
national rice-wheat area is estimated to be around 10 million ha (Paroda et al 1994, Hobbs and
Morris 1996, Yadav et al 1998, Ladha et al 2000, Timsina and Connor 2001, Gupta et al 2003).
The major states in the IGP are Uttar Pradesh, Bihar, Punjab, and Haryana (Woodhead et al 1994).
Other states having a small rice-wheat area are Uttaranchal, Madhya Pradesh, Rajasthan, Hima-
chal Pradesh, and the Brahmaputra flood plains of Assam. Spatial variation is large in physio-
graphic, climatic, edaphic, and socioeconomic features of the IGP. The western part of the IGP has
a semiarid climate, with annual rainfall of 500-800 mm, whereas the eastern part (eastern Uttar
Pradesh, Bihar, and West Bengal) experiences a humid climate with annual rainfall of 1,000-1,200
mm. The summer and winter temperatures are extreme in western IGP, whereas, in the eastern part,
they are moderate. Soils are mostly Inceptisols. Considering agro-climatic conditions, crop dura-
tion, and infrastructure, the western part of the IGP (Punjab, Haryana, and western U.P.) is consid-
ered a favorable environment for rice-wheat, whereas the eastern part is considered unfavorable.

Increased area under rice-wheat double cropping and the increasing productivity of these
crops have made India self-sufficient, but at the same time this made food security highly depend-
ent on the performance of these two crops. During the Green Revolution years, the growth rate of
wheat (3%) and rice (2.3%) was higher than population growth and thus production was in surplus.
But, during the 1990s, with the onset of second-generation problems such as soil fatigue caused
by intensive cultivation and negative nutrient balance, a continuous decrease in input-use efficien-
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Fig. 1. Area under rice, wheat, and total food grains in India.

cies, and a declining water table, the production and productivity gains of these two crops and also
that of total food grains, particularly in the high-productivity states of Punjab and Haryana, are
slowing. Because of population pressure, good lands are being diverted to other uses and prospects
for further expansion of rice and wheat area seem remote (FAO 1999). Additional sources of pro-
ductivity growth in rice-wheat would have to come through newer technological interventions that
enhance overall system productivity.

Yield stagnation

The trends in productivity and production of rice and wheat show a reduced growth rate, stagna-
tion, and even a decline in some cases. This can be seen from short- and long-term productivity
trends, potential yield and yield gap analysis, results of long-term experiments, and temporal vari-
ations in total factor productivity.

Trends in area production and productivity

The productivity of rice and wheat, which constitute 80% of total food grains, has been nearly
stagnant for the last few years (Figs. 1, 2, and 3). Wheat yields have been oscillating around 2.0 t
ha' and rice at 2.7 t ha™'. Yield stagnation has occurred at productivity levels that are much lower
than the genetic potential of the varieties. Further, the yield plateau has been reached in the high-
potential areas of Punjab, Haryana, and western Uttar Pradesh. Since the area under these crops
has nearly stabilized, production has also become stagnant. This is a major concern. While from
1999 to 2003 the population grew from 996 to 1,068 million, that is, a 7.2% increase or nearly
2% annual increase, production remained around 210 million t in 1999. The International Food
Policy Research Institute in Washington, D.C. (USA), developed an International Model for Policy
Analysis of Agricultural Commodities and Trade (IMPACT), which has predicted that South Asia
would end up in deficit in producing its main food grains, rice and wheat. According to World
Watch estimates also, India may be importing a substantial amount of food grains by 2025 (Tiwari
2002).

Emerging issues and strategies in the rice-wheat cropping system in the Indo-Gangetic Plains 5
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Long-term productivity trends

An assessment of long-term productivity trends in the IGP shows that the productivity growth of
rice in farmers’ fields has declined (Table 2) yet no yield decline occurred in absolute terms (Ja-
naiah and Hossain 2003). On the other hand, wheat yield increased at 1.8-2.6% per annum in the
late Green Revolution period and this increase has sustained the system’s productivity.

Productivity in long-term experiments

In the 1990s, concern was raised among the scientific community regarding the declining trend
in rice-wheat productivity. It started with observations of declining yield trends in rice in cultivar
trials at IRRI under the rice-rice system (Ponnamperuma 1979). To pursue this hypothesis of yield
decline, data of many long-term experiments (LTE) in South and Southeast Asia under rice-rice
and rice-wheat systems were analyzed by a group of scientists (Flinn and De Datta 1984, Cassman
and Pingali 1995, Yadav et al 1998, Brar et al 1998, Aggarwal et al 2000, Dawe et al 2000, Dux-
bury et al 2000). In some of these trials, declining rice and wheat yield were reported, whereas, in
others, yields either increased or were maintained. Overall yield declines were not common and the
decline was more in rice than in wheat. Recently, Ladha et al (2003) and Padre and Ladha (2004)
analyzed the yield trend in LTE using a linear mixed effect model and meta analysis. Results from
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Table 2. Change in productivity of rice and wheat in India.

Yield (t ha?) % change in yield
State and crop
1971-72 1984-85 1995-96 2000-01 1984-85 1995-96  2000-01 over
(TE)? (TE) (TE) (TE) over 1971-72 over 1984-85 1995-96

Punjab

Rice 1.8 3.1 3.3 3.4 75.3 8.1 0.3

Wheat 2.3 31 4.0 4.6 35.7 28.5 15.8
Haryana

Rice 1.7 2.5 2.6 2.4 43.4 2.7 -8.5

Wheat 2.1 2.5 3.7 4.1 22.9 44.4 12.6
Uttar Pradesh

Rice 0.8 1.2 1.9 2.1 54.5 52.5 10.0

Wheat 1.2 1.9 2.4 2.7 50.5 29.9 17.2
Bihar

Rice 0.8 0.9 1.3 1.5 9.6 45.1 18.6

Wheat 1.3 1.5 2.1 2.2 20.6 35.3 6.8
West Bengal

Rice 1.3 1.6 2.1 2.3 22.3 32.7 12.6

Wheat 2.1 2.4 2.3 2.4 16.6 -4.6 2.6

“TE = triennium ending.
Source: Janaiah and Hossain (2003).

