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Foreword

More than 3.1 billion people living in South Asia and China, almost half of humanity, depend on rice and wheat production for food. In a rice-wheat “system,” farmers
grow at least one rice and one wheat crop on the same piece of land each year. In
South Asia, the rice-wheat region occupies nearly 13.5 million hectares across the
Indo-Gangetic Plains (IGP) of Bangladesh, India, Nepal, and Pakistan. This region
alone is home to 1.2 billion people, nearly 40% of whom live in extreme poverty.
Rice and wheat account for 90% of the region’s total cereal production and, with the
population growing at more than 2% annually, there are more than 20 million additional mouths to feed each year.
Over the past 30 years, the rice-wheat system has emerged as the region’s major
production system, accounting for more than 30% of the total rice area and 40% of
the total wheat area, and producing nearly one-third of the region’s rice and more than
half of its wheat.
During the Green Revolution era, production increases resulted from expansion in both rice-wheat area and productivity. Now, however, with little additional
land available, future demand growth will have to be met mainly through increases
in yield per unit area. Further, the average 2% per year rice and wheat yield increases
seen from 1970 to 1990 have dropped off due to a combination of environmental factors—such as declining soil health and access to irrigation—and reduced support for
public agricultural research, causing yields to stagnate over the past two decades.
The challenges are to produce more food at less cost and to improve water productivity. Farmers need alternatives to help them conserve energy and water resources,
reduce greenhouse gas emissions, and improve the quality of life for farm families. The
Rice-Wheat Consortium (RWC) for the Indo-Gangetic Plains was established in 1994
when the national agricultural research and extension systems saw the need to tackle
these critical challenges and joined forces with research centers of the Consultative
Group on International Agricultural Research (CGIAR).
This research was conducted in collaboration with national agricultural research
and extension system partners in Bangladesh, India, Nepal, and Pakistan under an
Asian Development Bank (ADB)-supported project titled Enhancing Farmers’ Income
and Livelihood through Integrated Crop and Resource Management in the Rice-Wheat
Foreword



System in South Asia. During the four years of the project (2005-08), researchers and
extensionists successfully developed and disseminated a number of improved land and
crop management practices, often termed resource-conserving technologies (RCTs),
in the IGP. Among the RCTs, the most popular are laser land leveling, zero- and reduced-till drill-seeded wheat, direct seeding of rice, and a leaf color chart for nitrogen
management. Farmers generally integrated the new technologies into the portfolio of
their own technologies already being practiced on their farms. This process of integrating new RCTs into an existing portfolio of technologies can be called integrated
crop and resource management (ICRM). These research outputs were presented at the
Regional Technical Coordination Committee Meeting of the RWC held in New Delhi,
India, on 2-3 February 2009, together with insights solicited from other scientists
working on the same subject. This book compiles the research, delivery, and impact
results and insights presented during the RTCC meeting.
IRRI and the RWC are grateful to the Asian Development Bank for financial
support for this work.
Robert S. Zeigler
Director General
International Rice Research Institute

vi

Foreword

Section 1:

Introduction

The Rice-Wheat Consortium and the Asian Development Bank: a history





Harrington and Hobbs

The Rice-Wheat Consortium and the
Asian Development Bank: a history1
L.W. Harrington and P.R. Hobbs

Synopsis
Financial support from the Asian Development Bank (ADB) has been central to the
enormous success of rice-wheat systems research and the Rice-Wheat Consortium for
the Indo-Gangetic Plains (RWC). This support, provided on three different occasions
over the past 18 years, made it possible for international agricultural research centers
(IARCs) and national agricultural research and extension systems (NARES) to develop
innovations for improving the productivity and sustainability of rice-wheat systems.
These innovations, some of them now in general use by farmers, have generated high
impact, benefiting large numbers of rural poor.
RETA 5414 funding to IRRI in the early 1990s established a coherent research
agenda based on farmer-defined problems and issues. It fostered the use of new research approaches and tools. It stimulated a change from disciplinary and commodity
research toward multidisciplinary research focusing on multifactor productivity and
system sustainability. It encouraged the joint publication of research findings across
institutions and countries, the international exchange of information and technologies,
and the professional development of NARES researchers. It also laid the foundations
for the Ecoregional Program now known as the RWC, which brings together NARES
from Bangladesh, India, Nepal, and Pakistan and several IARCs, among them the
International Maize and Wheat Improvement Center (CIMMYT) and the International
Rice Research Institute (IRRI).
ADB played a relatively minor role in the development of the RWC between 1994
and 2000. Some financial assistance was provided to IARCs for rice-wheat research,
but this had only tenuous links to the RWC. It was during this interlude, when other
donors and organizations took up the burden of financial support for the RWC, that
key technical breakthroughs were made that ultimately resulted in extensive adoption
of zero tillage and other resource-conserving technologies (RCTs). As for the RWC

1This is a joint report of ADB, IRRI, and the RWC under RETA 6208. Opinions expressed are those of the authors and not
necessarily those of ADB, CIMMYT, Cornell University, CPWF, IRRI, or the Rice-Wheat Consortium.
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itself, it barely survived a financial crisis in the late 1990s that could have shut down
its Facilitation Unit (FU) and, quite possibly, halted progress.
In 2000, ADB returned as a significant donor for rice-wheat systems research
through RETA 5949 to CIMMYT, which at that time became the Convening Center
for the RWC. As such, ADB joined other donors in accelerating the adoption of RCTs,
while at the same time fostering closer integration among IARCs. ADB has continued
to support the RWC research program through RETA 6208, managed by IRRI, which
has allowed a broadening of the research agenda while building on the success of the
previous RETA 5949. Altogether, ADB, through RETAs 5414, 5945, and 6208, has
provided US$3.05 million for rice-wheat systems research, out of a total research
budget for the three RETAs (including matching funds) of $9.1 million.
While ADB support has been fundamental to the ongoing success of the RWC,
the Consortium has been able to obtain significant complementary funding from
other sources, among them DFID, IFAD, the Netherlands, NZODA, USAID, and
the World Bank. In the last decade, USAID has provided significant funding to the
RWC through bilateral programs in Bangladesh, Nepal, and India. These programs
have supported significant research in those countries, have allowed expansion of the
area under RCTs, have supported FU expenses and operating costs, and, in general,
have been valuable as a complement to the later ADB RETA projects. Except for
the interregnum of 1994-2000, ADB has typically been the largest single source of
external support for the RWC, accounting for one-third to one-half of total external
investment. Because of this unstinting support from ADB and other donors, a high
level of commitment from partners, and inspiring leadership from within the FU, the
RWC has accomplished more than could have been imagined in its early days.
Having said this, it must be recognized that the largest investment in rice-wheat
systems research has not come from external donors but rather from NARES (including university, state and provincial, extension service, and private-sector investment,
whether from national internal sources or from loans provided by development banks).
Although difficult to measure with any precision, it is clear that NARES commitment
of staff time, office and land resources, and operational funds surpasses the contributions made by all other partners combined. To them, then, is due much of the credit
for the success of rice-wheat research.

Introduction
The purpose of this document is to review and document the history and impact of the
Asian Development Bank (ADB) in the initiation and subsequent support for the RWC.
This includes assessing the qualitative importance of ADB contributions in shaping
and maintaining the RWC and the quantitative importance of ADB’s contributions,
in absolute and relative terms.
In writing such a history, context is important. The story of ADB support for the
RWC is inextricably linked with the story of wheat zero-tillage in the Indo-Gangetic
Plains. One part of this story is the introduction of zero-till drills in India and Pakistan.
Another part, however, is the work with surface seeding and the introduction of new
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crop establishment practices (no-till, minimum till, bed and furrow systems) with
two-wheel tractors in Bangladesh, Nepal, and eastern India. Few would disagree that
the RWC has for many years played a strong leadership role in rice-wheat systems
research. Even fewer would disagree that an extremely important outcome of such
research—arguably the most important outcome—has been the widespread adoption
of wheat zero-tillage. The extent and pattern of zero-till adoption was recently documented (Erenstein et al 2007).
In this review, we describe two parallel threads, one dealing with institutional
innovation and the other with technical innovation. The former is the story of the RWC
and its forebears, and the supporting role played by ADB. The latter is the story of
wheat zero-tillage in its various guises in the four members countries of the RWC,
and complementary technologies and spin-offs. In most of this history, the two threads
are woven together.
Initially, only one research topic among many, zero-tillage, gradually came to
be the focal point for cross-topic integration. Strategies for rice and wheat varietal
improvement, weed control, soil fertility management, water management, and even
rice crop establishment evolved so as to better complement zero-till practices. The
concept of zero-till itself was slowly broadened to encompass a range of RCTs. Early
concerns about threats to the sustainability of rice-wheat systems gave way to a perception that zero-tillage was a suitable way to sustainably improve system productivity.
The development and dissemination of zero-tillage were the outcome of a social process
of co-evolution between technical opportunities and stakeholder interests. That the
RWC was able to facilitate a happy outcome to this co-evolution was the key to its
success. That ADB supported the RWC and helped shape its agenda at key moments
in its history is the theme of this history.
The rest of this paper is organized as follows. First, the origins of rice-wheat
systems research in the Indo-Gangetic Plains are discussed, along with early efforts
to introduce wheat zero-tillage after rice. This is followed by a description of how an
institutional structure for rice-wheat research was formed, how this structure evolved
into an Ecoregional Program (the RWC), and the role played in this process by ADB.
Then, the story is told of how zero-tillage was successfully launched, and the role of
the RWC in making this happen even though, at that moment, the RWC was financially weak. The story continues with an account of how the RWC used the model of
zero-tillage as a means of introducing a wider range of RCTs. In each stage of this
history, the influence of successive ADB projects on RWC priorities is explored, the
level and timing of ADB support are analyzed, and the extent to which Consortium
success can be attributed to ADB support is discussed. Concluding sections summarize
the financial underpinnings of the RWC and the special contribution of ADB.

1984-89
From commodities to systems
In the early decades of the 20th century, South Asia was perceived as a region chronically vulnerable to recurrent famine. The success of the Green Revolution (GR) of the
The Rice-Wheat Consortium and the Asian Development Bank: a history



1960s and 1970s in dramatically increasing food production came as something of a
surprise. This success story is now well documented and well known. Other consequences of the GR, however, are less well known, among them the gradual emergence
of multidisciplinary agricultural research. During the course of GR research, breeders,
pathologists, economists, agronomists, and other disciplinary scientists discovered
the virtues of working together to improve the productivity of individual crops, in
particular, rice and wheat. These researchers also discovered the value of involving
farmers in the testing and verification of new crop production technologies.
In the 1980s, however, it became increasingly apparent that a “commodity
approach” was not entirely satisfactory. Farmers, it was realized, do not grow single
commodities but rather a mosaic of crops suited to different soils and landscapes to meet
family livelihood and market needs. “Cropping systems research” gained prominence
(for example, Zandstra et al 1991). Breeders began seeking germplasm that performed
well in a systems context, whereas agronomists looked at crop management interactions on a systems basis. Much of this research was still centered around experiment
stations and within commodity programs. In some countries, however, new cropping
systems institutes were formed. In India, for example, the Project Directorate for
Cropping Systems Research (PDCSR) was established in 1989 for the purpose of
conducting systems research both on-station and in farmers’ fields.
Cropping systems research was expanded to “farming systems research” (FSR)
with the addition of livestock, agroforestry, aquaculture, and land management components. FSR practitioners became increasingly aware of the importance of involving
farmers in all aspects of technology development, from site characterization and needs
assessment through the planning, implementation, and evaluation of experiments
(Tripp 1982). The 1980s saw social scientists and technical scientists developing new
methods for further improving the efficiency and effectiveness of systems research,
including diagnostic surveys and rapid appraisals (Beebe 1985), participatory research
(Ashby 1986), and gender analysis (Poats 1991).
Systems research on rice-wheat
On-farm research on rice-wheat systems in the Indo-Gangetic Plains dates back to
at least the early 1980s, when scientists from IRRI, CIMMYT, and rice and wheat
national research institutions began exploring issues associated with the “post-Green
Revolution.” Research efforts were inspired by recognition of two factors: (1) the
enormous importance that rice-wheat systems have for food security and farm family
livelihoods in the Plains and (2) apparent stagnation in productivity growth.
Among early examples of such research were diagnostic surveys. These surveys
typically examined systems problems in a defined geographic area through a commodity “lens.” Diagnostic surveys were employed by social scientists and agronomists
to rapidly define problems, pinpoint their respective causes and suggest possible
solutions, and use this to develop a research agenda. One such diagnostic survey was
conducted in 1984 in the Pakistan Punjab (Byerlee et al 1984). This survey uncovered
various problems in wheat production, including late planting, poor plant stands and
weed competition, the use of old varieties, and poor fertilizer and irrigation manage
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ment. Some of these wheat-related problems were traced to rice crop management
practices.
It had been known for some time that yields of cool-season wheat in South Asia
were sensitive to the timeliness of sowing. Late-sown wheat was known to yield less,
with a rate of decline in yields of about 1% per day for every day after the optimal
date (Randhawa et al 1981). It was understood that wheat and other upland crops had
to deal with serious soil physical constraints when grown on puddled soils (Gupta
1989). In the Pakistan Punjab, the importance of timely wheat sowing in rice-wheat
systems was confirmed by the 1984 diagnostic survey. Results indicated that in many
instances wheat was indeed sown later than the optimal date, that late sowing did in
fact reduce wheat yields, and that one factor in late sowing was the late harvest of the
preceding crop of basmati rice. However, the surveys brought to light another very
important factor: the extended time, extreme difficulty, and considerable expense
required to prepare paddy rice fields for wheat sowing, especially on heavier textured
soils:
“The major issue in land preparation and planting is the difficulty
experienced in obtaining a good seedbed for wheat after rice. The use of
a specially designed drill for direct drilling with zero tillage has shown
promise of a breakthrough in this area. Direct drilling [can reduce]
turnaround time from rice to wheat and eliminate land preparation costs”
(Byerlee et al 1986).
In following seasons, information continued to mount regarding the importance
of timely wheat sowing. In the 1986-87 wheat season, an IRRI scientist (John Flinn)
conducted farm surveys in the Sindh of Pakistan, and found that the problem was even
more severe than for the Punjab:
“The most frequent turnaround time—the elapsed time between the rice
harvest and wheat planting—was just over four weeks . . . . The shortest turnaround period was three weeks and the longest eight weeks . . . .
The study confirmed a significant decline in wheat yields due to late
seeding. Yield loss was estimated to be about 94 kg/ha/week when wheat
was planted after the beginning of December, when other factors were
accounted for” (Flinn and Khokhar 1989).
Complementing these diagnostic surveys were studies that analyzed trends in
factor productivity in rice-wheat systems. It was found that positive trends in factor
productivity, attributable to the adoption of new technologies such as modern varieties, were being partly offset by negative trends associated with processes of resource
degradation. A common perception among farmers was that ever higher rates of
fertilizer were required to produce the same yields. The exact processes of resource
degradation, however, were not well defined; the extent to which they were associated
The Rice-Wheat Consortium and the Asian Development Bank: a history