the two models were in agreement. The linear mixed effect model showed a significantly declining
rice yield trend at the IGP sites (37 kg ha! y'). The significant decline was at 8 out of 17 sites.
Similarly, meta analysis showed a significantly negative correlation between rice grain yield and
number of cropping years for LTE at the IGP sites (Fig. 4). Wheat yields remained stable. As a
consequence, change in the system yield (rice + wheat) was not significant. The aggregate analyses
also showed that the combination of an inorganic (NPK) and organic source (farmyard manure,
FYM) can arrest the yield decline of rice in the rice-wheat system. A linear response of rice and
wheat yield to an increasing amount of NPK was observed in a majority of 12 LTEs during the
initial and final 3 years of the experiment, indicating that both rice and wheat yield could still be
increased with higher nutrient inputs. The possible causes of yield stagnation or decline have been
suggested as decreased soil carbon, nutrient depletion and imbalances, changes in soil properties,
climatic changes, and pest problems.

Decline in total factor productivity

A study of total factor productivity (TFP) of the crop sector in the Indian part of the IGP was
done by Kumar (2003). The study revealed that TFP for rice and wheat crops increased during
the 1970s. During this period, TFP growth was higher for rice than for wheat and later it was vice
versa. During the 1980s, TFP was higher than in the 1990s. In 1981-90, 42% of the gross cropped
area (GCA) recorded the highest TFP growth of 2% and this area declined to 14% during 1991-96.
The area under moderate TFP also declined, while the area under low TFP growth increased. Dur-
ing the 1990s, TFP in 39% of GCA was stagnant and it declined in 23% of GCA. Indiscriminate
groundwater use without provision of recharge and declining biodiversity have severely affected
TFP growth in Punjab and Haryana. The breaking of the current irrigated yield ceiling for rice and
wheat is necessary to maintain system sustainability.

Emerging issues and strategies in the rice-wheat cropping system in the Indo-Gangetic Plains 7
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Fig. 4. Aggregate yield trends in rice and system yield (rice + wheat) in long-term experi-
ments in the rice-wheat cropping system in the Indo-Gangetic Plains.

Potential yield and yield gap

Potential yield for rice and wheat for different sites in the IGP has been worked out using available
models (Singh et al 1998, Aggarwal et al 2000). These yields decrease toward the eastern region
of the IGP because of lower solar radiation and high daily minimum temperature in the lower part
of the IGP resulting in decreased photosynthesis, increased respiration, and a shortened vegetative
and grain-filling period (Yoshida and Parao 1976, Penning de Vries 1993, Horie et al 1995).

The yield gap between potential and experiment station yield was 35% to 55% for rice and
25% to 46% for wheat. There are large gaps between potential and farmers’ actual yields and these
ranged from 48% to 71% for rice and 35% to 60% for wheat (Table 3). In Punjab, at Ludhiana,
there is no yield difference in rice yield on the experiment station and in farmers’ fields and the
same is the case at Pantnagar for wheat yield. In the rest of the cases, there is a big gap (22-44%
for rice and 7-39% for wheat) in yield between the experiment station and farmers’ fields. This
suggests a tremendous scope for improving yield with improved crop management by increasing
input use and its use efficiency to close the yield gap. Swaminathan (2003) has considered this
untapped production reservoir existing on our farms a major potential economic asset.

Crop establishment—delayed planting of rice and wheat

Late planting is a major problem in most rice-wheat areas except Punjab (Fujisaka et al 1994),
where rice is transplanted in late May and June and wheat sown in November, the best time to
harvest maximum yield (Fig. 5). Moving east, planting gets delayed and most of the rice in Ut-
tar Pradesh and Bihar is transplanted in July and planting continues till mid- or even late August.
This in turn delays wheat sowing and surveys in Haryana and Uttar Pradesh have shown that more
than half of the wheat area is sown in December (Hobbs et al 1991, 1992, Harrington et al 1993).
In Bihar, most of the wheat area is sown in December and this is one of the major causes of low
productivity of the two crops. In Punjab, where timely planting is done, productivity of the two
crops is highest.

Numerous sowing-date experiments in the Indo-Gangetic Plains have shown that rice planted
in June and wheat in November gave the highest productivity, and delay in sowing brought a linear

8 Gautam
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Fig. 5. The rice-wheat calendar in Punjab, Uttar Pradesh, and Bihar.

decrease in yield. Estimates show a 1-1.5% wheat yield decline per day (Ortiz-Monasterio et al
1994, Randhawa et al 1981, Hobbs and Mehla 2003) or a decrease of 47 kg per day per hectare in
December and 57 kg per day per hectare in January (Misra 2003). The decline in rice yield beyond
June transplanting is higher still (Lal 1985). In addition to yield decline, delayed planting also
reduces the efficiency of input use (Hobbs and Gupta 2003). Losses because of delayed sowing of
wheat cannot be overcome by additional nitrogen (Saunders 1990). To raise the productivity of the
two crops, these must be planted in time and constraints that delay planting must be removed. The
main constraints to timely planting of rice are uncertainty of rains, lack of irrigation facilities and
the high cost of pumping water, transplanting that requires a lot of water and labor and high wages,
and the shortage of labor during the peak transplanting period. The obstacles to timely wheat sow-
ing are delayed rice harvesting, long-duration varieties, excessive or too little soil moisture, many
tillage operations done in puddled rice fields with degraded soil physical conditions, and limited
farm power. The problems in late planting of both rice and wheat can be solved through alternate
methods of crop establishment.

Direct seeding of rice

Transplanting is the dominant method of rice establishment in the rice-wheat growing areas of the
IGP and in all Asia. However, economic factors and recent changes in rice production technology
have improved the desirability of direct-seeding methods (Pandey and Velasco 2005). Accord-
ingly, there has been a rapid shift to the direct-seeding method of rice establishment in Southeast
Asia. The economic impact of the spread of direct seeding has been positive overall. The major
forces driving the spread of direct-seeding methods are the availability of chemical methods of
weed control, the increasing scarcity of water and its rising cost, and less availability of farm labor.
Direct seeding of rice in the IGP has begun and farmers are finding the new technology attractive.
The productivity of the direct-seeded crop is on a par with transplanting and the net profit higher
(Singh et al 2005).