with soil fertility loss, salinization, groundwater depletion, or other factors was poorly
understood (Byerlee and Siddiq 1990).
Wheat zero-till
By the mid-1980s, it was agreed that late planting of wheat was an important problem
in some rice-wheat areas, that this problem was associated with late rice harvesting
and prolonged, intensive (and expensive) tillage for wheat sowing, and that zero-till
wheat crop establishment was a possible solution. The next logical step was to conduct
field research on zero-till. In order for such research to be conducted, however, it was
necessary to obtain suitable implements. As it happened, prototype implements capable
of establishing zero-till wheat were just becoming available for four-wheel tractors.
The first zero-till drill was identified in New Zealand by the CIMMYT agronomist
based in Pakistan in the mid-1980s (Peter Hobbs) with the help of an engineer from
Massey University (Ashraf Chaudhury). One such Aitcheson drill was ordered for
delivery to Pakistan (Justice and Hobbs 2005).
The drill arrived in time for use in the 1984-85 wheat season. Hobbs and a team
of Pakistani scientists established a series of zero-till versus normal-till plots in farmers’ fields. The results from some of these trials were discouraging—wheat yields in
some zero-till fields were below those in conventional-till fields. In the 1985-86 season,
the trials were repeated. This time, zero-till yielded the same or more than normal
till (Aslam et al 1989, Khan et al 1986). The research team then recalled that a major
reason for exploring zero-till sowing was to help reduce turnaround time and allow
earlier wheat sowing. In the trials, however, zero-till and normal-till plots had been
sown on the same day—eliminating the very advantage that zero-till was expected to
provide. Where zero-till sowing was performed earlier than conventional tillage, yields
were higher. It was also found that, when zero-till sowing was performed earlier, soil
moisture was higher and plant stands were better than when seeding was delayed.
In the 1986-87 and 1987-88 wheat seasons, Hobbs and his team in the Pakistan
Punjab conducted a new set of on-farm experiments, once again comparing zero-till
with conventional wheat establishment. In these trials, however, zero-till plots were
sown as soon as field conditions allowed, whereas conventional-till plots followed
the farmers’ practice. It was found that zero-till plots were sown on average 24 days
earlier, had about 30% fewer weeds, and yielded 10–40% more than conventionaltill plots (Aslam et al 1989, 1993). Zero-till was found to perform even better in the
Sindh—in part, because it allowed even greater improvements in the timeliness of
planting (Khuhro 1989).
Toward local implement manufacture
Up until this time, all wheat zero-till experiments in Pakistan had been conducted
with drills imported from New Zealand. These were expensive, heavy, and few in
number. Although appropriate for research, they were not in themselves well suited
for use by farmers. To overcome this obstacle, an attempt was made to develop a locally adapted drill. In 1990, arrangements were made with a Lahore-based implement
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manufacturer (Descon) for the production of ten drills. Funding for this was provided
by USAID in Pakistan.
The first prototypes of the locally produced Descon “Multicrop Seedmatic
Drills” were ready for use in the 1990-91 season. Prototypes were placed for testing
with farmer groups, but the program of farmer testing was not entirely successful:
the drills were still too heavy for use with local tractors, tines broke too easily, and
the drills became frequently blocked with loose straw (Aslam et al 1991). They were
also expensive. When, despite these problems, the drill could be made to work, it
performed well, allowing earlier sowing, higher yields, and lower costs. But the design
of the implement clearly needed further work. The Farm Machinery Institute, NARC,
Islamabad, took up this challenge and by 1993 a prototype low-cost drill had successfully been developed (Ahmad et al 1993, 1994). (At present, about 25 manufacturers
are manufacturing this drill locally.)
The stem borer issue
Zero-till wheat establishment was new to Pakistan. However, one component of zerotill technology—stubble retention—had been a subject of concern in that country for
several decades. In rice-wheat systems, zero-till wheat is sown directly into the stubble
remaining from the previous rice crop—stubble that may harbor larvae of pests such
as the yellow stem borer and other rice stem borers (Scirpophaga incertulas). The
concern was that the population of this pest might increase over time, surviving from
one rice season to the next on remnants of rice straw, and might even infest the wheat
crop (Pakistan Agricultural Research Council 1987).
Since the late 1950s, rice farmers had been advised by extension officials to
uproot and incorporate by the end of February all rice stubble, and to delay until late
May the planting of rice nurseries. This practice was aimed at ensuring that no stem
borer larvae would survive from one rice season to the next. Extension officials warned
of a worst-case scenario—that the widespread adoption of wheat zero-tillage might
result in pest buildup so rapid as to threaten the very existence of the basmati rice
crop. They launched a campaign against zero-tillage wheat, a campaign that persists
to this day.
In response, researchers initiated a focused program to better understand the
stem borer. The results of this research, published in 1989, found that wheat zerotill with rice stubble left on the soil surface only resulted in a buildup in stem borer
populations in a few “hot spots” in Punjab District (Inayatullah et al 1989). In these
hot spots, other pest management practices were recommended to reduce stem borer
populations. Interestingly, the stem borer hot spots were concentrated in unplowed
fallow fields or fields where berseem fodder had been sown into anchored rice residues. In wheat zero-till fields, stem borer populations thrived until late February but
declined to low levels by late April, the time during which larvae pupated to adult
moths. In fact, the act of fertilizing and irrigating the zero-till fields fostered residue
breakdown, exposure of the larvae, and predation.
A recent and more comprehensive study of stem borer in rice-wheat systems
throughout the Indo-Gangetic Plains concurs with these findings. Wheat zero-tillage
The Rice-Wheat Consortium and the Asian Development Bank: a history



accelerates the decomposition of rice straw and provides a better habitat for stem borer
predators, leading stem borer larvae to decline to low levels by late April, when the
moths hatch to infect new rice plants (Srivastava et al 2005).
A new beginning
By about 1990, progress on wheat zero-till in Pakistan came to a virtual standstill.
Reasons for this include the vigorous extension campaign against zero-tillage, the lack
of locally manufactured and adapted zero-till drills in numbers large enough to allow
farmer testing, and the decision by CIMMYT to move its South Asian office from
Pakistan to Nepal. The importance of this last factor should not be underestimated.
Hobbs and his colleagues had long served as champions for research on zero-till,
providing financial and moral support for their Pakistani colleagues and partners who
shared their deep interest in the potential of this technology. Although CIMMYT staff
support for research in Pakistan on zero-till did not cease, the intensity of interaction
dwindled and momentum was lost.
As the 1980s came to a close, it seemed that the story of wheat zero-till in ricewheat systems might be coming to an end. Observers at the time could be excused for
concluding that zero-till was just one more “seemingly promising” technology that, in
the end, never amounted to much. Some solitary research on zero-till sputtered along
in the Indian Punjab, while researchers and extension workers in Pakistan remained
locked in controversy.
Many agricultural scientists in South Asia were still not aware of the technology.
For example, in a meeting to set research priorities for a joint ICAR-CIMMYT-IRRI
research project in India, farm mechanization was indeed listed as important—with
reference, however, to mechanization for rice transplanting and for crop harvest and
threshing (Pandey 1989). Other scientists were aware of the zero-till technology—but
despaired at finding a suitable implement (Devnani and Srivastava 1989).
Mindful of the good performance of zero-till in the 1986-87 and 1987-88 wheat
seasons in Pakistan, however, Hobbs and colleagues were determined to make a fresh
start. In the second half of 1988, an additional four Aitcheson drills were shipped from
New Zealand to India. One of these was sent to the Department of Farm Machinery
and Power Engineering at the G.B. Pant University of Agriculture and Technology,
usually known simply as “Pantnagar University” after the eponymous neighboring
town. This was the machine that inspired the development of the now-famous “Pantnagar drill” (Malik 2005). Ultimately, the widespread manufacture and sales of locally
adapted and improved versions of this drill were the basis for the rapid expansion
of zero-till wheat establishment on millions of hectares in the Indo-Gangetic Plains.
For this to happen, however, a larger research program was needed, with more sites,
more collaborating institutions and scientists, and an expanded research agenda. This
larger research program was launched with support from ADB. At the same time,
zero-till and minimum-till wheat establishment practices using two-wheel tractors
were being developed in Bangladesh and Nepal. Implements used in these practices
were introduced from China in 2000 by two CIMMYT agronomists, P. Hobbs and C.
Meisner.
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1990-94
RETA 5414 and the first consortium
In July of 1990, IRRI submitted to ADB a proposal for a technical assistance grant
titled “Decentralized, Participatory Research for Less Favorable Rice Ecosystems
and Rice-Wheat Systems of Asia.” The proposal, ultimately approved as RETA 5414,
called for the establishment of three research consortia focusing, respectively, on
rainfed lowland rice, upland rice, and rice-wheat agroecosystems (IRRI 1990). The
justification for the research consortium on rice-wheat systems was that these two
crops are fundamental to food security in South Asia; that the future productivity of
these systems is threatened by resource degradation (salinization, groundwater contamination), pest buildup, and soil nutrient depletion; and that research consortia are
a suitable vehicle for effective collaborative research.
It was noted that IRRI, CIMMYT, and NARES had some years earlier formed
a small project to identify rice and wheat cultivars suitable for rice-wheat systems in
key environments, but that the program “had not addressed soil- or crop-management
issues” [sic]. Constraints to high productivity of rice-wheat systems, said to be common to all NARES concerned, were identified as follows:
“In December 1989, the NAR[E]S of Bangladesh, India, Nepal,
and Pakistan, in a joint meeting with IRRI and CIMMYT, identified as
dominant issues common to all countries the need for diagnostic surveys
and problem identification, the problem of land management and crop
establishment, the water management at system and farm level, and the
crop-specific foliage diseases—all of which require urgent attention.
The NAR[E]S have strongly endorsed the IRRI/CIMMYT initiative to
strengthen collaborative investigation of these issues” (IRRI 1990).
It was further noted that “Predominantly, research for rice has
been pursued independently of research for wheat, both in the IARCs
and in NAR[E]S. There is a need to undertake studies, within and among
NAR[E]S and IARCs, on the specific interactive features of the rice-wheat
systems having strong influence on system productivity” (IRRI 1990).
ing:

The proposed work plan for rice-wheat systems research covered the follow1.
2.
3.
4.
5.
6.
7.
8.

Diagnostic surveys
Development of tillage and postharvest equipment
Integrated rice-wheat land management and wheat establishment
Wetland management/rice establishment
Production/sustainability statistical analysis
Rice and wheat cultivar identification and testing
Water use (salinity, drainage)
Site-specific soil fertility trials
The Rice-Wheat Consortium and the Asian Development Bank: a history
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9. Insect, weed, nematode, and pathogen crop loss assessment and pest carryover
10. Monitoring tours, workshops, and conferences
11. Training courses
The first three items built on the legacy from Pakistan of rice-wheat diagnostic
surveys and research on tillage and crop establishment (TCE) dating from 1984, while
the fourth item extended TCE research to rice. The fifth item provided a renewed focus on sustainability and introduced sustainability indicators. Apart from workshops
and training, the remaining items aimed to expand the research agenda beyond TCE.
Ironically, it was later found that the most fruitful way of exploring these other topics—cultivars, water management, soil fertility, and pests and weeds—was in the
context of zero-tillage.
The work plan called for research to be conducted at eight sites, two in each
participating country, as follows: Bangladesh (Jessore, Thakurgaon); India (Bareilly,
Faizabad); Nepal (Bhairahawa, Parwanipur); and Pakistan (Larkhana, Shakot). This
set of research sites evolved over time.
RETA 5414 formally commenced on 13 November 1990 and terminated on 31
December 1993 (IRRI project database). An IRRI scientist, Terry Woodhead, was
named in 1990 as coordinator of the consortium focusing on rice-wheat systems. He
worked hard to implement the agreed-upon research program and report its achievements in collaboration with NARES and other IARC partners over the next three
years. Of the three-year project budget of $4.1 million, rice-wheat research activities
were allotted about $1.0 million, about 24% of the total.
Achievements of the first consortium
Achievements by the research consortium on rice-wheat systems set up by RETA 5414
were of three kinds: improved understanding of rice-wheat system issues, technical
innovations, and institutional innovations (IRRI 1994).
Improved understanding. Diagnostic surveys similar to those conducted earlier
in Pakistan were carried out at most selected sites and, based on these surveys, research
issues were defined and experimental plans established. One difference in these surveys
was that they focused on the rice-wheat rotation in the context of the whole farming
system, not on one particular commodity. Another difference is that they systematically
aimed to unravel the complex cause-and-effect relationships among productivity and
sustainability problems, their respective causes, and possible solutions.
Surveys were conducted in Kushtia District in Bangladesh (Ahmed et al 1993);
Faizabad District in eastern Uttar Pradesh (Hobbs et al 1992); Karnal and Kurukshetra
districts in Haryana (Harrington et al 1993a); the “Pantnagar” area in western Uttar
Pradesh (Hobbs et al 1991); Rupandehi District in the Nepal Terai (Fujisaka and Harrington 1989, Harrington et al 1993b); and Kavre District in the mid-hills of Nepal
(Harrington et al 1992, Ali et al 1993). The results of all such surveys were synthesized
and summarized in several papers, among them Fujisaka et al (1994) and Harrington
(2001).
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Farmers apply low
doses of inorganic
fertilizers (N and P)

Farmers use no
inorganic sources
of minor nutrients

Deficiencies of minor
nutrients are likely
to become more
severe over time
(longer term problem)

Nitrogen and phosphate
deficiencies reduce wheat
yields (near-term problem)

Increased cropping
intensity (more crops
per year depletes
nutrients)

Crop residues
and weeds removed for
fodder, not incorporated
into the soil

Intensified crop
management (HYVs
and irrigation) depletes
nutrients more quickly

Rooting zone
restricted to upper
soil layers, which are
beng “mined”

Farmers reducing
applications of FYM to
rice and wheat

Subsurface pan,
left over from puddled
rice cultivation

Decreasing
herd size

Declining pasture
area: seasonal scarcity
of fodder

Increasing use of
FYM for fuel

Fig. 1. Problem-cause relationships for late wheat sowing. FYM = farmyard manure, HYVs
= high-yielding varieties.

Striking similarities were found across surveys. Land types in a toposequence,
and related soil types, were found to have an important influence on the selection of
crop rotations and varieties. Interrelationships were identified among livestock management, manure availability, manure and crop residue use for fuel versus for soil fertility
maintenance, fertilizer-use practices, and trends in soil fertility. They confirmed the
widespread problem of late planting and identified in more detail the causes of this
problem (for example, Figure 1, reproduced from Harrington et al 1993b). Finally,
they provided support for the idea that zero-tillage might be able to simultaneously
address multiple system problems. All of this information went into planning the
The Rice-Wheat Consortium and the Asian Development Bank: a history
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research agenda for different sites. Farmer monitoring was also conducted several
times. In this, farmers were visited repeatedly (typically, twice a year) for a number of
years. Researchers obtained information on trends in crop and resource management
practices, water and soil parameters, and factor productivity (Hobbs et al 1996).
Diagnostic surveys and farmer monitoring were complemented by a series of
spatial studies. These were used to summarize district-level information on area and
yield trends for rice-wheat systems for Bangladesh, India, Nepal, and Pakistan (Huke
et al 1993a, Woodhead et al 1994, Huke et al 1993b, Woodhead et al 1993, respectively).
As noted in the final report to ADB on RETA 5414,
“Every Lead Center conducted a survey and quantified the yield constraints to the R-W cropping system, on which research issues were addressed and experimental plans established. These farmer-defined issues
became the cornerstone for instigating the work plan of the ADB-funded
research. Some centers conducted baseline surveys and monitored the
growers’ production practices, crop rotation, and yield trends. These activities helped to document production trends and substantiated evidences
[sic] of productivity decline . . .” (IRRI 1994).
Technical innovations. Based on diagnostic survey results, a program on technology development was organized for each participating site. During the three-year
life of the project, some sites were able to generate only one or two years of data, in
part because of the initial focus on surveys and in part because of the difficulty of
developing suitable avenues for the distribution of ADB funds to site teams (IRRI
1994).
The most rapid progress was made on research on wheat zero-till (or minimumtill) establishment after rice. This technology was studied at five of nine research
sites. A nonmechanized variation of no-till wheat establishment was also studied:
direct sowing of wheat seed on top of rice stubble, using cow-dung slurry as a bird
repellant. This practice was developed for areas in the eastern Indo-Gangetic Plains
(Bangladesh, eastern India, and Nepal) where soil moisture is adequate (and where,
because of excessive soil moisture, mechanized wheat sowing is not really feasible).
Water management was studied at two sites, with a focus on the conjunctive use of
brackish and fresh water in rice irrigation. Finally, direct sowing of rice was studied
at sites where rapid increases in rural wages were eroding the profitability of rice
systems based on hand transplanting.
In addition to this, existing information was compiled from long-term soil fertility trials, and new long-term trials were established. Preliminary results suggested
that rice is more susceptible than wheat to yield decline caused by lower soil fertility,
that phosphorus was the first nutrient (after nitrogen) to become deficient in long-term
rice-wheat rotations, that inorganic fertilizer on its own was not adequate to stop longterm yield declines, and that successful strategies for maintaining soil fertility and
yields included consistent application of farmyard manure or the occasional use of
14
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break crops (for example, berseem clover, sugarcane, jute, or green manures). These
preliminary results have undergone modification over time as new information has
become available (Abrol et al 1996, Ladha et al 2003). This will be discussed further
in a later section.
As noted earlier, one farmer-defined issue that was consistently found across
sites was late sowing of wheat after rice harvest, and one way to address this is by
reducing turnaround time by means of wheat zero-tillage. Other ways were also found
to address this. One of these was the introduction of early-maturing rice varieties:
“. . . IRRI initiated a . . . rice-breeding program to develop earlymaturing varieties that would allow optimum planting of wheat . . . .
For example, farmers’ evaluations in rice-wheat trials in Chuadanga
(Bangladesh) showed a strong appreciation for a new rice line (BR186720-2-4) that had yields equal to the currently recommended variety but
was harvestable 15 days earlier . . .” (IRRI 1994).
clear.