There are alternate methods of direct seeding—wet and dry. In wet seeding, fields are pud-
dled and sprouted seeds are sown on the puddled bed using a drum seeder, or just broadcasting
50 kg of seed per hectare is sufficient. Wet seeding saves labor cost, drudgery is reduced, and the
main advantage is that the crop can be established in time and a better crop stand can be achieved
(De Datta 1986, De Datta and Flinn 1986). Good land preparation and leveling and effective weed

10 Gautam



control are critical for the success of wet-seeded rice (Balasubramanian and Hill 2002). A perfect
stand can be achieved on laser-leveled fields.

In dry seeding, rice is sown after field preparation at optimum moisture for seed germina-
tion. The fields are prepared in June and the crop sown with presowing irrigation to establish it
before the onset of monsoon. This method ensures timely crop establishment, which will result
in increased productivity. With the same available farm power and labor, much more area can be
sown in much less time by direct drilling. There is a savings of water required for puddling. Nitrate
accumulated in the soil during the dry fallow period will not be denitrified because of the absence
of early flooding in nonpuddled soil. Nutrient dynamics would be different in most aerobic soil.
Such fields would be intermittently flooded by rains. Zero-tillage sowing of rice after wheat is also
showing promise in IGP conditions (Singh 2005). By adopting any of these direct-seeding tech-
nologies, rice establishment can be timely as these methods require less labor, water, and energy.
This is likely to increase rice productivity, which is much below the potential yield.

Zero-tillage and surface seeding of wheat

Traditionally, wheat after rice is sown after thorough field preparation, which involves up to 6—8
harrowings/cultivations and 2—-3 plankings. This delays wheat sowing and increases production
costs. Wheat sowing can be advanced and timely sowing done by avoiding tillage operations or
using zero-tillage. The zero-tillage system refers to sowing of the crop with a minimum of soil dis-
turbance. Sowing is done without any prior tillage operation after the rice harvest. In undisturbed
soil, macro- and micro-fauna build up and maintain an open-pore structure of soil. The presence
of residues on the soil surface conserves soil moisture and also serves as a source of energy for
soil life for bio-tillage (Gupta et al 2003). Weed emergence, particularly of Phalaris minor, is
much less under zero-tillage (Verma and Srivastava 1989, 1994, Singh 1995). Zero-tillage results
in higher yields because of timely sowing, better crop stand, and increased input-use efficiency
(Aslam et al 1993, Malik 1996, Hobbs et al 1997, Abrol et al 2000, Tullberg et al 2001, Hobbs
and Gupta 2003). The cost savings is on the order of US$50-70 ha™'. Zero-tillage saves water and
wear and tear on tractors, promotes residue management, and helps to reduce air pollution. The
advantages of zero-tillage are more in areas where wheat is traditionally sown late in the eastern
IGP. Farmers who have adopted zero-tillage and practiced it for 4 years find no deleterious effects
(Malik et al 2002).

Combine harvesting of wheat is becoming popular in the IGP, particularly in the western
part. In combine harvesting, loose straw and residues are commonly left after harvest. The current
zero-tillage drills do not work efficiently with loose straw on the soil surface as the drills rake and
collect the straw, which hinders their operation. To overcome this problem, farmers burn the resi-
dues, which is not desirable for the environment. Efforts are being made to develop an alternate
drill with disc openers. Leaving the straw mulch on the surface is beneficial to the establishment
and vigor of the crops planted this way (Sayre 2000). Hence, much attention is required to develop
technology and a machine to seed the crop with residues left on the surface.

In the eastern IGP, where drainage is poor, the soil remains wet for a long time, thus delay-
ing wheat sowing. In these soils, surface seeding of wheat can be practiced (Hobbs et al 2003).
In this technique, presoaked seeds are either broadcast or drum-seeded on saturated soils. This
allows wheat crops to be sown in fields that would have otherwise remained fallow during the rabi
(winter) season or rabi crops—wheat, chickpea, lentil, or lathyrus—would have been planted very
late.
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Water crisis

Water resources are under severe pressure. In the western IGP, dependence has been increasing on
groundwater for irrigation. Presently, two-thirds of the area in Punjab is irrigated by wells while
for Uttar Pradesh it is 75%. Because of the overexploitation of groundwater, the water tables
are getting deeper, well discharges have decreased, and pumping cost increased. According to
the Consultative Group on International Agricultural Research—Challenge Program on Water and
Food, increasing water scarcity and competition for the same water from nonagricultural sectors
point to an urgent need to improve crop productivity to ensure adequate food for future generations
with the same or less water than is presently available (www.waterforfood.org). In Asia, irrigated
agriculture accounts for 90% of the total diversified fresh water used, and more than 50% of this
is used to irrigate rice. Rice requires from 1,000 to more than 3,000 L of water to produce each kg
of rice (Cantrell and Hettel 2005). In India, around 80% of the fresh-water resources are used in
agriculture. It is estimated that availability of water for agricultural uses may decrease by 21% by
2020 and crops such as rice may suffer. Under traditional practices in the tropics and subtropics,
rice requires 7,000—15,000 m?® water ha™'. This consists of 150 to 250 mm for land preparation, 50
mm for growing rice seedlings, and 500—1,200 mm to meet evapo-transpiration (ET) demand and
seepage losses, excluding rainfall (Guerra et al 1998). Such quantities of water may not be avail-
able in the future and thus strategies are required to conserve more water, improve the delivery
systems, and produce more from each unit of water.

Water conservation

In the western part of the IGP, from annual rainfall of 650 to 1,000 mm, only 200 mm of water per-
colates to recharge underlying aquifers (Sakthivadival and Chawala 2003). Most of this rainfall,
which is concentrated in monsoon months, is not absorbed into already saturated soil and runoff
flows unused to the sea. If part of it is conserved, water resources could be greatly augmented.
Building surface storage dams is not an option in the flat alluvial terrain of the IGP. The best and
most cost-effective way is to store this water underground through artificial recharge, for which
the hydrological conditions in the IGP are very conducive. This will solve the problem of declin-
ing water tables.