The extent to which this finding led to varietal change in farmers’ fields is un-

Institutional innovations. The principal institutional innovation emerging from
the project was the rice-wheat research consortium itself. The consortium provided
a mechanism for establishing a coherent research agenda based on farmer-defined
problems and issues, in which these problems and issues had a degree of commonality across sites and across countries. It fostered the use of new research approaches
and tools. It stimulated a change from disciplinary and commodity research toward
multidisciplinary research focusing on multifactor productivity and sustainability issues at the systems level. And, it encouraged the joint publication of research findings
across institutions and even countries, the international exchange of information and
technologies, and the professional development of NARES researchers:
“Each site represented not only a different location, and possibly
different institute, but also a different group of scientists from different
backgrounds and disciplines. Many have worked with either rice or wheat,
while some have worked with both rice and wheat. After analyzing their
specific location’s grower-assessed problems, specific research issues
were addressed to meet the defined outputs of the project. This research
planning, prioritization, and matrix building, while appearing simple
placed on one page, represents years of research effort and cooperation,
and stands as an example of a ‘farmer assessment’ view toward defining research priorities. The methodology is innovative in that it enables
disparate groups to come together at the systems level” (IRRI 1994).
The consortium formed by RETA 5414 was effective and valuable. It was,
however, also temporary. There was no provision for its continued support after the
termination of the ADB project. And, from the beginning, it had been made clear that
The Rice-Wheat Consortium and the Asian Development Bank: a history
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ADB support was not renewable. Understandably, consortium members began to
approach representatives from other development assistance agencies about ways to
continue rice-wheat research. As it happened, the search for continued support for the
consortium coincided with the launch by the CGIAR of “System-wide and Ecoregional
Programs.” Here was an opportunity not to be missed.
From consortium to Ecoregional Program
Every few years, the CGIAR system becomes introspective. It becomes dissatisfied
with its form of operation and launches a wave of institutional reform. One of these
waves peaked in the early 1990s and resulted in the establishment of System-wide
and Ecoregional Programs.
In January 1993, a full year before the termination of RETA 5414, the World
Bank convened in New Delhi a meeting of NARES leaders, and the directors general
of IRRI and CIMMYT, on the topic of “Production, Sustainability, and Ecoregional
Research on the Rice-Wheat Systems of South Asia.” That meeting “. . . recognized
the importance to food security of the rice-wheat systems in the Indo-Gangetic Plains
and resolved to foster collaborative research on the sustainability of these systems
through the establishment of a regional steering committee and facilitation unit” (RSC
1994). Thus, even a year and a half before its formal launch, the defining characteristics
of the RWC were in place: collaborative research on the sustainability of rice-wheat
systems would continue after the termination of RETA 5414, structured as an Ecoregional Program, and featuring a (NARES-led) steering committee and independent
facilitator.
During the course of 1993, other events demonstrated the growing interest of the
global community in rice-wheat systems. For example, in July of that year, FAO held
a “Regional Expert Consultation on the Sustainability of the Rice-Wheat Production
System in Different Agroecological Settings in Asia.” Trends in rice-wheat system
productivity in South Asia and other parts of the world were analyzed and discussed
(Singh and Paroda 1993). This was a high-profile, well-attended event. ADB was
represented and reference was made to the ongoing RETA 5414. That part of ADB
project research dealing with diagnostic surveys and tillage and crop establishment,
however, was largely ignored.
The consultation recommended that rice-wheat research be more closely tailored
to agroecological zones, that sustainability indicators be identified and monitored, that
suitable policy research be initiated, and that research be conducted to develop new
technologies, among them “development of hybrids, novel ideotypes, biotechnological
manipulations for durable resistance against biotic and abiotic stresses, characterization of physiological parameters for increasing selection efficiency, formulation of
simulation models, development of synergistic biological interactions, and sustained
management of resources—soil and water . . .” (Singh and Paroda 1993). In this list,
soon-to-be-successful technologies such as zero-tillage are conspicuous by their absence.
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The January 1993 meeting in New Delhi was followed by discussions held
during International Centers Week in Washington in the fall of 1993, and again in the
fall of 1994. These discussions, again chaired by the World Bank, were successful in
getting other donors to pledge support for the RWC in its new guise as an Ecoregional
Program. It was proposed, in fact, to establish a formal Donor Support Group (DSG).
Although such a DSG did meet once, it soon dwindled in activity. Increasingly, securing financial support for RWC facilitation activities became the responsibility of the
facilitator and the convening center.
By April of 1994, an “issues paper” setting out a proposed research agenda for
the RWC was circulated (RSC 1994). This “issues paper,” acknowledging its debt to
the ADB project, called for three kinds of research: (1) problem definition (GIS and
spatial characterization, site selection, diagnostic surveys, policy and institutional
context), (2) generation of solutions (research to develop key component technologies,
strategic research and simulation modeling on biophysical processes, options and approaches to sustainable agriculture; analysis of policy and institutional implications),
and (3) testing of solutions (participatory experimentation, farmer monitoring).
It proposed that RWC research be organized into six themes: productivity and
sustainability trends, appropriate and improved crop establishment methods, sustaining
long-term soil fertility, water management, ecological consequences and IPM, and
policy options to enhance sustainable resource management. These themes followed
very closely the work-plan themes used in RETA 5414.
The RWC
On 19-20 May 1994, a landmark meeting was held at the IDRC regional office in New
Delhi. This was the first meeting of the Regional Steering Committee of the “RiceWheat Consortium for the Indo-Gangetic Plains” (RWC 1994). In essence, this is the
event at which the RWC was formally established. Convened by the World Bank,
the meeting was attended by about 30 individuals, including the leaders of national
agricultural research systems from Bangladesh, India, Pakistan, and Nepal, members
of their senior staff, the directors general of CIMMYT, ICRISAT, and IRRI and their
deputies, regionally based IARC staff working on rice-wheat issues, and representatives of FAO, IFAD, UNDP, the World Bank, and several other development assistance
agencies. The meeting record indicates that ADB did not attend.
During the course of the meeting, the following institutional structures were
established:
l A Regional Steering Committee (RSC) with responsibility for overall guidance of the program, including approval of research agendas and budgets and
monitoring of program effectiveness and progress. This RSC was composed
of the four directors general of the national programs, one person to represent
all participating IARCs, a representative of the Donor Support Group, and
the regional facilitator (ex officio).
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A Regional Technical Coordinating Committee (RTCC) with responsibility
“for technical aspects of the research” composed of national conveners, one
scientist per participating center, the facilitator, and other resource persons
by invitation.
l A regional facilitator in charge of a small Facilitation Unit, responsible to
the RSC for “following-up and facilitating the various activities under the
initiative.”
l National conveners, with membership on the RTCC, and responsible for
providing leadership with regard to rice-wheat systems research in national
programs.
l A Donor Support Group.
Although a DSG was formed, it was stated in the meeting record that national
research programs were expected to provide the bulk of the financial and human
resources needed to carry out Consortium research.
ICRISAT was invited to undertake the responsibility of administering the FU
on behalf of the RSC, beginning with the naming of a temporary “interim facilitator”
(Don Faris) and the recruitment of the permanent facilitator (Inder Abrol). Although
ICRISAT, because of its focus and mandate, has only a minor interest in research on
rice and wheat and virtually no interest in irrigated agriculture, “this decision conforms
with ICRISAT’s location in the region and responsibility under the CGIAR system for
convening ecoregional initiatives in this region, including one on rice-wheat–based
systems.” With the institutional structure in place, the RSC then discussed and approved an initial research agenda, in effect, the “issues paper” described above:
l

“Dr. Chopra (the DG of ICAR and RSC chairman at this time)
introduced the discussion . . . with a presentation on a possible research
agenda by . . . [the] chairman of the technical committee for the first-phase
rice-wheat initiative which had met in Islamabad in April 1994. That group
had summarized the results from an IRRI and CIMMYT-sponsored [sic]
regional program on rice-wheat systems, conducted over the past three
years, with support from the Asian Development Bank” (RWC 1994).
Substantive discussion focused on scope (retain close focus on rice-wheat),
research modalities (strengthen work on social, ecological, and policy issues), and
time-frame (initial program designed for four years).
From the beginning, the RWC was portrayed as an exciting institutional innovation. In later years, it would come to be praised as being among the best of the
CGIAR Ecoregional Programs, and one of the few that was truly NARES-led, for
which it was awarded the “CGIAR Chairman’s Award for Excellence in Scientific
Partnerships’” in 2000. It was also awarded the King Baudouin Prize in 2004 for its
success and impacts.
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The truth is that the establishment of the RWC simply reaffirmed, formalized,
and provided continuity for an existing institutional structure and research agenda
first conceived within the context of RETA 5414. Initially, however, ADB was not a
source of financial support for the RWC Ecoregional Program.
The Pantnagar drill and the private sector
While ADB project teams were testing alternative crop establishment methods (including surface seeding and zero-till using two-wheel tractors in the eastern Indo-Gangetic
Plains), while scientists were conducting research on soil fertility and water management, and while research managers and donors were setting up new ecoregional
research structures, critically important progress was quietly being made elsewhere.
In principle, wheat zero-tillage showed considerable promise to simultaneously
tackle a number of rice-wheat system sustainability and productivity problems. In
practice, however, farmer testing of zero-till—not to mention widespread adoption—depended on the availability of sowing implements adapted to local conditions.
As described earlier, mindful of the good performance of zero-till in the 1986-87 and
1987-88 wheat seasons in Pakistan, Hobbs and colleagues arranged in the second
half of 1988 for an additional four Aitcheson drills to be shipped from New Zealand
to India. One of these was sent to scientists in the Department of Farm Machinery
and Power Engineering at the G.B. Pant University of Agriculture and Technology,
or “Pantnagar University.”
Although ordered in late 1988, the Aitcheson drill was not delivered to Pantnagar
University in time for use in the 1989-90 wheat season. On-farm testing of zero-tillage
with the Aitcheson drill began in the 1990-91 season, as part of ADB-funded research
at that site. This research was led by two Pantnagar scientists, Y. Singh and Bachan
Singh. Zero-till wheat performed well in this season, with good crop establishment,
and with higher yields and lower variable costs than with conventional till (Singh and
Singh 2004). Despite this promising beginning, progress in fostering farmer testing
was slow. A major factor was that there was only the one drill available for testing, and
even that one was not entirely adapted to sowing wheat into standing rice stubble.
In the following season, Bachan Singh took a simple step that was to have enormous consequences. He took the “inverted-T” cross-slot openers for seed placement
from the Aitcheson drill and fastened them onto a drill frame of his own design. This
was the original Pantnagar drill Mark I (Thakur 2005, Mehla et al 2000, Parwez et al
2004).
As it happened, there was a dealership near Pantnagar of National Agro Industries, a Ludhiana-based company concentrating on the manufacture and sale of farm
implements. This dealer became aware of the Pantnagar drill and in 1992 took the
initiative to introduce Bachan Singh to one of the owners of National Agro Industries,
Manmohan Singh. The first step was for National Agro Industries to learn to forge
its own inverted-T openers. This done, these openers were placed on the frame of the
conventional-till “rabi drill” already being sold in the Pantnagar area. This was the
Pantnagar drill Mark II. Over the next months, Manmohan Singh made nearly two
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dozen visits to Pantnagar to test with Bachan Singh a cumulative series of improvements in the drill (Thakur 2005, see also Annex A).
Soon, National Agro Industries was joined by other companies in the development of the Pantnagar drill. ASS Foundries, based in Amritsar, contributed several
important design changes, including chisel-type openers and seed-metering and fertilizer systems for indigenously designed iron frames. Another company, Dasmesh
Agro-industries, in Patiala District, introduced improvements that allowed better
sowing in the presence of abundant loose residues. These “Happy seeder” and “Turbo
seeder” designs are discussed further in a later section.
Thus, when opportunities emerged for large-scale farmer testing of wheat zerotillage, an adapted implement was ready for use and poised for large-scale manufacture. ADB project RETA 5414 played a key role in providing resources for the initial
field testing of the imported drill, and in fostering and inspiring innovations in local
design.

1995-99
Launching the RWC—governance and membership
Immediately after the formal launch of the RWC at the May 1994 RSC, steps were
taken to implement the decisions made on governance and membership.
The FU was established and began its mandated catalytic and coordination
activities. Don Faris served as interim facilitator from May 1994 until January 1995.
He was replaced by Inder Abrol, the first permanent facilitator, who served until
December 1998. Raj Gupta was selected as the next facilitator but was unable to take
up his duties before January 2000, for which reason Peter Hobbs acted as interim
facilitator during most of 1999, and as co-facilitator until he left the region in 2002.
Craig Meisner, based in Bangladesh, was appointed co-facilitator after the departure
of Hobbs. The FU was housed in the ICRISAT office in Delhi through 1998, moving
to the CIMMYT office in 1999.
A second RSC meeting was held in January 1995 in Colombo, Sri Lanka, and
annually thereafter. The RSC continued to be composed of the directors generals
of the four participating NARES; a representative of the participating IARCs (soon
expanded to two representatives, and fixed as the directors general of CIMMYT and
IRRI); a representative of the Donor Support Group (typically from the World Bank);
and the facilitator in an ex officio capacity. An RSC structure was maintained such
that NARES representatives always had the majority of votes.
The RTCC formally met for the first time in November 1994 in Kathmandu.
In attendance were representatives from Bangladesh, India, Nepal, CIMMYT, IRRI,
ICRISAT, Cornell University—and an observer for China. In this RTCC meeting and
the following one (held in Nanjing, China, in November 1995), Consortium scientists
were able to report on progress and develop further plans for coordinated research.
The Nanjing RTCC meeting was important in another way: it allowed Consortium
members to see how Chinese farmers managed rice-wheat systems, and what Chinese
scientists were doing to address priority RWC research topics. Of special interest
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was the Chinese experience in zero-tillage and alternative methods of rice and wheat
establishment, organic amendments, and the use of Chinese (two-wheel) hand tractors
(CHT).
As time passed, the membership of the RWC expanded. China applied for membership in 1995 and was offered an Associate Membership in January 1996. Other
IARCs joined the Consortium, including IWMI (1995), CIP (1997), and AVRDC
(1998). Several advanced institutions were also allowed to join, including Cornell
University (1996), IAC Wageningen (1998), University of Adelaide (1998), and
Rothamsted (1999).
By 1998, it had become necessary to establish two levels of membership, those
with RSC voting rights and those without. The former began to hold separate executive sessions for formal approval of work plans and budgets. All members remained
welcome to participate in other RSC and RTCC field and conference events. As the
years passed, RSC and RTCC meetings continued to be held on a regular basis, the
FU continued to function, the DGs of NARES and IARCs continued to attend RSC
meetings, and research and information sharing proceeded apace.
RWC members increasingly perceived that the FU was performing invaluable
functions—providing scientific leadership, championing promising innovations,
getting key people together in “traveling seminars,” mentoring NARES scientists in
their research, organizing information for widespread sharing, and interfacing with
the outside world. The FU held a series of workshops on rice-wheat system issues
that further refined the RWC research agenda on the four principal topics of tillage,
nutrients, water, and IPM. It also held workshops on project development, launched a
publications series, developed a Web page, and conducted training workshops. Some
referred to it as the “glue” holding together all RWC activities—but it was far more
than this.
Launching the RWC—finance
As a new Ecoregional Program, and therefore in the vanguard of CGIAR institutional
reform, the RWC initially received substantial attention from donors and development
assistance agencies. Early startup funding was provided from the Technical Advisory
Committee (TAC) of the CGIAR, from IFAD, and from Sweden. Later on, funding
earmarked for use by the FU was provided by Switzerland and the Netherlands. Three
things quickly became apparent, however:
l Funding for RWC activities was a complex mosaic. Some funds were earmarked for FU support. Others were approved for rice-wheat research with
the proviso that they not be used for FU support. Funds sometimes originated
in special projects, in which case FU support depended on the willingness of
recipients to voluntarily devote resources for this purpose. Varying amounts
of IARC unrestricted funds and NARES internal funds were also expended
on behalf of the RWC. However, in most cases, these were not well documented.
l The RWC funding mosaic was not just complex—it was also dynamic and
unstable. Grants might be one-off, with the possibility of carryover, or they
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Table 1. RWC Facilitation Unit income and expenses (in US$000), 1994-98.
Expenditure
Donor

Year

Funds
available

1995

61

246

1996

1997

1998

Total

Sweden

1994

IFAD

1995

4

4

4

1995

85

85

85

1996

81

1997

52

Total, IFAD

222

Switzerland

1996

Netherlands

Total
Additional expenses
Total

81
0

89

81

1996

150

150

1997

131

52

52
0

222
97
150

131

55

131
55

55

55

336

0

0

150

131
95

168

263

263

0

0

0

95

168

263

1,225

61

335

328

278

223

1,225

336
1997

81
52

97

1998

Total, World Bank

307

97

Total, Netherlands
World Bank

302

1994

263

4
227

might be for a specific term of years. Because of the shifting funding base,
it was often difficult to maintain continuity of research on important topics.
Most donor funds were channeled through one or another of the IARCs,
usually the convening center.
l Finding resources to support the FU was far more difficult than finding
resources for rice-wheat field research. As funds from the original one-off
“set-up” grants were depleted, it became increasingly hard to replace them.
The situation reached a crisis in 1997-98, when the FU came close to financial
collapse. It managed to survive with contributions for the FU provided by
the Netherlands and emergency grants from the CGIAR Finance Committee
(mislabeled below as “World Bank”).
Table 1 shows income and expenses for the RWC FU from 1994 to 1998, as
summarized by ICRISAT, during that time the convening center with fiduciary responsibility.
Financial resources available for research on the RWC research agenda far exceeded those available for use by the FU. Project funding was provided to individual
centers for rice-wheat research, and grant and loan funds were obtained by some
NARES. For example, from 1991 to 1996, USAID supported rice-wheat research
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in Nepal through a bilateral funding program to CIMMYT. DFID “holdback” funds
were obtained by IRRI and CIMMYT for use in research on tillage and nutrient
management, respectively. ICRISAT secured funding from ADB itself (RETA 5711),
in part to support research on legumes in rice-wheat systems. National programs also
committed funds for support of staff and field expenditures in their own countries.
Research moves forward
A principal outcome of the 1994 and 1995 RTCC meetings was a research agenda
featuring four topics. For each topic, a funding proposal and work plan were developed
(RTCC 1994). In essence, these topics are identical to the ones approved earlier by
the RSC, except that “sustainability indicators” and “policy” were subsumed within
the other topics. They are
l Nutrient management (nutrient dynamics and simulation modeling, organic
matter recycling and enrichment, micronutrients, and soil testing and analysis).
l Water management (water productivity at different scales, salinity and sodicity, drainage, and related policy).
l Integrated pest management (characterization, diagnostic monitoring, research
on pest carryover, and related policies).
l Tillage and crop establishment, including zero-tillage (described as an “ongoing activity” as opposed to the first three topics, which were described as
“new research thrusts”).
Steady progress was made on these topics in the following years, as follows:
Tillage and crop establishment. Various forms of zero-tillage crop establishment advanced during this phase. The visit to Nanjing in November of 1995 inspired
research on surface seeding in Nepal, eastern India, and Bangladesh. Testing of the
Chinese two-wheel hand tractor (CHT) with attachments for minimum-till wheat
establishment began in Nepal and Bangladesh, whereas parachute planting of rice
seedlings was introduced into Pakistan.
Surface seeding was the simplest of these zero-till systems. It required no equipment, only the ability of the farmer to broadcast presoaked wheat seed into a standing
rice crop at the correct soil moisture and timing. It was found to be most suitable for
resource-poor farmers in the eastern Gangetic Plains where soils are heavier in texture
and drain slowly (Tripathi et al 2006).
Through commercial channels, the CHT had become very popular in Bangladesh. It was widely used for land preparation, for powering threshers and fans, and
for transportation (Meisner et al 1998). The RWC innovation was to bring in Chinese
implements for no-till or minimum-till wheat establishment powered by the CHT. In
1995, CIMMYT used DFID funds to import several CHTs with seed drills into Nepal
and demonstrated their multiple uses. Development began on strip-tillage systems
using the CHT, in which a narrow strip of soil was prepared for seed planting rather
than the entire swath of soil. This was accomplished simply by removing two-thirds
of the rotovator blades. This meant less wear on the tractor and also the operator.
Results were encouraging.
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Research and development programs on CHT-based RCTs for Bangladesh and
Nepal that were originally funded by ADB continue to operate. In recent years, this
work has expanded into bed-planters that sow rice, wheat, pulses, or maize on preformed or permanent beds.
Meanwhile, farmer testing of the Pantnagar drill had begun in India. How the
introduction of this drill was hastened by a crisis of herbicide-tolerant weeds is described in more detail below.
Nutrient management. A number of long-term soil fertility experiments (LTSFE)
had been established in different parts of South Asia, beginning in the early 1970s
(Ladha et al 2003). The purpose of these experiments (many of them conducted on
rice-wheat systems) was to evaluate the long-term effect on crop productivity of different combinations of fertilizer. In October 1996, the FU convened a workshop to
review results from these trials. This workshop brought together scientists conducting
LTSFEs in different parts of the region to take stock of these experiments, standardize
data collection and interpretation, and publish findings. It was hoped that this would
help provide insights into the reasons for yield declines in rice and wheat observed
in some parts of the Indo-Gangetic Plains. Eighteen LTSFEs on rice-wheat were
presented.
It was found that rice yields generally declined over time, whereas wheat yields
were more stable. Without fertilization, both crops showed declining yield trends,
sometimes going to zero. The pace of rice yield decline varied across experiments
but the data suggested that constraints other than macronutrients were at work. Micronutrient deficiencies and buildup of pest and pathogen pressures were suggested
as possible additional constraints. Soil organic matter declined when only chemical
fertilizers were used. More work was suggested on the addition of organic amendments.
A minimum data set was recommended for these experiments to allow interpretation
of pest and disease pressures and interactions with nutrient management. Summary
results from the workshop were published as a RWC research report (Abrol et al 1996).
More complete and exhaustive reports emerged some years later (Abrol et al 2000,
Ladha et al 2003, Padre and Ladha 2006).
At this time, research also began on the use of leaf color charts to determine
optimal timing of nitrogen application. Nitrogen-use efficiency had been found in
LTSFEs to be very low for both rice and wheat (21% and 26%, respectively). Longterm monitoring of farmers’ fields began in the Nepal Terai and hill sites to assess yield
trends and input use over time. Monitoring suggested that total factor productivity
was declining over time (Hobbs and Morris 1996, Adhikari et al 1999).
Water management. During this period, there was relatively little progress
in research on water management issues affecting rice-wheat systems. This is not
to suggest that there were no such issues. Farmers in parts of Haryana and Punjab
provinces of India complained about falling water tables, and the need to deepen
their wells and spend more money lifting water for irrigation. In other areas, farmers
complained about rising water tables that were bringing brackish groundwater to the
surface. These and other water-related problems were identified as important in many
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RTCC meetings. However, it was not possible during this period to secure funding to
support the necessary research.
Research on water management increasingly became intertwined with research
on zero-tillage. Monitoring of zero-tillage in farmers’ fields in Haryana, and observations by scientists and farmers, indicated that this practice typically reduced irrigation
water use in wheat after rice by about 15%. This reduction usually occurred during the
first irrigation. The reason was simple: water moves more quickly across an untilled
field than a tilled field. Water was saved and waterlogging and yellowing of plants
declined. On some soil types and in some instances, the use of zero-tillage enabled
farmers to plant wheat with no preplanting irrigation whatsoever. (Preirrigation is
often needed for successful establishment using conventional tillage.)
An important question remained: To what extent does reduced irrigation water
use at the field scale translate into water savings at a higher scale such as the command area or the river basin? This question was raised during the 1990s but was not
addressed until around 2002, when funding from ADB RETA 5945 allowed IWMI to
start looking into it.
IPM. Many issues of system ecology and integrated pest management were
identified for rice-wheat systems. Active research, however, focused on three issues
associated with changes in tillage.
Stem borer: Wheat zero-tillage remained controversial in the Pakistan Punjab,
where provincial extension staff vigorously contested its use. Their argument was based
on overwintering survival of the rice stem borer, which they suggested would damage
the next rice crop unless controlled by plowing the residual rice residue. Interestingly,
this was not identified as a problem in India. Earlier research in Pakistan (described
above) provided data showing this was not a cause for concern, but extension staff
would not relent (Inayatullah et al 1989). The FU examined this issue in many RTCC
meetings and provided funds for entomologists in all four national programs to review
data and literature and publish an extensive study of this problem (Srivastava et al
2005). The conclusion from this publication was that stem borer was not a big issue
in zero-tilled wheat and that rice residues left a good habitat for beneficial insects
that controlled the stem borer. Growing wheat in these residues with irrigation and
fertilizer also resulted in a breakdown of residues and death of the hibernating larvae
before they hatch in late April.
Nematodes: Another biotic issue that received attention during this time was
the question of nematodes. The FU organized a training workshop in India in September 1997 to train national scientists in methods for conducting research on this
pest (Sharma et al 1998). Scientists were trained in appropriate techniques and various recommendations were made for future activities, including the formation of a
nematode working group.
Weeds: The most important weed issue during the 1990s was the problem of
herbicide-resistant Phalaris minor. This weed was a nuisance in northwest India
(Punjab, Haryana, and Uttar Pradesh) but also in Pakistan’s Punjab. Integrated weed
management was recommended for its control. This consisted of using rotations (the
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best was the fodder crop berseem, but also sugarcane), hand weeding, clean seed,
stale seedbeds (allow weeds to germinate and then be plowed under), cultivation, and
careful use of herbicides. Cornell worked closely with Dr. Malik to train farmers in
the proper use of herbicides for effective Phalaris minor control (Miller and Bellinder
2000). It soon became clear that zero-tillage helped reduce germination of this weed,
since its seeds were not brought to the surface by tillage and, when combined with
new herbicides, properly applied, the weed problem abated within 3–4 years (Malik et
al 2002). The story of how herbicide resistance resulted in “emergency” introduction
of zero-tillage is told in more detail in a subsequent section.
Other research topics
l Social sciences. This subject was recommended for study during the early
stages of the RWC during the first phase of ADB funding (RETA 5414). It
was also a topic discussed at RTCC meetings in the 1990s. In July 1998, a
workshop for RW scientists was organized by the FU in Kathmandu. One
recommendation was for more attention to farm-level social science issues
and that social science activities be integrated into the selected site research
agenda.
l Data management. The use of databases, GIS, and modern tools designed
to handle information was discussed in RTCC meetings in this period. A
GIS workshop was held in Bangkok at AIT in February-March, 1995, for
Consortium scientists working with GIS in their host countries. ICRISAT
was also active in the use of GIS to look at the distribution of rice-wheat in
the Indo-Gangetic Plains (Narang and Virmani 2001) and Nepal (Pandey et
al 2001). IARI, Delhi, was also charged with modeling the rice-wheat system
and determining potential yields in the region (Aggarwal et al 2000). A workshop was held in ICRISAT in August 1998 to begin work on the development
of a “Project Information and Management System” (PIMS) with the help of
IAC-Wageningen. Some NARES scientists also attended a training program
in Wageningen in 1999. This was the start of what eventually became PRISM,
a database search tool used to find information on the rice-wheat systems of
South Asia. Bangladesh developed its own Bangladesh Country Almanac,
a rich spatial biological/edaphic/social database with its own map-viewing
software.
l Diversification and legumes. ICRISAT was awarded an ADB grant in 1996
(RETA 5711 for US$0.6 million) to research rice-wheat legume systems.
Some of the sites selected for this work were RW system areas in Bangladesh,
India, and Nepal. Essentially, this research opened up the option of diversifying RW systems by including legumes. Emphasis was put on substituting
chickpea for wheat in Nepal and Bangladesh and substituting short-duration
pigeonpea varieties for rice in northwest India rice-wheat areas (Dahiya et
al 2002).
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Littleseed canary grass and zero-tillage
In the Indo-Gangetic Plains, continuous rice-wheat rotations tend to favor the emergence during the wheat season of a weed called littleseed canary grass (Phalaris
minor). For many years, this weed caused little damage—farmers had learned to
control it with isoproturon herbicides. And therein lay the problem. With millions of
farmers relying on isoproturon for Phalaris control over millions of hectares, and over
many years, it might be expected that the normal course of evolution would result in
Phalaris strains that were resistant to this herbicide.
During the 1992-93 wheat season, R.K. Malik, a scientist working at C.S.S.
Haryana Agricultural University (HAU), first identified and reported finding such
strains (Malik and Singh 1995). The scientific community was at first reluctant to
accept the existence of isoproturon-resistant Phalaris, but the nascent debate was
swiftly overtaken by events. Phalaris populations in affected fields became so large
that the wheat crop was squeezed out. Some farmers were even compelled to harvest
their immature wheat crops for livestock fodder (Malik 2005).
In the absence of new herbicides to replace isoproturon, farmers were advised to
use a combination of traditional weed control techniques, for example, stale beds, crop
rotations, dry sowing, more weed-competitive wheat varieties, more timely sowing,
use of clean seed, optimum seed rates, etc. (Singh C.C. 1995). Undoubtedly, these
provided some small amount of relief. Four new herbicides for Phalaris control were
finally released in 1997. These were clodinafop (Topik, 15% W.P.), fenoxaprop (PumaSuper, 10%, E.C.), sulfosulfuron (Leader, 75%, W.P.), and tralkoxydim (Grasp, 10%,
E.C.). The cost of these new herbicides, however, was a cause of great concern.
By the 1995-96 season, the weed problem had become a crisis. Farmers cultivating wheat were losing heavily as crop yields in affected fields collapsed. The area in
Haryana covered by herbicide-resistant Phalaris continued to expand and the weed
began to move into neighboring states. Farmers grew desperate for a solution (Malik
2005, Yadav et al 2000).
Some scientists began to feel that “desperate times call for desperate measures,”
with zero-tillage being one of the “desperate measures” under consideration. In April
1996, Hobbs, Malik, and two Monsanto representatives, Schumacher and Shukla,
met to discuss how zero-till might be used to help combat the weed crisis (Yadav et
al 2000). Initially, they hypothesized that farmers might wish to adopt zero-tillage to
reduce production costs and thereby free up cash that then could be used to purchase
the expensive new herbicides. Later, it was found that fewer weeds germinated in
zero-till plots and that a combination of zero-tillage and the new herbicides virtually
eliminated the Phalaris problem. (Even later, some farmers found that after 4–5 years
of zero-till, they could stop using herbicides in their wheat fields altogether.) At the
time, however, no one, not even Hobbs and Malik, was completely confident that
zero-till could be successfully introduced, even as an element in an integrated weed
control strategy.
The discoverer of herbicide-resistant Phalaris, R.K. Malik, came to be a central
figure in the use of zero-tillage to overcome this problem. He was uniquely well placed
to do so, for three reasons:
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His professional training was in weed science.
He had, in 1994, attended a course in Mexico on zero-tillage and conservation
agriculture, a program organized and taught by CIMMYT’s Dr. Ken Sayre.
l He served as an advisor to the vice-chancellor of HAU, and was therefore
influential in university decision-making councils.
Later in his career, he also became director of extension and was able to promote
further linkages with farmers, leading to accelerated adoption.
In order to begin a program of farmer testing of zero-tillage, and to understand
the effect of zero-tillage and the new herbicides on Phalaris populations, Malik needed
zero-till drills. As described in a previous section, the Pantnagar drill as refined and
adapted by National Agro Industries and ASS Foundries had just recently become
available from these companies. Later, Malik also received drills from a University of
Adelaide project, managed by Gurjeet Gill, focusing on wheat weed issues in Haryana
and Punjab states in India (Vincent and Quirke 2002).
In arranging a program of farmer experimentation with no-till implements, the
HAU team found that farmers placed a high value on the tillage process and wished
to have nothing to do with something as bizarre as zero-tillage. Malik describes his
understanding of the farmers’ reasoning as follows:
l
l