Recent research done by Roorkee University, the Water and Land Management Institute
(WALMI) of Uttar Pradesh, and the state’s irrigation department in collaboration with the In-
ternational Water Management Institute (IWMI) suggests that providing farmers with irrigation
water during monsoon offers a cost-effective option to harvest water and to recharge groundwater
(Sakthivadival and Chawala 2003). The study in the Madhya Ganga Canal area (Lakhaoti Branch
Canal System) has shown that providing irrigation water in the monsoon season has affected
groundwater level, land use, cropping pattern, and cost of pumping water. The research showed
that the water table, which had been progressively declining, has been raised from an average of
12 m below ground level in 1988 to an average of 6.5 m in 10 years. Without this intervention, the
water table would have fallen to 18.5 m during the decade. The recharged aquifers also provide
water for the next rabi crop and for domestic and industrial uses. Providing canal water during the
monsoon season has several other advantages. Farmers are not at the mercy of monsoon and can
harvest good rice and wheat crops. The cost of pumping water from 6.5-m depth was Rs. 0.265 m=
versus Rs. 0.465 m™ for water from 18-m depth.

The most effective way to recharge groundwater is to modify the operation of the irrigation
system to carry surplus monsoon flows. Drains with proper structures can be used for recharging
groundwater. A strategy of combining groundwater recharge with appropriate pricing and ground-
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water regulation has the potential to improve productivity and sustainability of groundwater use
in areas where excessive pumping is endangering groundwater resources. This will require certain
policy changes and initiatives.

Increasing on-farm water productivity
Increasing agricultural output with the same amount of water is a key strategy for overcoming
water scarcity. This may involve three areas:

Improving irrigation scheduling. Two types of water-saving systems can be used to replace
the traditional irrigated rice production systems. One is alternate wetting and drying in which the
field is irrigated with enough water to flood the paddy for 3-5 days, and, as the water is soaked
into the soil, the surface is allowed to dry for a few days (usually 2—4) before getting reflooded
(Hatta 1967, Prihar and Grewal 1985). Another alternative is aerobic rice, in which the rice is sown
directly into the dry soil, like wheat or maize, and irrigation is applied to keep the soil sufficiently
moist. Both of these systems allow for substantial water savings of 30-50% (Cantrell and Hettel
2005). At Ludhiana, Sandhu et al (1980) observed that delaying irrigation for 1-5 days after the
disappearance of ponded water in a sandy loam soil brought about no significant reduction in rice
yield. Bhuiyan (1992) reported a 40% savings in water without yield loss by replacing shallow-
depth water regimes with a saturated soil regime in puddled transplanted rice.

Crop substitution and changing crop varieties. By switching over from high water-consum-
ing crops to less water-consuming crops, or switching to crops with higher economic or physical
productivity per unit of water consumed, there can be savings of water and the profit earned by
farmers can be enhanced. Rice varieties are also being identified that perform better under water-
stress conditions and these varieties can produce the same yield with much less water.

Improving crop management. Agronomic practices such as land leveling and alternate meth-
ods of crop establishment can lead to savings of water, and optimum fertilizer use can enhance pro-
ductivity and raise water-use efficiency. By dry seeding rice, water used for puddling can be saved,
but deep percolation losses may increase in nonpuddled soil. But, this water remains in the system
and can be recycled. Precision leveling by a laser leveler has shown improved water management,
crop stand, and productivity in direct-seeded rice (Hill et al 1991, Bell et al 1998, Rickman et al
1998). In Pakistan, laser leveling has reduced water use by 50% in irrigated rice, facilitated ger-
mination and crop establishment, and increased yield by as much as 25% (Balasubramanian et al
2003). Kahlown et al (2000) observed that laser leveling improved crop performance in nonpud-
dled soil with zero-till surface seeding or seeding on permanent beds. Water productivity was also
better in laser-leveled, zero-till, and bed-planted wheat than with conventional tillage. Planting
rice on raised beds can save up to 50% water (Connor et al 2003).

Crop residue management

Crop residues are potential sources for improving soil organic matter dynamics, nutrient recycling,
and the soil physical environment. With increased production of rice and wheat, straw production
has also increased, and the estimated amount of rice and wheat residues produced in India is 113.6
million tons (Sarkar et al 1999). Traditionally, rice and wheat were harvested manually and straw
was used for cattle feed. In the last decade, the use of combine harvesters has been increasing.
According to a survey conducted in Punjab, 91% of rice and 82% of wheat area are harvested
by combines (ICAR 1999). The combine harvester leaves the straw residue on the field surface
and farmers are not equipped to handle such a large mass of residues left in the field; hence, most
farmers burn the residues. This is a serious waste of precious nutrient resources and contributes to
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Table 4. Estimated loss of nutrients caused by burning of crop residues in the rice-wheat
system.

Nutrient content ha= Estimated loss

Straw N K S kg ha™t %

N K S N K S

Rice 48.0 104.8 8.0 42.8 20.8 2.0 89.2 19.0 25.0
Wheat  40.0 92.0 9.6 35.4 16.0 2.4 88.5 17.4 25.0

Source: Sharma (1998).

Table 5. Greenhouse gas emissions (CO, equivalent)
from burning of rice straw in northwest India (in Tg).

State Co, CcO CH, N,O

Punjab 13.60 0.869 0.047 0.175
Haryana 1.56 0.099 0.005 0.013
Uttar Pradesh 11.10 0.706 0.038 0.090
Total 26.26 1.674 0.090 0.278

Source: Samra et al (2003).

intense air pollution. Studies at Pantnagar have shown a major loss of nitrogen in straw by burning
(Table 4).

Burning of rice straw causes gaseous emissions of 70% CO,, 7% CO, 0.66% CH,, and
2.09% N,O. Estimates of these gaseous emissions in three states of the IGP are given in Table 5.

The incorporation of crop residues alters the soil environment, which in turn influences
microbial population activity in the soil and subsequent nutrient transformation (Kumar and Goh
2000). A major problem encountered in the use of rice and wheat residues is the occurrence of the
microbial immobilization of soil and fertilizer N in the short term (Mary et al 1996). A crop grown
immediately after the incorporation of residues suffers from N deficiency. An addition of N fer-
tilizer along with residue could only partly offset the immobilization process. Allowing adequate
time for the decomposition of residues before planting the next crop can be beneficial. Recycling
of rice residues poses more problems than wheat straw because of the short gap between rice resi-
due incorporation and wheat sowing, low temperature, and the slow rate of decomposition of rice
straw.