“Most farmers in India and S. Asia have a huge emotional feeling about
tillage that is reflected in key phrases like “Raz Ke Vah Te Dab Ke Khha”
(The more you till the land, the more food you have to eat), “Byahi Dhokha
De Sakti Hai Par Bahi Dhokha Nahi De Sakti” (Your wife can deceive you
but cultivation will not deceive you)” (Malik 2005, page 4).
One of the first trials was established by one of Malik’s co-workers, Samar
Singh, in Baragoan Village. The story behind this first trial illustrates the difficulties and frustrations faced by Malik’s team (Singh 1995). In Baragoan, Singh had
identified a field heavily infested with Phalaris. A quick survey indicated Phalaris
populations surpassing 3,000 plants per square meter. Singh located the owner of the
field, a 70-year-old farmer named Tikka Ram. The field in question had been leased
by Ram for two years but Phalaris populations in the previous year had been so high
that the grain yield was less than the seed used for sowing, despite investing in a full
package of inputs. To avoid a similar heavy loss during this coming season, Ram had
decided not to plant any crop at all.
At this point, Singh made a proposal. He offered to plant the field in question at
no expense to Ram. He even offered to use one of the new herbicides effective against
Phalaris as part of the deal. A condition was placed, however—that the field must be
sown with zero-tillage. Ram readily accepted the proposal. Apparently, however, he
did not fully understand what was meant by the term “zero-tillage.” When Singh and
his team arrived two days later and began to sow a wheat crop without first having
plowed and harrowed the land, Ram became distressed and refused any further collaboration. At this point, Singh approached Ram’s son and with great effort convinced
him to allow a test of zero-tillage sowing on another part of the farm. At this point,
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Ram lost his temper and began hurling abuse at his son, stating that, in his entire life,
“he had never seen such foolishness by educated people.” In the end, however, the
combination of the new herbicides and zero-tillage worked well. Crop emergence was
good, Phalaris populations fell dramatically, and yields were excellent. In a later visit
by Singh, Ram thanked him, saying that he had saved him from falling badly into debt
(Singh 1995).
Another set of trials was planted in the village of Nangla/Laloda in Fatehabad,
Haryana, on the farm of Sh. Mahender Singh. The crop emerged very well, whereby
researchers laid out ten more zero-till plots of 0.4 ha each in the villages of Rampura
(Jind) and Budhakhera/Gir (Karnal). Zero-till plots were also established on the CCS
HAU experimental farm in Hisar, and at the CCS HAU Regional Research Station
in Uchani, Karnal. All plots were visited by a team of scientists and farmers during a
traveling seminar.
This small, initial program of farmer experimentation with zero-tillage in 199799 was the very first stage of what turned out to be a “tillage revolution” on millions
of hectares.
The role of the RWC
At this point, several questions emerge. How did all of this get going? Who provided
the financial support? And, what was the role of the RWC?
As it happens, in 1997, Hobbs purchased four zero-till drills from National
Agro-Industries in Ludhiana and loaned them to Malik for use in farmer trials. Funds
for this came from DFID holdback project R6406, managed by CIMMYT between
1996 and 1998. If Malik had purchased the drills through official university channels,
the implements would not have arrived in time for the 1997-98 wheat season. Critically, Malik decided to leave these drills in farmers’ fields, transferring them from one
village to another each year, that is, after sowing, they were not returned and stored
at the university. This decision—which enabled many farmers to become thoroughly
acquainted with the drills’ performance—was possible only because the implements
were not officially HAU property. This promotion of farmer experimentation plus
the involvement of local manufacturers to fine-tune the equipment while in use in the
fields led to accelerated farmer adoption.
Hobbs provided further financial assistance (for the purchase of fuel, inputs,
and equipment) in 1998 and continued to do so in 1999, using new funds from a
second DFID holdback project (R7259), “Harnessing tillage by nutrient management
interactions using participatory approaches to improve rice-wheat system productivity
and sustainability.” Further financial support for Malik’s work came from an ACIAR
project working directly with HAU and not linked to the RWC (Vincent and Quirke
2002). This project focused on the new herbicides, however, rather than zero-tillage.
Only later was it realized how well the two practices worked together.
None of the funds for these activities came through the FU of the RWC. In
fact, as described earlier, the FU was at that time in danger of financial collapse. The
argument could be made that the work of HAU and CIMMYT to foster no-till was an
RWC activity. After all, both institutions were RWC members, and the link between
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no-till and Phalaris control was actively discussed in RTCC meetings. At this difficult
time, however, the FU itself was able to provide little more than moral support. (After
2000, the FU provided strong leadership and assisted in securing funding for research
on RCTs, but this was not the case during 1997-99.)
By the 1999-2000 wheat season, zero-till wheat had exceeded 10,000 hectares
in Pakistan and India and set the scene for the rapid adoption of this technology in the
new century. A system of custom hiring for zero-till drills that mimicked the custom
hiring of tractors for plowing developed and meant that resource-poor farmers who
did not own tractors could also adopt this technology. Work also started on monitoring
the long-term consequences of zero-tillage wheat for various soil and biotic factors.
Farmers were selected by R.K. Malik in various parts of the district in 1999 for this
monitoring. An area of 0.4 ha was used for conventional planting and 0.4 ha of zerotillage at five different sites. Scientists then collected data on soils, water use, weeds,
herbicide use, yields, diseases, plant stands, costs, and much more. This allowed HAU
scientists to compare zero-tillage with farmer practices in their own fields, with farmers planting both plots (Malik et al 2002).
External review
Having begun a set of System-wide and Ecoregional Programs in the early 1990s,
the CGIAR began to wonder what had become of them. To find out, the Technical
Advisory Committee of the CGIAR organized, in the late 1990s, external reviews for
all such programs, including the RWC.
The RWC external review was held in April 1999. Discussions covering the main
activities of the RWC were held with representatives of the participating countries
and institutions, including the chairman of the RSC (Dr. R.S. Paroda at the time),
and scientists from the NARES of Bangladesh, India, and Nepal and from five CG
centers. The Department of Agriculture, Government of Haryana, arranged a visit to
farmers’ fields and a meeting with a group of farmers. The report of the Panel was
positive and noted that Consortium partners had been sensitized to the need and utility of closer interaction and partnerships. The Panel recommended that the TAC and
CGIAR should ensure sustained funding to the Consortium, to extend its reach and
programs (Henzell et al 1999).
This review made the following observations about the RWC:
“It needs to be made very clear that the RWC is truly a consortium (a
special kind of research network). It is not a research program in its own
right in the sense that the word ‘program’ is generally used in the CGIAR.
Apart from any studies the facilitation unit might carry out on ecoregional
methodologies, the RWC is not structured to conduct research in its own
name. The research programs and projects directed at the problems of
rice-wheat production systems, and carried out under the aegis of the
RWC, all reside with one or more of the participating research organizations. The fact that the RWC has sometimes been described by the CGIAR
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as an ecoregional program, e.g., in TAC’s 1994 Review of Proposals for
System-wide and Ecoregional Initiatives, has added to the confusion.”
With regard to the FU, the review noted and praised the following functions:
Development of priorities and strategies for research on rice-wheat production systems
l Provision of a forum where scientists in the region can meet to discuss common problems, and to exchange ideas and equipment (also effected through
a newsletter and a Web site)
l Coordination of activities through national coordinating committees and
site teams, including the submission of joint funding proposals on behalf of
stakeholders
l Organization of technical conferences and training seminars
l Publication of conference proceedings and training materials
l Organization of traveling seminars to see farmers’ problems and field experiments first-hand
l Promotion of the use of new methodologies
They continued:
l

“A good example of the last point is the promotion of farmer participation in the research process. Traditionally, research and extension
is a top-down process. The results of research are provided to extension
workers and the recommendations are then demonstrated to farmers;
farmer participation is minimal. The Consortium . . . encouraged farmer
participation in diagnostic work to set the research agenda, and in experimenting with new technology. The success of the new tillage options
is an example of how this methodology has allowed faster adoption of a
new technology.”
The review concluded with the following remarks:
“The Panel was very impressed by the achievements of the RWC, which
have been assisted recently by the ecoregional approach, and even more
impressed by the potential for future benefits. A number of actions can be
suggested to increase the chances of that potential being realized:
1. The way the Consortium works (especially what it is that the
facilitation unit actually does), the value of its activities in
promoting participatory practices and R&D partnerships and
its successes, needs to be understood better within the CGIAR.
This Consortium plays a vital role in the process of learning
how to conduct agricultural research more effectively in a food
production system of great significance to the CGIAR.
2. Some flexible funding is needed on a long-term basis to promote
international and intranational cooperation under the RWC. The
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provision of incentives for participating in partnerships is likely
to remain important. Short-term project funding at the margins
of this work will not achieve the synergistic objectives of the
RWC.
3. Provision should be made for periodic evaluation of the internal
operations of the Consortium—its impact on the performance
of institutional leaders and others engaged in R&D at various
levels in the rice-wheat production system—and the efficiency
of its processes . . . .
4. There appears to be scope for the RWC to play an even greater
role in gathering, evaluating, synthesizing, and disseminating
useful information from international sources, as has been done
so successfully for tillage technology.
5. More emphasis should be given by the participants to natural
resource conservation and management issues. In particular,
the CGIAR should strengthen its involvement in water resources
research under the umbrella of the RWC. The role of livestock
in the longer term viability, especially financial viability, of the
rice-wheat system also warrants attention.”
In December 2000, ADB prepared a review titled “Special evaluation study on
the policy implementation and impact of agriculture and natural resource research”
(ADB 2000). This review evaluated the appropriateness, effectiveness, and impacts
of ADB’s policy and support to agriculture and natural resource research (ANRR) in
Asia and the Pacific. This review covered a wide array of projects, focusing on those
implemented by IARCs. However, it did not assess ADB support to the RWC, which
was mentioned only as a component of RETA 5414, implemented by IRRI, focused
on “less favorable rice ecosystems” and described elsewhere.

2000-03
Revival
Between 1999 and 2000, the financial and administrative basis of the RWC was reestablished and revitalized by several “near simultaneous” occurrences. Having come
close to financial collapse in 1997-98, the FU was “rescued” by special allocations
from the Netherlands and from the CGIAR Finance Committee. This made it possible
to recruit a new facilitator to replace Abrol, who departed at the end of 1998.
Then, in early 1999 and at the request of the RSC executive, the convening center
function was transferred from ICRISAT to CIMMYT. Although ICRISAT had honorably discharged its convening function, these duties were perceived as increasingly
onerous. Because of the nature and extent of its mandate, ICRISAT could not give top
priority to irrigated rice-wheat systems and was unable to devote more than a token
level of resources to FU and RWC support. The new convening center was unstinting in its support. Reeves (CIMMYT director general) and Harrington (CIMMYT
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program director with oversight responsibility for the RWC) provided whole-hearted
backing and encouragement. Other centers and research partners matched this level
of enthusiasm.
Raj Gupta joined as the new facilitator in January 2000. He was extraordinarily
energetic and effective. Furthermore, as past coordinator of a major World Bank loan
project to India (National Agricultural Technology Project, NATP), he was able to
secure some portion of these loan funds for rice-wheat systems research. In doing
so, he had support and endorsement from high-level Indian officials. IRRI made a
stronger commitment to the RWC by assigning, in March 1999, the full-time services
of a senior soil scientist, J.K. Ladha, to work with the Consortium. He was asked to
pursue a strategic research agenda on system sustainability, and analysis of LTEs and
nutrient management.
In April 1999, the RWC was favorably reviewed during the TAC external review
of System-wide and Ecoregional Programs, as described above. In October 2000,
at International Centers Week, the chairman of the CGIAR honored the RWC by
awarding it the “Excellence in Science Award.” The selection was made out of all the
Ecoregional Programs of the CGIAR. This raised the profile and enhanced the credibility of the RWC and further encouraged several donors to either support rice-wheat
systems research (DFID, UK; NZODA, New Zealand) or the FU (Netherlands).
Finally, in March of 2000, ADB project RETA 5945 was approved, with an official start date set at 1 January of that year and a termination date set for 31 December
2003. This project provided adequate resources for substantial site-level field research.
It proved to be critically important in maintaining the momentum of earlier research
on zero-tillage, and integrating this more closely with complementary research on
germplasm, nutrient management, water management, and system diversification.
RETA 5945 begins
ADB project RETA 5945 consciously built on the research model already in use by the
RWC. This model featured site-specific research on high-priority topics, a central role
for zero-tillage and related practices, research implementation largely in the hands of
NARES partners, and cross-site learning fostered by the FU. In this model, research
was managed through a governance structure that featured NARES leadership in the
RSC Executive and the RTCC (ADB 2001).
The project provided for research at two levels. At the site level, it supported
integrated systems research while fostering improved collaboration across the five
participating IARCs—CIMMYT, IRRI, IWMI, CIP, and ICRISAT, each of which was
assigned leadership in a different thematic area and was allotted one or more research
and demonstration sites relevant to its specialization. The FU provided backstopping
and logistical support. At the sites, component technologies developed by the centers
were integrated and tested under supervision of a center scientist.
Six rice-wheat research sites, covering the four member countries, were selected. At each site, research teams were charged with developing improved tillage
and establishment methods (assisted by CIMMYT), introducing new wheat varieties
suited to these new practices (assisted by CIMMYT), identifying site-specific nutrient
The Rice-Wheat Consortium and the Asian Development Bank: a history
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management technologies (assisted by IRRI), establishing the effects of improved
irrigation management on water productivity (assisted by IWMI), and assessing the
impact of diversification on system sustainability and productivity (assisted by ICRISAT and CIP). At the central level, the project also supported policy research, training,
the development of a regional GIS system and a project management system, and the
implementation of mechanisms (Web pages, publications, annual workshops, and so
on) for the sharing and dissemination of research results.
Although the FU was given these responsibilities, and was furthermore expected
to coordinate and supervise site-level research, the ADB project did not provide
financial support for the FU as such. FU expenses were met by voluntary member
contributions (CIMMYT, IRRI, the government of India), occasional service charges
on special projects managed by the FU (e.g., the DFID-supported projects), and continued financial support for the FU from the Netherlands.
In a project involving five IARCs, four NARES, and six sites, it might have been
expected that participants would soon be wrangling over the distribution of financial
resources. However, this was not the case. Before the project commenced, it was
decided that resources would not be distributed directly to centers or to NARES but
rather would be made available according to the needs of the different sites. Project
partners could tap these resources to the extent that they contributed to integrated
research at that site (RWC 2000). And, it was explicitly recognized that RCTs such
as zero-tillage would help integrate other components:
“It was suggested that centers use the new RCTs and put together
a system-type program that has interaction among thematic areas and
centers and then build on ongoing work and contacts and make it more
efficient. Fine-tuning of nutrient recommendations in new tillage options,
selecting varieties, looking at disease implications, and diversification-using beds can all be embedded in the system approaches” (RWC 2000).
One purpose of the project was to strengthen social science and economics in
rice-wheat research. How to do this was the subject of substantial debate:
“There was a lot of discussion on the economics. The group felt that we
need impact assessment, economic evaluation of the technology, policy
analysis, social implications, and more at each site. This can be done by
any of the centers since they have expertise. What we need is for socioeconomists to work at the site on the issues we all feel is needed. [Center
economists] . . . will be requested to attend site initiation meetings and
help embed the SE activities . . . . It was agreed that economic work [sic]
should be imbedded in the work plans and should list what we want to see
happen at the sites and in the ADB Project at large” (RWC 2000).
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Table 2. Conclusions on crop establishment options (RCW 2004).
Rice

Wheat

Planting methodsa

Direct seeded
Zero-till/controlled traffic/paired rows
Reduced-till
Sprouted seed (drum seeder)/SS
Transplanted
Manual
Mechanical transplanter
Seeding broadcast

Puddled
(flats)b

Unpuddled
(flats)

Raised
beds

Flats

Raised
beds

NA
NA
A

A
A
A

A
A
A

A
A
A

A
A
A

A
A
A

A
A
A

A
DBT
A

A
NA
NA

A
NA
NA

aOverarching

concerns of cultivars, weeds, pest and crop residue management, machinery. bNA = not
applicable, A = applicable, DBT = doubtful.