Research on rice-wheat residue management has focused more on the effects of residues on
soil properties; the partial substitution of nutrients, particularly nitrogen, by the residues; nitrogen
immobilization by increased soil carbon content; and crop yields. Beneficial effects of residues
have been observed in the long term. However, no suitable technology has been developed locally
by which farmers can incorporate residues with less energy/cost or residues can be allowed to stay
on the field surface and the next crop can be sown in the stubbles. New planters with disc openers
are being evaluated for this purpose (Gupta and Rickman 2002). Other options include baling of
straw and use in industry and animal feed (Thakur 2003). Adoption of such alternatives will avoid
burning of residues.
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Nutrient mining and imbalances

Rice and wheat are heavy users of nutrients and nutrient imbalance and soil mining by these cere-
als have led to nutrient deficiencies and poor soil quality. Presently, in India, against crop removal
of 28 million t of nutrient (NPK), the addition of only 18 million t of these nutrients in fertilizer
results in a deficit of nearly 10 million t. Average annual nutrient use in India is around 100 kg
(NPK) ha' compared with 271 kg ha™'in China and 459 kg ha' in Korea (Pathak et al 2002).
The regional distribution of fertilizer is also not uniform. Whereas farmers in Punjab use 250 kg
nutrient ha™', use in the eastern region is much less. Further, continuous rice-wheat monoculture
without break crops, the decline in soil organic matter, residue burning on an increasing scale, and
intensive mining of surface soil because of the restricted rice-wheat root zone are affecting nutri-
ent availability to these crops. Results of long-term experiments show a linear response to applied
nutrients, suggesting scope for higher applications (Ladha et al 2003). Zn deficiency in the IGP is
widespread and Nayyar (2003) reported that, through the analysis of 90,218 samples of the IGP,
zinc deficiency was noted in 54%, 60%, 48%, 45%, and 36% of the samples from Bihar, Haryana,
Punjab, Uttar Pradesh, and West Bengal, respectively. Against this magnitude of deficiency, the use
of zinc fertilizers is very limited. Now, in several areas, deficiencies of other micronutrients—Fe,
Mn, Cu, and B—are appearing, about which farmers are not aware. The micronutrient requirement
of rice is more than that of wheat.

Presently, only general fertilizer reccommendations by different states are available, whereas
soil nutrient supply varies greatly from field to field and sometimes even within a field (Dober-
mann et al 1996, Dobermann and White 1999). Further crop requirements for nutrients vary with
sowing time, season, location, field history, and growing conditions. In Punjab, in the rice-wheat
system, farmers apply more P fertilizer to wheat, which has resulted in an accumulation of P in
soils. Thus, site-specific nutrient management (SSNM), which takes the above factors into con-
sideration, needs to be practiced to provide balanced and optimum nutrient use. Use of the chloro-
phyll meter and leaf color chart is being recommended to decide the rate and time of N application
(Balasubramanian et al 1999, 2000, Peng et al 1996, Turner and Jund 1994). For P and K manage-
ment, nutrient omission technology is suggested (Dobermann and Fairhurst 2000). This technique
determines the soil-supplying capacity of and crop requirement for P and K in individual fields.
SSNM raises crop productivity and nutrient-use efficiency, thus adding to the profit of farmers.

Profit margin—diversification of the rice-wheat system

The economic factors of rice and wheat cultivation in India have been studied by Singh and Chan-
dra (2002). In these crops, the growth rate in the support price has been less than the growth in
cost of cultivation (Table 6). The margin of profit in relation to the total cost of cultivation is very
low and the margins are declining. This discourages farmers from investing more to increase pro-
ductivity.

The decline in the real price of rice and wheat and also their unit production cost was re-
ported earlier by Kumar (1997), and the price of rice in the world market has been declining in real
terms since 1975. The declining trends in the global prices of agricultural commodities, especially
food grains, endanger the sustainability of the majority of the farmers who depend for their food
security on small farm holdings (Joshi 2003). Globalization is a new challenge that may threaten
the viability of rice-wheat farm holdings where yields are low. The remedy lies in raising rice and
wheat productivity and producing the same or more grain on a part of the holdings and sparing
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Fig. 6. Sustainability of the rice-wheat system in the Indo-Gangetic Plains.

Table 6. Economic factors of rice and wheat cultivation in India.

Period Rice Wheat

Minimum Cost of Cost of Minimum Cost of Cost of

support price production  cultivation  support price  production cultivation

(Rs. g™) (Rs. ha™) (Rs. g™) (Rs. g (Rs. ha™) (Rs. g™)
1975-76 to 1980-81 7.70 11.12 17.18 3.12 8.56 4.10
1981-82 to 1985-86 5.52 4.80 3.93 4.56 4.49 1.42
1986-87 to 1990-91 9.29 14.24 7.92 6.86 12.87 9.07
1991-92 to 1997-98 9.74 12.46 9.50 11.47 11.50 9.98
1975-76 to 1997-98 8.35 10.02 9.17 6.85 8.16 6.80

some area to grow some alternate high-value crops or switching over to a more profitable enter-
prise.

Diversification may raise opportunities to raise farm income, generate more employment,
and allow a better use of resources. A change in cropping pattern from a rice-wheat monoculture
to diversified crops will also lessen biotic and abiotic pressure and help conserve soil and water
resources. Diversification into high-value crops will encourage exports of farm produce, bringing
more profits. This will, however, require infrastructure development (markets, roads, transport
and storage, processing mechanisms), policy changes, and technical innovations. The Indian gov-
ernment’s emphasis on the agricultural sector and higher investment in agriculture should result
in better infrastructure that will allow rice-wheat farmers to diversify their holdings by including
high-value crops. Another dimension of crop substitution/diversification in the rice-wheat system
is the inclusion of legumes that may play an important role in improving the sustainability of the
production system (Fig. 6). Legumes can play an important role in conserving groundwater and
soil nutrients. However, profitability of legumes has remained too low in comparison with rice
and wheat (Joshi et al 2000). The prime need is to break the existing yield barriers of legumes and
design policies to reduce risk and to improve resource management.
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Issues related to direct seeding of rice
in rainfed cropping systems in northwest
Bangladesh

A.M. Mormimer, C.R. RicHes, M. Mazp, S. Panpey, anp D.E. JoHNsON

Economic factors and developments in rice production technologjes are the major
drivers that have led to the adoption of direct seeding of rice in place of trans-
planting in Asia. The primary economic motives for a shift to direct seeding are the
savings in labor cost and the possibility of crop intensification. A key development
challenge in the drought-prone rainfed agriculture of the Barind Tract of north-
west Bangladesh is to simultaneously improve the reliability and yield of mon-
soon rice while improving total system productivity by increasing the area planted
to drought-tolerant postrice crops. Research trials and field-scale evaluation by
farmers have demonstrated that dry direct seeding or wet seeding of pregermi-
nated rice seed reduces labor for crop establishment, results in rice yields similar
to or higher than those from conventional transplanting, and advances harvest by
7-10 days. Earlier harvest has the potential to reduce the risk of terminal drought
in rice when the monsoon ends abruptly and increases the opportunity for estab-
lishing a postrice crop of chickpea on residual moisture. Herbicide use is essential
with direct seeding and this further reduces rice production costs. This modified
rice/legume system using direct seeding is knowledge-intensive. Widespread sus-
tained adoption will depend on farmers undertaking timely tillage, adequate land
leveling, and timely application of herbicides. Extension/farmer training supported
by clear decision support frameworks will be needed to provide farmers with ac-
cess to the knowledge needed to implement direct seeding effectively.

Economic factors and developments in rice production technologies have been the major drivers
leading to the adoption of direct-seeding methods for rice establishment in place of transplanting
in Asia (Pandey and Velasco 2002). The rising cost of agricultural labor, the need to intensify rice
production through double and/or triple cropping, the development of high-yielding short-dura-
tion modern varieties, and the availability of chemical weed control methods largely promoted this
change, as evidenced in Malaysia and Thailand in the late 1980s and 1990s. In the 21st century,
along with population pressure, the rising scarcity of agricultural land and water and continuing
shortages of labor will maintain pressure for a shift toward direct-seeding methods. In low-income
Asian countries with per annum population growth rates of 1-1.5% (such as Bangladesh, India,
Indonesia, Myanmar, the Philippines, and Vietnam), the anticipated growth in rice demand of
30-50% over the next 30 years will accentuate the potential role of direct seeding of rice.
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Fig. 1. Wage rate and water availability as determinants of crop estab-
lishment methods (from Pandey and Velasco 2002). DSR = direct-seed-
ed rice, TPR = transplanted rice.

Drivers of change in rice establishment methods in Asia

In overview, the availability of water and the opportunity cost of labor can be considered to be the
major determinants of rice crop establishment methods (Fig. 1). A low wage rate and assured sup-
ply of adequate water are favorable for transplanting. Incentives for direct seeding increase when
water availability is low (or uncertain) and wage rates are high. Much of the recent spread of direct
seeding in Southeast Asian countries has been in response to rising wage rates. When water avail-
ability is low (or uncertain) and the wage rate is low, either dry direct seeding or transplanting can
be used to establish rice, depending on field hydrological conditions.

The response to rising labor costs has been either a retention of transplanting but with a
switch to mechanical transplanting (e.g., Japan, Korea, and Taiwan) or a shift to direct seeding
(e.g., Malaysia and Thailand). Small farm size, intensive cultivation of rice, a long history of trans-
planting culture, and the relatively high price of rice in some Asian countries may partially explain
the adherence to transplanting.

From farm studies, Pandey and Velasco (1999) have shown that direct-seeding methods
produce higher income relative to transplanting, despite a slightly lower average yield than that of
transplanted rice. A higher net profit arises since savings in labor costs outweigh the value of loss
in output. This has occurred especially in areas where the cost of labor has risen rapidly in relation
to the price of rice. In addition, total farm income has increased where direct seeding has facilitated
double cropping of rice in areas that previously had only one crop of transplanted rice.

Given that the primary economic motives for a shift to direct seeding are the savings in la-
bor cost and the possibility of crop intensification, prioritizing research issues depends on which
motive is likely to play a dominant role. If the driving force for transition to direct seeding is the
rapidly rising wage rate, research and development to implement the adoption of labor-saving
technological innovations (mechanical tillage and labor-saving weed control methods) will as-
sume a high priority. Where drought and early submergence are agroecological constraints, both
rice varietal improvement and modifications to crop and natural resource management practices
may be needed.
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Contrastingly, if crop intensification is the major reason for direct seeding, research to fa-
cilitate early crop establishment (and the consequent earlier crop harvesting) will carry a higher
priority, as this will permit timely planting of a subsequent crop. The development of short-dura-
tion varieties is clearly important. Even though agricultural labor costs may be low, intensification
of land use may lead to labor shortages because of peak labor demand during the harvesting of the
previous crop and establishment of the succeeding crop within a short period. In such instances,
mechanization in land preparation may be essential to reduce the turnaround time between crops
and ensure a more stable yield of the second crop.

A major threat to yields of direct-seeded rice crops is weed competition and high costs of
weed control (or unavailability of efficient weed control procedures), which will be a major factor
constraining the widespread adoption of direct seeding. Empirical analyses have indicated that the
technical efficiency of rice production is lower and more variable for direct-seeded rice than for
transplanted rice (Pandey and Velasco 1999). This suggests the existence of a higher “yield gap”
between the “best practice” and the average farmers’ practices when rice is direct-seeded. This
variability may be partly due to the use of varieties that were originally developed for transplanted
culture and cultivars that are specifically targeted for direct seeding (both wet and dry) may need
to be developed.