Results from RETA 5945
As time passed and the project unfolded, a rich array of new information was generated on a wide variety of rice-wheat issues. This was fully described in a lengthy final
project report (RWC 2004). The following are merely a few examples:
l Generalized conclusions were drawn on circumstances that favor one or
another method of crop establishment (Table 2).
l It was confirmed that earlier establishment helps increase yields for several
dry-season crops that follow rice—but also that bed planting and zero-tillage
help increase dry-season crop yields regardless of sowing date.
l Variety by management interactions were identified—some varieties were
found to perform relatively better under zero-tillage (Table 3).
l The costs and benefits of wheat zero-tillage were quantified, helping explain
why this practice was becoming so attractive to so many farmers (Table 4).
l The use of leaf color charts together with site-specific N management and
the integrated use of other nutrient inputs were found to have a significant
effect on rice yields in all four countries.
		 — “In general, the results showed that site-specific N application strategies
saved on average 15–20% nitrogen without any adverse effect on rice
productivity” (Fig. 2).
		 — Many farmers and extension workers were trained in the use of leaf color
charts.
l Wheat water productivity (kg of grain produced per unit water depleted)
was found to be higher with zero-tillage because of the more efficient use
of residual moisture left over from the rice crop. Water productivity for
rice-wheat systems was found to be higher in India than in similar regions
of Pakistan because of differences in crop management practices.
The Rice-Wheat Consortium and the Asian Development Bank: a history
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Table 3. Variety × management interactions (RWC 2004).
Suitable cultivar
Country

Bangladesh

Crop

Wheat

Bed planting

Zero-tillage

BAW 966, 1004, 1006, 1008

–

Nepal

Wheat

Bhrikuti, BL 1887 and 1473

Bhrikuti and Achyut

India

Rice

Sugandh 3, Vallabh 4 & 7, Pant
Dhan 10, Magad, N’10B,
Tpe-3, CT-6510- 24-1-R,
IR36, PB-1

Sugandh 2 & 3, Vallabh Dhan 4 &
7, Pant 10, IR72875-94-3-3-2,
IR69715-72-1-3, IR77298-5-6,
NDR-359

Wheat

DH 2733, PBW343

HD 2733, HUW 234, 468

Wheat

Aquab 2000, Chenab 2000

Aquab 2000, Chenab 2000

Pakistan

Table 4. Benefits of zero-tillage for sowing wheat after rice in Haryana (RWC 2004).
Item

Farmers’ perception

Researchers’ findings

Sowing

Wheat sowing earlier by
5–8 days (smaller to medium
farms) to 2 weeks (large farms)

On average, wheat sowing can be
advanced by 5–15 days

Fuel savings

Not available

On average, 60 liters of diesel
per ha

Cost of cultivation

US$42–92 ha–1

$37–62 ha–1

Plant population

20–30% more plants in zero-till
fields

13.5% more plants in zero-till
fields

Weed infestation

20% less and weaker weeds in
zero-till fields

43% less weeds in zero-till fields

Irrigation

Saves 30–50% water in the
first irrigation and 15–20% in
subsequent irrigation

36% less water used, on average

Rice stem borer

Less, because of less stubble
sprouting

Winter coolness impairs sprouting
and thus borer development.
Beneficial insects in stubble help
control borer.

Rice stubbles

Decayed faster

Decayed faster

Fertilizer-use efficiency

High

Higher because of placement

Wheat yields

Higher than under conventional
systems depending on number
of days planted earlier

420–530 kg more ha–1
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Grain yield (t ha–1)
7
FFP
LCC-N
LCC-N + R.-PKSZn
LCC-N + R.-PKSZn + R.-CM
6
5
4
3
2
1
0
B1
B2
B4
B7
B9
Mean
Block
Fig. 2. Effect of N applications based on leaf color chart on
yield of transplanted aman rice (RWC 2004). Results of trials conducted during T. aman in 10 blocks in Kushtia region
(Bangladesh), 2001-02.

l

l

l

l

l

It was discovered that, when rice is directly sown, the spectrum of weeds
tends to shift. Direct sowing therefore needs to be accompanied by an evolution in weed control practices.
New cropping patterns involving potato and maize were identified for the
eastern Ganges. These new patterns were found to be more profitable than
simple rice-wheat rotations.
GIS and spatial analysis led to useful information on the scaling out of different RCTs: “The application of remote sensing and GIS technologies to
accurately identify underused lands in the district of Ballia, eastern UP . . .
has resulted in significant impacts for planning and more effective targeting
of appropriate RCTs. Substantial areas of specific underused land types were
identified, e.g., sodic lands and waterlogged/excessive-moisture areas, which
were previously unknown to RWC research partners promoting RCTs in the
district.”
Progress continued to be made on the development of the PRISM database
that enabled scientists to find information about RWC activities. This system was imbedded into the RWC Web site. This site was also valuable as a
repository and place where various publications and news related to various
aspects of RWC activities could be found and downloaded.
An important event in 2002 was held at the ASA meetings in Charlotte,
North Carolina, under the International Agronomy banner (Division A6).
The organizers invited the RWC to organize a special symposium on ricewheat that was then published as a proceedings (Ladha et al 2003). This
gave the RWC international recognition for its science contribution. All the
papers were peer-reviewed and documented the current state of knowledge
of the RW system. ADB RETA 5414 and 5945 helped fund some of the data
reported in these papers and funded some of the participants to attend the
ASA meetings.
The Rice-Wheat Consortium and the Asian Development Bank: a history
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Fig. 3. Area planted using the Years
zero-till drill in the IndoGangetic Plains (RWC).

Zero-tillage expands
With the arrival of the new millennium in 2000, the adoption of wheat zero-tillage
began to accelerate (Fig. 3). By 2006-07, the area under wheat zero-till was estimated
at around 3 million hectares (RWC) and was growing swiftly. (It must be noted that
area under zero-till is difficult to estimate: annual statistics on this practice are not
collected, so no-till area tends to be inferred from the cumulative number of drills sold
and an estimate of wheat area sown per drill. Some “minimum” till is likely mixed
in with the zero-till area. On the other hand, “minimum tillage” dislodges anchored
residues, which then clog the drill, making it an unattractive practice. The issue of
minimum vs. zero-tillage merits further study.)
Accelerated adoption can be traced to several factors:
l The near-term on-farm profitability to farmers of the technology
l Ready availability of reasonably priced, high-quality implements from the
private sector
l Substantial technical support from extension officers (especially in India)
l Support for wheat zero-tillage and rice-wheat systems research by NARES,
supported by international loan funds (e.g., NATP in India)
l A good understanding of how to make zero-tillage work properly (and issues
involved in making it work even better), a product of years of preceding
research
l Traveling seminars in which stakeholders from different states and even different countries became aware of the potential of the technology by observing
for themselves its performance in farmers’ fields
l Introduction of the technology for farmer testing in new locations, with
funding from ADB RETA 5945
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The FU of the RWC was a key factor in all of this. It was a principal source of
information for extension programs and their workers. Because of the unique position
of Raj Gupta, it helped guide the research agenda for NARES-funded rice-wheat research. It organized traveling seminars. And, it managed farmer testing at new sites as
part of RETA 5945, as well as other kinds of research on zero-tillage and other RCTs.
For example, in 2002, the FU, using funding provided by ACIAR, facilitated the visit
of private-sector manufacturers to Australia to learn of new ways to overcome known
problems with zero-tillage implements (e.g., how to drill into large volumes of loose
straw). The visit was coordinated by Joseph Rickman at IRRI (Gupta and Rickman
2002).
It was fortunate that, in this critical time period, the FU was led by a facilitator
(Raj Gupta) of outstanding capacity and energy, supported by experienced co-facilitators (Peter Hobbs until 2002 and then Craig Meisner from 2002 to 2005) helping
with work outside of India, and with adequate financial support for the FU, traveling
seminars, training, and field research. In addition, J.K. Ladha was nominated as an
RWC support scientist by IRRI and he very ably provided scientific support in the
area of nutrient management. It also must be mentioned that the NARES were major
partners in this Consortium and cooperated fully in the activities at each site and country
to the best of their abilities. They became much more supportive of the RWC as time
went by and they could see useful, tangible results beneficial for their farmers.
ADB financial support, while not directed at the FU as such, was nonetheless
a major factor in making all this happen.
Increased use of the zero-tillage drill for planting wheat was possible because
of a similar expansion in the cumulative number of drills manufactured and sold by
the private sector, and the number of companies engaged in no-till drill construction
and sales (Fig. 4). This is similar to the patterns of expansion of zero-tillage area in
other countries such as Brazil, Argentina, and Paraguay, where there was a lag phase
of about ten years when farmers became acquainted with the technology and overcame mindsets and manufacturers developed suitable equipment. After this lag phase,
adoption increased rapidly.
From zero-tillage to RCTs
Stimulated by the success of wheat zero-tillage, and recognizing a similar potential
for several other related practices, the RWC research agenda gradually expanded from
a relatively narrow focus on zero-tillage to a broader focus on RCTs. Researchermanaged trials and farmer experiments were conducted on these practices, and they
became the subject of traveling seminars. Research on some RCTs had been ongoing
for several years; others were quite new. Many of the latter were introduced by the
facilitator, Raj Gupta, in partnership with NARES champions and innovative farmers
(for example, R.K. Malik [Haryana]; R.K. Naresh [Modipuram]; U.P. Singh [Varanasi]; Ravi Gopal and Kumar [Bihar]; and P. Bhattacharya [West Bengal] in India;
and Mushtaq Gill in Pakistan).
This wider range of RCTs included laser leveling of fields; lining of irrigation
canals; surface seeding of wheat in low-lying, poorly drained areas; parachute plantThe Rice-Wheat Consortium and the Asian Development Bank: a history
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Fig. 4. Trends in the number of zero-till drills and
manufacturers in the IGP. Compiled from data
available on the RWC Web site (www.rwc.cgiar.
org/Pub_Info.asp?ID=152).

ing of rice seedlings; direct dry seeding of rice to replace puddled transplanted rice in
irrigated and flood-prone areas (largely to avoid labor costs associated with transplanting); the leaf color chart for estimating nitrogen application rate and timing for rice;
bed planting (fresh and permanent) for establishment of rice, wheat, and other crops;
reduced-tillage wheat sowing using the Chinese hand tractor; and intercropping of
wheat in sugarcane and maize in potato.
Different RCTs were developed at different sites depending on the need and
expertise at the site. Land leveling and canal lining were combined with bed planting
and zero-till, for example, in Pakistan’s Punjab and this showed that RCTs could be
highly complementary. Pakistan had been developing and promoting the use of laser
levelers in the 1990s using imported equipment. Locally manufactured equipment soon
became available. When Indian scientists visited Pakistan in 2000, they observed the
technology and started work on land leveling in India by requesting local manufacturers to make laser levelers in India. NATP funding support was especially important
for this technology in India.
Traveling seminars
Traveling seminars were a mechanism used to familiarize scientists, research managers, extension workers, implement manufacturers, and farmers with RWC activities
at different sites in South Asia and China. Most seminars were organized by the FU:
reports are available on the RWC Web site. The first traveling seminar was combined
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with an early RTCC meeting, and was held in Nanjing in November 1995. It led to
China becoming an associate member of the RWC. A second traveling seminar on
rice-wheat issues was held in China in October 1999.
One traveling seminar was later perceived to have been particularly important. In
April 2000, 28 scientists, implement manufacturers, and farmers from RWC countries
visited northwest India and Pakistan (Gupta et al 2000b). This stimulated enormous
interest in wheat zero-till technology, along with a certain degree of friendly competition between the Indian and Pakistan programs. Mushtaq Gill, the director general
of On-Farm Water Management (OFWM) in Pakistan’s Punjab, became convinced
that zero-till technology would work in that province. He assumed the responsibility
for championing the development and dissemination of no-till equipment suitable for
Pakistan. A direct result of this was the accelerated adoption of no-till in Pakistan in
the following years.
Other traveling seminars included a third trip to China in May 2000 (Gupta et
al 2000a), the eastern Gangetic Plains (Bangladesh, Bihar, and Nepal) in September
2001 (Gupta et al 2002), Australia for a select group of local manufacturers and Dr.
Gupta in August/September 2001 (Gupta and Rickman 2002), and the northwestern
parts of the IGP in the states of Punjab, Haryana, and western Uttar Pradesh during
the rice season in September 2004 (Khan et al 2004).
Second external review
During its 7th meeting (Dhaka, 2001), the RSC requested a review of the RWC to
obtain greater clarity regarding the changing role, needs, and responsibilities of the
various Consortium stakeholders (NARES, ARIs, IARCs, and the private sector). The
RSC members felt the need for this review so that the RWC work program would be
more in line with new donor assistance strategies seeking demonstrated impact on
poverty, sustainability, and the environment.
The review began in October 2002 with field visits and was completed in March
2003, at which time results were presented to the RSC. A full report of this review is
available on the RWC Web site (www.rwc.cgiar.org/Pub_Authors.asp?ID=77) (Seth
et al 2003). The goal of the review was to assess needed changes in research priorities, organization, and methods that would be required to continue making significant
impacts on the livelihoods of those employed in agriculture in the RWC of the IndoGangetic Plains. The findings of the review team are summarized briefly below:
l It agreed with the last review held by TAC in 1999 that the RWC was “an
innovative model for regional and international collaboration” that was
beginning to show several creditable achievements. The key assets of the
RWC were listed as its roles as
— An innovator and supplier of new knowledge
— A clearinghouse for new approaches and methods
— A facilitator and catalyst of research
l One of the most important achievements is the effective partnerships between
CG and NARES research systems and the ability to contribute knowledge
for the benefit of all partners. However, the Consortium should consider exThe Rice-Wheat Consortium and the Asian Development Bank: a history
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panding to other NARES outside the region, such as Brazil, for conservation
agriculture.
ARIs were seen as contractors for donor-supported activities that were not
always aligned with the RWC agenda. ARI roles should focus on emerging
strategic themes.
The “open-door” policy of the RWC has allowed a free flow of information,
but there is a need to review RSC and RTCC membership and define the
roles and responsibilities of partners.
National coordination efforts have not been as effective and some receive
little national budgetary support and meet irregularly.
The team praised the achievements in TCE and the development of RCTs
but recommended that farm-level impacts and long-term consequences need
further study.
The team noted that “the new RCTs provide a novel platform for land and
water management approaches and to introduce new crops and varieties into
the systems, which may also help to re-establish better ecological balance.
However, the work to foster greater diversification of the RW system lacks
a comprehensive strategy, including policy and market analysis, to guide the
research and development efforts in the region.”
They raised the issue of water productivity and the need to find ways to grow
rice with less water without lowering productivity. They should continue
work on this issue with new RCTs but also join the new CGIAR Water and
Food Challenge Program.
The RWC has adopted a systems approach with stronger farmer participatory methods. The RWC should push for this approach to be mainstreamed
in more national program planning.
More policy analysis work is needed and there are opportunities to involve
IARCs and ARIs with NARES partners that would lead to better analysis of
research priorities.
The RWC has done a good job of knowledge sharing and training of scientists. It has effectively used information technology and GIS tools to transfer
knowledge. Traveling seminars have played a strong role in promoting the
exchange of information.
Impact assessment needs to be strengthened and included in all new projects.
There is a need to assess both technical and socioeconomic constraints to
adoption.
Increasing medium-term resources for facilitation and support to national
programs was raised as an issue needing attention. There is also a need to
review how to improve equitable cost-sharing arrangements between RWC
members. They agreed that there was a need to identify a sustainable funding
system for the FU.
The review concluded as follows:
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“There are continuing focused roles for the RWC in knowledge
generation, coordination/facilitation of research agendas, and exchange of knowledge and people among members and countries. It
should stay NARES-driven, focused on new innovations for the RWS
and responsive to emerging needs and opportunities, be open to new
committed members, including those from the private sector, promote
greater collaboration between NARES as well with IARCs/ARIs, and
support a time-bound and adaptable agenda that is modest in coordination and facilitation resources.”
The RSC favorably accepted the findings of this review and incorporated the
suggestions in future planning of research, including the activities funded by ADB in
the new century.
Recognition
In recognition of its seminal role in charting a course toward more ecologically friendly,
higher-producing agriculture among the poor in Asia, the Rice-Wheat Consortium for
the Indo-Gangetic Plains received the King Baudouin Award of the Consultative Group
on International Agricultural Research in October 2004. At this event, the RWC was
described as a unique consortium of government and international research institutions
whose work had led to a widespread agricultural transformation—some say a revolution—in Asia’s breadbasket regions. Dr. Mangala Rai, director general of the Indian
Council of Agricultural Research and member of the RWC Steering Committee, who
accepted the award on behalf of his colleagues, remarked:
“The impact is tremendous. We’re talking about a region that cuts
across four countries—Bangladesh, India, Nepal, and Pakistan—and
is home to hundreds of millions, many of whom live in extreme poverty.
Consortium efforts have already benefited 250,000 farm households region-wide. Impacts down the road could be as great as those of the Green
Revolution of the 1970s.”