Precise water management is also a critical factor for high productivity for both dry- and
wet-seeded rice (De Datta and Nantasomsaran 1991). In dry seeding, maintenance of an aerobic
soil early in crop life to ensure establishment and high seedling vigor is essential. Likewise, water
management in wet-seeded rice needs to be precise to achieve seedling establishment and then
controlled flooding/drainage may be required for herbicide application and crop growth and man-
agement. A high level of control of water flow on irrigated fields is hence desirable and predicates
land leveling. Suitable modifications of irrigation infrastructure may not only ensure a high yield
of direct-seeded rice but also improve water-use efficiency. In rainfed environments, the rainfall
patterns and land position in relation to natural drainage will determine the opportunities for di-
rect-seeding options. Recent research conducted in rainfed rice systems of Bangladesh to explore
the potential for direct seeding is described below.

Case study: rainfed cropping systems in northwest Bangladesh

The High Barind Tract of northwest Bangladesh is drought-prone, with the majority of the 1,200—
1,400 mm mean annual rainfall falling in June to October. Limited irrigation potential restricts
cropping intensity to 175%, considerably less than in districts where irrigation allows two or three
rice crops each year (Nur-E-Alahi et al 1999). The majority of farmers produce a single crop of
transplanted rainfed rice, grown in this monsoon season. Some 80% of the area then lies fallow
in the rabi season that follows the rice harvest. The challenge and opportunity in the Barind is to
simultaneously improve the reliability and yield of rice while increasing total system productivity
by increasing the area planted to rabi-season crops such as chickpea, linseed, and mustard (Mazid
et al 2003).

Mazid et al (2002, 2003) have proposed that farm productivity in the Barind can be increased
by switching from transplanting to direct seeding of rice (DSR) to allow more reliable establish-
ment of rabi crops on residual moisture immediately after the rice harvest. Chickpea, a drought-
tolerant and high-value crop, can be grown successfully when seeded after the rice harvest in late
October to mid-November. This can make significant contributions to higher productivity and
improved farm income. Late onset of the monsoon delays transplanting as a minimum of 600 mm
of cumulative rainfall is needed to complete plowing, puddling, and transplanting. Direct seeding,
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however, can be completed after plowing following only 150 mm of cumulative rainfall (Saleh and
Bhuiyan 1995). Earlier planted DSR rice matures 1-2 weeks before transplanted rice, thus reduc-
ing the risk of terminal drought and allowing earlier planting of a following nonrice crop (Saleh
et al 2000). An earlier rice harvest can also be achieved by planting early-maturing rice varieties.
Swarna, the most widely grown rice cultivar, matures after 140-145 days and when transplanted
may not be harvested until early to mid-November. In many years, soil is drying rapidly at this
time, reducing the likelihood of successful chickpea establishment.

DSR reduces labor and draft power requirements for rice establishment by 16% and 30%,
respectively, compared with TPR. However, weeds are a major constraint to the adoption of DSR
as the inherent advantage of weed control afforded by transplanted rice in standing water is lost.
Labor shortages for many households prevent timely first weeding of transplanted rice so that with
current practices 34% of farmers lose over 0.5 t ha™! of the attainable rice yield because of weed
competition (Mazid et al 2001). The additional weed problems in DSR, however, can be overcome
by applying a preemergence herbicide.

As discussed above, improvement of total farm productivity requires the successful integra-
tion of several component technologies and an interlinked research agenda. Research and current
understanding on the productivity of direct-seeded, early-maturing rice cultivars with herbicide
application, followed by chickpea in the postrice season, are reported below.

Methods

On-station and on-farm experiments were conducted in the region of Rajabari, Rajshahi, Bangla-
desh. A long-term on-station (systems) trial compared crop establishment methods, fertilizer re-
gimes, and weed control methods for two cultivars. On-farm trials examined cultivar performance
and chickpea yields.

Systems trial

The productivity of two rice cultivars when direct-seeded or transplanted was evaluated in the
Barind from 2001 to 2003 under differing nutrient regimes. The modern cultivar BRRIdhan 39
(maturity 120—125 d) was compared with the widely grown Swarna (maturity 145-150 d). The
experiment was conducted with a split-split plot design with main plots (3) as crop establishment
and associated weed management, subplots (4) as nutrient management, and sub-subplots (2) as
cultivars. Establishment treatments were (1) transplanted rice (TPR)—soil puddled prior to trans-
planting and plots hand-weeded twice at 30 and 45 d after transplanting (DAT); (2) direct-seeded
rice (DSR)—soil plowed prior to dry seeding (2001) or plowed and puddled before direct seeding
of pregerminated seed (2002 and 2003) in rows by hand, with hand weeding at 21, 33, and 45 d
after sowing (DAS); (3) direct-seeded rice with chemical weed control (DSRH)—as for DSR but
with oxadiazon (375 g a.i. ha') applied 2—4 d after seeding with one hand weeding at 33 DAS.
Nutrient regimes were (kg ha') (1) single superphosphate, 40 P + 40 K; (2) compound 60 N +
40 P + 40 K; (3) farmyard manure (FYM) + inorganic fertilizer totaling 60 N + 50 P + 50 K; and
(4) diammonium phosphate (18% N) + Guti (slow-release urea, 45% N) totaling 43 N + 40 P +
40 K. Rice was harvested in 5-m? areas. Biomass of individual weed species was recorded in two
unweeded quadrats per plot at 28 DAS/DAT and total weed biomass at 45 DAS/DAT.

On-farm verification of the DSR-rabi system

Trials were undertaken at 16 sites during the 2003 monsoon season to verify the profitability
of a DSR-chickpea system. Chickpea (cv. Barisola 2) was sown after the harvest of Swarna or
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Table 1. Effect of rice establishment method and rice cultivar on grain yield of
rice and a postrice chickpea crop (t ha* = S.E.), 2002-04, Rajabari, northwest

Bangladesh.
Transplanted rice Direct-seeded rice
Crop
BR39 Swama BR39 Swarma
Rice
2001 1.92+0.10 2.79+0.19 2.91+0.12 2.85+0.11
2002 2.80 +0.13 259 +0.11 2.96 = 0.08 3.75+0.15
2003 0.61+0.08 0.51+0.05 1.62+0.21 2.67+0.16
Chickpea
2001-02 = - 1.01+0.06 0.91+0.05
2002-03 - - 0.76 = 0.05 0.49£0.04
2003-04 - - 0.38 £0.04 0.16 £0.02

- = chickpea not sown.

three shorter-duration BRRIdhan cultivars established by either transplanting or direct seeding.
Before dry direct seeding in June, the land was plowed (at least 3 times) with an animal-drawn
country plow and leveled with a ladder. Seed was sown in lines by hand into furrows opened by
a hand-pulled /ithao. Seedbeds were established at the same time and seedlings were transplanted
at approximately 30 d after sowing following conventional plowing and puddling operations. In
direct-seeded rice, a single application of oxadiazon (375 g a.i. ha™') was made to control weeds,
whereas, in transplanted rice, pretilachlor (450 g a.i. ha') was applied.

Seasonal variation in rainfall was considerable. The annual rainfall in 2001, 2002, and 2003
was 1,475, 1,464, and 932 mm, respectively. In July 2003, rainfall was 2.5 times less than in the
same month in previous years and in 2001 was highest in October.

Results

Systems trial

There were significant effects of cropping system on phenology of rice. Flowering was always lat-
er with cv. Swarna and under transplanting (P <0.05). On average, grain-fill duration was similar
over varieties, but was reduced by transplanting, especially for BR39. Direct-seeded rice reached
maturity significantly earlier than transplanted rice (P <0.01), allowing chickpea to be planted
8-16 d earlier. Swarna significantly outyielded BR39 in 2002 when direct-seeded, and also under
transplanting in 2001 (P <0.05) (Table 1). However, no significant difference was observed be-
tween varieties under transplanting in 2002 and under direct seeding in 2001. Late transplanting
because of drought from early July to mid-August severely depressed yields of transplanted rice
in 2003, whereas, under direct seeding, yields were higher and Swarna gave 1 t ha™' higher yield
than BR39.

Nutrient application (NPK compound or DAP + Guti) increased tiller and panicle number,
plant height, and grain yield in both cultivars. In transplanted rice, BR39 had fewer panicles than
Swarna. The main weed species present at the site were Fimbristylis miliacea, Cyperus iria, C.
halpan, and Cynodon dactylon. In the first two seasons, greater weed biomass developed in rice
established by direct seeding than under transplanting (P <0.05).

Overall, more weed biomass was present where DAP + Guti was used. When herbicide was
used for weed control in direct-seeded plots, weed biomass was least under all fertilizer treatments
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Fig. 2. Productivity (t ha™) of rice and chickpea grown
in transplanted rice (open columns) and direct-seed-
ed rice (solid columns) systems. Data are means of
16 on-farm sites in 2003 (monsoon and rabi sea-
sons). Weed control in rice by preemergence herbi-
cide. Data above each pair of columns are chickpea
yields (t ha = S.E.).

except DAP + Guti. In transplanted plots and direct-seeded plots not treated with oxadiazon, the
rank order of weed biomass at 45 DAT was sedge > grass > broadleaf weeds. The use of oxadiazon
changed the ranking: grass > sedge > broadleaf weeds.

The yields of chickpea after direct-seeded rice were significantly higher following BR39
than after Swarna in 2002 and 2003 (P <0.001) and were elevated in 2001 (Table 1).

On-farm verification of the DSR-rabi system

Rice yields were considerably higher on-farm in 2003 (Fig. 2) as the drought in July and August
was more prolonged at the site of the systems trial. On-farm, the yields of Swarna, BR31, and
BR32 were independent of crop establishment method, whereas yields of transplanted BR39 were
over 1.8 t ha™! higher than when direct-seeded. Chickpea yields were not significantly affected by
the preceding rice cultivar.

Discussion

The systems trial confirmed that replacing transplanted rice with direct-seeded rice could im-
prove farm productivity in the Barind by allowing greater opportunity to grow a high-value rabi
crop. The early-season weed flush associated with direct seeding can be successfully controlled
by oxadiazon applied preemergence. However, one subsequent manual weeding will be essential
for yield protection from weed competition and to prevent the buildup of Alternanthera sessilis,
Cyperus iria, and Paspalum distichum in particular. While extensive rice cultivar evaluation is
under way, BR31 and BR32 represent promising lines for direct seeding. BR39, on the other hand,
is not suitable for direct seeding as sterility appears to be a major problem when it is planted early
as it then tends to flower in the rains. Successful chickpea cropping after rice is contingent upon the
presence of residual soil moisture after rice harvest and the time-window for successful chickpea
establishment may be difficult to exploit. Chickpea yields in the systems trial reported above were
always higher because crops were established immediately after the rice harvest. In on-farm tri-
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als in 2003, the potential advantage from direct seeding was not evident because widespread rain
showers during the first two weeks of October favored establishment regardless of the time of the
rice harvest. High chickpea yields were not achieved, however, because of late-season drought.

Our associated socioeconomic studies indicate that, although farmers are keen to gain ad-
ditional income from growing chickpea, many, particularly resource-poor sharecroppers who pass
50% of their production to the landlord, need practices that maximize rice yield. To be widely
adopted for direct seeding in place of Swarna, an early-maturing rice cultivar will need to be high-
yielding and sheath-blight-resistant. The reduction in input costs (no nursery and substitution of
labor with a herbicide) associated with direct seeding and early planting of chickpea was evaluated
favorably by on-farm trial farmers in 2003. They considered that even the relatively low chickpea
yields obtained on-farm in 2003, after either transplanted or direct-seeded rice, provided worth-
while additional income given chickpea’s low input costs and high market value. Further studies
are continuing to evaluate the profitability and sustainability of direct-seeding and rice-chickpea
systems under farmer management.

Concluding remarks

The case study described above exemplifies the interrelated biophysical research topics that must
be examined in developing technologies to improve farmer livelihoods in systems in which direct-
seeded rice is a key component. The technologies (rice and chickpea seeding, herbicide applica-
tion, water management) are individually knowledge-intensive and place a premium on the timeli-
ness of agricultural operations. This is turn requires availability of resources (machinery, labor,
seed, herbicide), advanced planning, and a cropping systems perspective. Promoting the adoption
of these technologies in Bangladesh has only begun recently and small-farmer field groups work-
ing in close association with researchers and extension have proved successful.
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