2004-07
Ebb and flow
In retrospect, the King Baudouin Award seems to have been a moment when the
visibility of the RWC, and support for its work, reached a crest. Other factors were
even then at work, however, that would weaken support for the RWC and undermine
its leadership. One factor was the appearance of Challenge Programs in yet another
wave of CGIAR system reorganization. As Challenge Programs increasingly commanded the attention of centers and donors alike, Ecoregional Programs such as the
RWC—regardless of how successful—began to be overshadowed and eclipsed.
Another factor was the extensive changes occurring in the convening center,
CIMMYT. In the early years of the new century, that center weathered a financial
The Rice-Wheat Consortium and the Asian Development Bank: a history
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crisis, experienced substantial changes in leadership and staffing, went through a strategic planning exercise, suffered two major reorganizations, and altered its research
priorities. From a focus on systems research, it retreated to its earlier focus on crop
improvement. This was mirrored in a change from an institutional structure based
on agroecosystems to one based on its two mandate commodities, maize and wheat.
Research managers (Reeves, Harrington) and scientists (Hobbs, Gupta, Meisner) who
had been foremost in supporting the RWC all departed, one by one. Finally, in 2007,
CIMMYT relinquished its convening center function in favor of IRRI.
Even before this change, IRRI, through the person of IRRI scientist J.K. Ladha,
had increasingly assumed a leadership role in the RWC on behalf of the participating
IARCs. Having already been actively engaged in rice-wheat research for some years,
Ladha was able to provide continuity and maintain focus in the RWC agenda. Much
of this was achieved through the ADB project RETA 6208.
RETA 6208
The ADB project RETA 6208, titled “Enhancing Farmers’ Income and Livelihoods
through Integrated Crop and Resource Management in the Rice-Wheat System in
South Asia,” formally began on 1 January 2005 and was anticipated to finish on 31
December 2008 (the original closing date was 31 December 2007 but a one-year, costneutral extension of the ADB RETA project support to the RWC was approved). The
implementing center is IRRI, which promised to work “in close collaboration with
the RWC/CIMMYT and NARES.” The project leader is J.K. Ladha.
The project focuses on accelerating the adoption of RCTs through information
sharing, technology dissemination, capacity building, and policy change. In general,
it represents a logical continuation in rice-wheat systems research. For the most part,
it continues work at existing rice-wheat sites. Its specific purposes are to
l Evaluate, refine, and promote integrated crop and resource management
systems to attain food and nutritional security for the poor
l Improve farmers' income through reduced costs of cultivation and efficient
resource use
l Promote crop diversification to reduce risks, add value, and improve marketing opportunities
l Encourage the participation of private entrepreneurs in production and postproduction management
l Improve the quality of the environment in rice-wheat ecologies
l Build the capacity of rice-wheat stakeholders (IRRI 2005)
Anticipated outputs include
l Resource-efficient technologies for rice-wheat systems, developed and
evaluated with farmers, to enhance productivity and income and to minimize
adverse effects on the environment
l Experiences shared among stakeholders at key sites
l Key decision tools, management principles, and extension promotion material
developed for wider dissemination of technologies
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Capacity of NARES and other key stakeholders strengthened for participating in the development and dissemination of integrated crop and resource
management technologies
l Farmers’ acceptance and sustainability of new technologies assessed
l Policymakers and decision makers sensitized to develop policies that enable
wider dissemination (IRRI 2005).
These are to be achieved by activities organized into thorough subcompol

nents:

l

l

l

Crop productivity enhancement and efficient resource use (focus on farmer
testing and user feedback, gap-filling research, packaging of interventions
around an ICM—integrated crop management—framework, and policy
change to accelerate adoption)
Postproduction management, product quality, and diversification (focus on
grain quality improvement, postproduction processing, market incentives for
value addition and for crop diversification)
Capacity building (focusing on institutional strengthening; workshops and
on-the-job, short-course, and/or postgraduate training; and improving access
to rice-wheat literature)

Results from RETA 6208
As of late 2007, the following results were reported for this project (IRRI 2007). These
results are highly relevant to the scaling out/capacity-building aims of the project.
Validation and dissemination of RCTs. More than 850 on-farm trials and demonstrations were conducted, involving more than 2,350 farmers. These trials aimed
to evaluate technologies with regard to their productivity, profitability, input-use efficiency, and effects on greenhouse gas emissions and net carbon sequestration. Studies
at different project sites showed that many RCTs, when compared with conventional
practices, provide a 10–15% increase in yield, with corresponding improvements in
income. One exception is wheat surface seeding. This practice yields less than conventional practices but, because of its cost savings, remains profitable. Sometimes,
however, surface seeding is the only way to establish any crop at all.
Zero-till and reduced-till establishment of wheat in rice-wheat systems has
come to cover more than 3 million hectares in Bangladesh, India, Pakistan, and Nepal.
Modified zero-till drills, double-disc drills, and rotary-disc drills were tested in numerous locations for multicrop seeding and seed-cum-fertilizer application. Trials on the
CHT-operated multicrop seeder were conducted in 30 farmers’ fields in Bangladesh.
In India, Amar Agro-industries developed a two-wheel 5-HP self-powered “featherweight” zero-till drill for sloping and terraced lands. In 2005, they also introduced a
20-HP four-wheel tractor with narrow wheel tires to pull the National Agro-Industries
(NAI) drill to promote controlled-traffic zero-till planting.
In the past, farmers have found it difficult to use no-till wheat establishment
in fields where the previous rice crop was combine-harvested. Loose rice straw left
by the rice combine has tended to be dragged along by the wheat drill, gradually
accumulating until the drill is clogged. This constraint is being overcome by further
The Rice-Wheat Consortium and the Asian Development Bank: a history
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machinery modifications. In one set of modifications, the rice straw is swept up and
chopped before being blown back onto the soil surface behind the newly sown wheat.
Modified implements go under the name of the “Happy Seeder,” “Turbo” seeder, or
rotary-disc drill. The “Happy Seeder” was developed under the PAU-ACIAR project
also in Pakistan with the Farm Mechanization Institute (FMI in NARC, Islamabad). It
did not become popular in India and was soon replaced by the Turbo seeder through the
joint efforts of the RWC with Dasmesh Industries. The Turbo seeder also performed
particularly well in Pakistan. In India, all three implements have shown that they can
produce good plant stands, even in fields with an abundance of loose residues. In
Nepal and Bangladesh, where manual harvesting rather than combine harvesting is
more common, this residue problem does not exist.
Wheat zero-tillage, in its various forms and in all four member countries of the
RWC, has proven its ability to raise yields and incomes while saving water. Yield
and income changes, and water savings, have all been quantified. Progress has also
been made in developing a “double zero-till system” in which both rice and wheat are
planted into crop residues, with no tillage. The double zero-tillage system improves
soil aggregates, saves water and labor, and increases net profit. Wheat yields are higher
after unpuddled rice than after puddled rice. However, the rice crop suffers from weed
competition and from various soil nutrient (iron chlorosis) and biotic (nematodes)
problems in some locations. This will require further study. There may be a need for
a different rice plant type and management for this unpuddled, aerobic soil environment. The need to grow more rice with less water and labor, however, means that
these issues must be examined and resolved.
Laser leveling is another technology that has met with notable success in
Pakistan and India. In Pakistan alone, more than 170 laser units are in operation and
more than 50,000 ha have been brought under laser leveling. In India, around 60 laser
units are currently available for rent. It has become apparent that a multitechnology,
systems-based approach is often best: laser leveling and zero-tillage practices have
been found to be highly complementary, with each enhancing the favorable effects
of the other. But small plot size in Bangladesh and Nepal has restricted the use of this
technology.
Integrated crop management was introduced, especially in the eastern Gangetic
Plains, including Bangladesh and Nepal, to combine better practices for soil, crop, and
input management. Results showed significant gains in crop productivity, input-use
efficiency, and farmers’ income, with farmers keen to learn about these integrated
practices and use them in their fields. More than 1,000 leaf color charts were distributed
to farmers in Bangladesh for efficient N management and results showed a savings of
up to 50 kg N ha–1 compared with the farmers’ practice. A wide range of other RCTs
were promoted at different sites. These are
l Zero-/minimum-till direct-seeded rice
l Zero-/minimum-till direct-seeded rice + Sesbania
l Bed planting of direct-seeded/transplanted rice
l Unpuddled transplanted rice
l Zero-till transplanted rice
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N management using leaf color chart and urea supergranules (USG)
Wet drum seeding of rice
l Direct-drill-/power-tiller-operated seeder (PTOS) seeded rice
l Crop diversification/intercropping
l Lining of water channels
In all these validation and dissemination activities, it was important to facilitate
and create an environment that empowered farmers to make independent decisions
regarding whether or not to adopt a technology. Adoption has tended to be concentrated in technologies that solve one or more farmer problems or seize opportunities
to improve farmers’ livelihoods. There has been some scaling out of RWC-developed
technologies in other countries in the region. New featherweight planters and a hydraulic scrapper bucket designed for laser land-leveling systems that were developed
through RWC efforts have found their way into Bangladesh, China, Egypt, India,
Georgia, Kyrgyzstan, Morocco, Nepal, Pakistan, Turkmenistan, and Uzbekistan.
Support to farmers to enhance project impact. Machinery pools have been
established in India and Pakistan to provide zero-till crop establishment services for
a nominal fee to farmers who do not have the resources to purchase their own machinery. In Bangladesh and Nepal, contract services allow resource-poor farmers to
rent RCT services. Village seed banks have been established at project sites in all four
countries to ensure the availability of improved good-quality seeds. Seed has been
distributed to farmers on a no-profit and no-loss basis. To improve fertilizer use, soil
and water samples from farmers’ fields were collected and analyzed and data were
communicated to the various project-site farmers.
Training and capacity building. More than 5,000 farmers in the four RWC
countries have been trained in the use of different RCTs. In addition, training was
given in India and Pakistan to 17 farm equipment manufacturers, 45 zero-till service
providers, and 80 service providers for laser land leveling.
Technology targeting (the identification of potential zones suitable for RCTs) was
a key activity at two sites in India (Ballia, UP; Karnal, Haryana) and one in Pakistan
(Okara, Punjab). Satellite images for Karnal and Ballia districts were processed to
extract information on soil moisture regimes, crop area, late-planted crops, salt-affected area, and regions with excessive use of nitrogen fertilizers in the wheat crop.
A village-level geo-referenced database for soil and water (physical and chemical
properties) was created so that fertilizer recommendations could be targeted along
with appropriate RCTs. An effort has been made to demarcate potential problem lands
in terms of nitrate (NO3) concentration in groundwater and their possible relationship
with fertilizer management, soil texture, subsurface flow, and geological formation of
the area.
More than 40 NARES scientists were trained in producing fact sheets, promotion
and training materials, and leaflets/posters for RCT dissemination. These scientists
work closely with extension and development personnel and farmers. Many NARES
scientists visited project trials and demonstration plots and attended training programs
and field days conducted by site coordinators. Field visits, workshops, and traveling
seminars of farmer groups, extension personnel, policymakers, and NARES scientists
l
l
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were conducted at all sites. Project collaborators have worked to document and publish
their research work. More than 15 papers were published in refereed journals; six book
chapters were contributed; and papers were presented in 25 seminars/symposia.
Key lessons from the project reinforce those learned in earlier years:
l It is important to train farmers, but also to learn from them and incorporate
their ideas into future work plans, and to use farmers to train and inform
other farmers.
l Technology should provide farmers an economic, monetary advantage.
l Technology needs to be resilient and adapted to climate change and variability.
l Socioeconomic and policy issues need to be considered in all projects and
site plans.
l Private-public partnerships should be encouraged.
l Extension systems should be incorporated into the site planning.
l Scientists and stakeholders need to be patient since change takes time.
The ADB RETA 6208 project has a Web site (www.rwc.cgiar.org/PROMIS/ADB)
that was established at the beginning of the project and it is updated regularly with
new information. This enables project team members and stakeholders to exchange
ideas in an e-learning medium and share knowledge. Project news is regularly posted
at the site for wider publicity.
The supplementary TA project. RETA 6208 was originally planned as a threeyear project. However, in the second review/planning meeting, held in Kathmandu
on 14-18 February 2007, ADB project manager Dr. Zhang commented favorably on
progress. Soon after, J.K. Ladha, project coordinator, was invited to describe project
achievements in a “brownbag seminar” at ADB in Manila. During the next review
meeting in Kathmandu, it was recommended that RETA 6208 be extended for one
year on a cost-neutral basis in order to carry out a more systematic socioeconomic
and environmental impact study, and evaluate gains made in earlier rice-wheat projects supported by the Bank as part of an assessment of the contribution and impact
of ADB support to the RWC over the years. The achievements and impact of RWC
RETA projects will be shared in the form of joint IRRI/RWC/ADB publications.
The outputs of this extension project will be
i) The history of the ADB contribution to RWC documented, and the salient
findings from the work of the projects RETA 5414, 5945, and 6208 synthesized (this document).
ii) The socioeconomic impact of RETA 5945 assessed.
iii) The socioeconomic and environmental impact assessment of RETA 6208
strengthened.
iv) An IRRI/RWC/ADB publication compiling project reports and impact assessment produced.
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Table 5. A description of the three ADB RETA projects supporting rice-wheat systems research.
Project title

Duration

Total funding
(US$)

Lead center

Partners

RETA 5414—Decentralized
participatory research for
less favorable rice ecosystems and rice-wheat
systems

Nov 1990 to
Dec 1993

1.0 million

IRRI

IRRI, CIMMYT,
and NARES of
Bangladesh,
India, Nepal, and
Pakistan

RETA 5949—Study on
sustaining the rice-wheat
production systems of
Asia

Mar 2001 to
Mar 2004

1.2 million

CIMMYT

IRRI, CIMMYT, CIP,
IWMI, ICRISAT,
and Bangladesh,
India, Nepal, and
Pakistan NARES

RETA 6208—Enhancing farmers’ income
and livelihoods through
integrated crop and
resource management in
the rice-wheat system in
South Asia

Jan 2005 to
Dec 2007

0.7 million

IRRI

IRRI, CIMMYT, and
Bangladesh, India,
Nepal, and Pakistan NARES

RETA 6208 extension—Impact assessment of all
three RETA projects

Jan 2008 to
Dec 2008

0.15 million

IRRI

IRRI, CIMMYT, and
Bangladesh, India,
Nepal, and Pakistan NARES

Financing the RWC
Throughout the life of the RWC, its financial underpinnings have been a complex,
constantly shifting, and unstable mosaic, composed of core funds, special projects with
varying levels of restrictions, and member contributions from NARES and IARCs, both
cash and in-kind. Some donor funds have been earmarked for FU support. Others were
approved for rice-wheat research with the proviso that they not be used for FU support.
Because of the shifting funding base, it was at times difficult to maintain continuity
of research on important topics. Finding resources to support the FU was typically far
more difficult than finding resources for rice-wheat field research as such.
Except for the interregnum of 1994-2000, ADB has been a major source of
financial support for RWC research, although it has consistently balked at funding
the FU.
ADB RETAs
ADB support for the RWC has largely come through three distinct projects: RETA
5414, 5949, and 6208. In addition, there has been complementary funding, outside
the RWC mechanism, for research by IARCs on rice-wheat issues. The three ADB
RETA projects in question are summarized in Table 5.
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Table 6. Partner contributions in three ADB RETAs (US$000).
Project

Total

ADB

Other
donors

IARCs

NARES

RETA 5414

1,000

1,800

1,400

400

4,600

RETA 5945

1,200

190

910

200

2,500

850

–

760

577

2,187

Total by source

3,050

1,990

3,070

1,177

9,287

Percent by source

33%

21%

33%

13%

100%

RETA 6208

Table 7. NARES contribution in
three ADB RETAs.
Project

Percent

RETA 5414

9

RETA 5945

8

RETA 6208

28

RETA 6208 supplement

32

These projects were all co-funded: partners contributed matching funds. Participating IARCs provided in-kind contributions of staff time and facilities as well as
matching funds from their own resources. Especially valuable were the significant
contributions from participating NARES. These frequently overlooked contributions
included local scientific staff, transport, farm land, equipment, links with other in-country partners, and much more. Without these NARES contributions, the level of success
and the extent of impact would have been far less than was actually achieved.
Table 6 shows the budgeted contributions of ADB, “other donors,” participating
centers, and NARES in the various RETAs. Using these official budget figures, it can
be seen that the combined RETAs were budgeted at a total of more than $9 million,
of which ADB contributed $3.05 million. ADB thus contributed about a third of the
project costs, summed over RETAs. Centers picked up another third, NARES about
13%, and the remainder came from other donors. Table 7 shows how the NARES share
of budgeted expenditure increased in the most recent RETA. It must be remembered,
moreover, that much of the NARES contribution actually went through other channels.
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2000-04—funding diversification
With the new millennium, and simultaneous with the revitalization of the RWC,
substantial new sources of funding emerged for Consortium research. Table 8 shows
selected contributions from external donors (other than ADB) during 2000-04 and the
ways in which they were employed.
DFID provided funds to IRRI, CIMMYT, ICRISAT, and CABI (UK) for research
on tillage and soil health. Similarly, New Zealand helped launch research on reduced
tillage in Pakistan and Nepal. USAID provided significant funding through bilateral
programs in Bangladesh and India: in Bangladesh, this included support during 200005 for Craig Meisner as RWC co-facilitator. USAID also provided support to Cornell
University through the Soil Management CRSP, enabling this institution to contribute
in Bangladesh and Nepal over a ten-year period. India very effectively used World
Bank loan funds under the NATP project to enhance progress on RCTs in India, with
strong links to the FU and RWC. ACIAR and other donors also provided important
assistance. Of paramount importance were the enormous in-kind and financial investments by NARES.
At first glance, the funds listed in Table 8 might appear generous and abundant.
It should be noted, however, that most of these, although used for research on items
in the RWC agenda, were not actually controlled by the RWC. A separate breakdown
of funds contributed in 1999-2004 is given by Seth et al (2003) (see Annex B).
2005 to the present—complementary projects
Beginning in 2005, RWC financing came to be dominated by the ADB RETA 6208
and complementary projects funded by IFAD and USAID (Table 9). In fact, RETA
6208 was specifically designed to take advantage of this complementarity. One of the
USAID projects, although focused on India, has proved to be a principal source of
support for the FU. It has featured four components:
l Scaling out RCTs (identifying priority target zones for further promoting
RCTs, organizing on-farm demonstrations, implementing traveling seminars,
organizing training for machinery manufacturers and service providers,
promoting machinery rental services).
l Promoting diversification of rice-wheat systems (promoting technologies
and policies to diversify rice-wheat systems).
l Maximizing future impact (monitoring RCT adoption and summarizing lessons learned, documenting productivity gains and input-use savings, assessing
livelihood impacts).
l Strengthening social science research in the RWC, by allowing CIMMYT to
hire an agricultural economist (Olaf Erenstein), who has contributed much to
zero-till impact assessment (Laxmi et al 2007, Farooq et al 2007, Erenstein
et al 2007).
The IFAD project built on an earlier IRRI endeavor focusing on Bihar. Based on
an agreement signed between IFAD and IRRI in August 2003, and guided by outputs
of a stakeholder workshop held in March 2003 and a planning meeting in 2004, it
engaged in technology inventory; participatory needs assessment; baseline data colThe Rice-Wheat Consortium and the Asian Development Bank: a history
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Table 8. The evolution of donor support for the RWC (other than from ADB).
Project and donor
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Recipient

Project activities

DFID Holdback funds,
1996-98

CIMMYT

US$450,000 for strengthening tillage
work of the RWC

USAID soil management CRSP funds

Cornell University (Duxbury
and Lauren Web site)

US$3 million, September 1996 to
August 2001 for 5 years in Nepal
and Bangladesh

USAID SM CRSP

Cornell University

Phase 2 of the above project, from
2001 to 2007

DFID, 1996-98,
R6406

IRRI

To support nutrient management work

DFID-UK, R7259,
1999-2001

CIMMYT and ICRISAT

£300,000 for 3 years for support of
RCTs

DFID-UK, R7263,
1999-2002

CIMMYT and CABI UK

£290,000 for 3 years for support of
soil health research

USAID, 1997-2000

CIMMYT Bangladesh

US$400,000 as salary support for
CIMMYT staff and CHT activities

USAID, 2000-05

CIMMYT Bangladesh

US$600,000 as salary for CIMMYT
staff and RW activities, including
work with CHTs

WB through NATP
(2000-06)

India, ICAR

About US$1 million for RW work in
India

New Zealand ODA,
2001-04

CIMMYT, RWC

NZ$300,000 for RCTs in Pakistan and
Nepal

New Zealand ODA,
2004-06

CIMMYT, Mexico

NZ$300,000 for Phase 2, Pakistan
and Nepal

ACIAR, 2002-06

Direct to PAU with some
membership funds to FU

A$1.25 for research on permanent
beds in RW systems in northwest
India. Also support of the Happy
Seeder. A$30,000 for FU

ACIAR, 2002

Support to FU

Travel of facilitator and Indian
manufacturers to Australia to look
at drill design for planting into heavy
residues

Partner NARES

NARES of all 4 countries

An undetermined but essential financial, human, and other resource
support for site-level research
activities

CIMMYT core support,
2003-07

RWC FU and CIMMYT Asia
staff

Core support over a five-year period

Membership contributions

RWC FU

Members of the RWC contributed a
membership fee to help support
the FU
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Table 9. Rice-wheat research projects complementary to RETA 6208.
Donor

Implementing agency

Project activities

ADB RETA 6136

IRRI

Integrating and mobilizing rice knowledge to improve and stabilize crop
productivity to achieve household food
security in diverse and less-favorable
rainfed areas of Asia

USAID, 2003-07

CIMMYT, RWC-FU

US$2 million. Accelerating the tillage
revolution in India. Also support to FU

USAID, 2005-07

CIMMYT Bangladesh

US$150,000 for CHT work

USAID, 2007-09

IRRI, RWC-FU

US$0.475 million for revitalization of
RW systems in India, Bangladesh, and
Nepal

ACIAR, 2005-09

Support to FMI at NARC, Islamabad

A$400,000 for technology for direct
drilling into rice and other heavy
stubbles in Pakistan and Australia

ACIAR, 2006-11

Support to HAU, PAU, and Bihar
(through RWC and FU). Also
support to FU as member of
RWC

A$1 million. Zero-tillage rice establishment and crop-weed dynamics in rice
and wheat cropping systems in India
and Australia. A$27,000 for support
to FU

ACIAR, 2007-10

IRRI and PAU plus NSW, Australia

A$400,000. Fine-tuning the Happy
Seeder technology for adoption in
northwest India

EU

KASSA, sharing knowledge and
technologies

RWC-FU

IFAD, 2003-07

IRRI and CIMMYT through RWCFU

RCT, tillage, and social science research
in Bangladesh, India, and Nepal

USDA, 2004-07

RWC-FU

US$120,000. Crop canopy sensors for
efficient N management

BMZ

IRRI

Managing crop residues for healthy soils
in rice ecosystems

lection, on-farm testing, validation, and demonstration trials for RCTs; and impact
assessment. This project covered 12 sites with multiple villages per site. It did not
support research but rather had a single-minded emphasis on scaling out (Morris 2004).
Unlike the ADB project (which supported rice-wheat research in all RWC countries),
it focused exclusively on the eastern Ganges. Few resources from this project were
available for support of the RWC FU. Various ACIAR projects have also supported
RWC research in India and Pakistan.
In summary, several projects in recent years have provided important levels of
support to rice-wheat systems research. The IFAD project was restricted to the eastern
Ganges and it emphasized social science research, but provided only limited support
The Rice-Wheat Consortium and the Asian Development Bank: a history

53

to the FU. The USAID project in India overcame these limitations and was immensely
helpful in fostering wider adoption of RCTs, but was restricted to one country. (A
separate project in Bangladesh supported activities there and in Pakistan.) The ADB
project RETA 6208 remained the mainstay of rice-wheat research across the whole
RWC. Unlike the IFAD and ADB projects, the USAID project was generous in its
direct support of the RWC FU.
How to finance facilitation
The FU is widely recognized as having been the key to the success of the RWC.
Yet, sustainable financing for the FU is an issue that has never been satisfactorily
resolved.
The details of RWC FU finance are too complex to be summarized briefly.
These details involve one-time grants that carry over from one year to another, in-kind
contributions from IARCs and NARES, service charges on projects managed by the
FU, NARES own funds indirectly controlled by the FU but not formally part of its
budget, direct contributions from RWC members for FU support, and line items in
project budgets directly linked to FU support, for example, for paying the salary of
the facilitator. An incomplete portrayal of the evolution of financial support for the
FU between 1995 and 2004 is shown in Table 10.
Among other things, Table 10 shows that, once initial “launch” grants had been
exhausted, the survival of the FU could largely be attributed to annual grants from the
Netherlands that were earmarked exclusively for the FU. This enabled other projects to
be successfully managed by an experienced and respected facilitator, with full support
from an efficiently functioning FU office. The World Bank was also instrumental in
direct support to the FU and provided funds from 1997 to 1998, in 2000, and more
recently in 2006-07.
Summary: the special role of ADB
The purpose of this document was to review and document the history and impact of
ADB support to the RWC. This history is inextricably interlinked with the story of the
development and widespread adoption of wheat zero-tillage in rice-wheat systems.
It had been known since the early 1980s that wheat zero-tillage was a promising
technology. Late sowing was known to depress wheat yields, and conventional (and
expensive) tillage was known to delay sowing. This was learned during IARC-NARES research conducted in Pakistan and India that predated the first ADB rice-wheat
systems project, RETA 5414.
When RETA 5414 began in 1990, zero-tillage was still little more than the dream
of a few enthusiasts. The project vastly increased stakeholder awareness and understanding of this technology. At the same time, it improved understanding of system
interactions in rice-wheat systems; showed how zero-tillage could be combined with
complementary practices; expanded the principles of zero-tillage to (implement-free)
surface seeding; provided a perspective on rice-wheat sustainability through spatial
analysis of rice-wheat areas; explored long-term soil fertility questions; and shaped
the agenda for rice-wheat research that would be followed for the next 15+ years.
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Table 10. Evolution of financial support (in US$) for the RWC Facilitation Unit.
Donor

Recipient

Amount and duration

TAC-CGIAR, 1995

ICRISAT, RWC

$100,000 to reimburse for startup
costs for FU of RWC

IFAD, 1995

ICRISAT, RWC

$10,000 support for NARES meetings to initiate RW programs

IFAD, 1995

$380,000 to IRRI, of which
60% went to ICRISAT for
RWC

Left $222,000 for FU activities of
RWC, obtained this from IRRI

Sweden, 1994-95

ICRISAT, RWC

$307,000 for support of RW work

Switzerland, 1997

ICRISAT, RWC

$97,000 for support of FU

World Bank, TAC, 1997-98

ICRISAT, RWC

$263,000 for support of FU

Netherlands, 1996-98

ICRISAT

$336,000 for support of FU

World Bank, TAC, 2000

CIMMYT, RWC

$250,000 for support of FU

Netherlands, 1999

CIMMYT, RWC

$110,000 for support of FU

Netherlands, 2000

CIMMYT, RWC

$110,000 for support of FU

Netherlands, 2001

CIMMYT, RWC

$260,000 for support of FU

Netherlands, 2002

CIMMYT, RWC

$280,000 for support of FU

World Bank, 2000

RWC

$65,000 for support of workshop

DFID soil health project,
2001

RWC

$11,000 from DFID for research on
soil health

CIMMYT core, 2000-01
(further support also
provided in subsequent
years)

RWC

$77,000 from core funds for ICAR
lease and furnishings for office

New Zealand ODA, 200104

RWC

$30,000 to support FU

World Bank, 2006-07

Support to RWC-FU

$255,000

USAID bilateral projects

Support to RWC-FU

Substantial support (estimate pending)

The Consortium formed by RETA 5414 was effective and valuable. It was,
however, also temporary. There was no provision for its continued support after the
termination of the ADB project. And, from the beginning, it had been made clear that
ADB support was not renewable. Understandably, Consortium members began to
approach representatives from other development assistance agencies about ways to
continue rice-wheat research. As it happened, the search for continued support for the
Consortium coincided with the launch by the CGIAR of System-wide and Ecoregional
Programs. In May 1994, at the behest of the World Bank, the RWC in its guise as an
Ecoregional Program was formally established. This RWC was built almost entirely
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on the foundations laid by the ADB project. Unfortunately, ADB received relatively
little credit for its groundbreaking effort.
Throughout the 1990s, the RWC made progress in research, information exchange, and training. It was during this time that the first locally adapted zero-till
drill was made available by the private sector, and that a sudden crisis in Haryana
(herbicide-tolerant Phalaris minor) compelled researchers and farmers to take a serious
look at zero-tillage as a means of overcoming this problem. Thus, the key technical
breakthroughs that later would lead to the tillage and RCT revolution in South Asia
were made during a time when ADB support was absent—and also at a time when the
RWC itself was suffering from a financial crisis and was in danger of dissolution.
The RWC was revitalized in 1999-2000. Having come close to financial collapse
in 1997-98, the FU was financially “rescued” by special allocations from the Netherlands and from the CGIAR Finance Committee. A new and energetic facilitator was
hired; the convening center function was transferred from ICRISAT to CIMMYT; the
RWC was favorably reviewed during the TAC external review of System-wide and
Ecoregional Programs; and the RWC was awarded the CGIAR Chairman’s “Excellence
in Science Award.” These events raised the profile and enhanced the credibility of the
RWC and further encouraged donors to support rice-wheat systems research (DFID,
UK; NZODA, ACIAR, USAID, New Zealand, etc.) or the FU (Netherlands).
As part of the revitalization of the RWC, ADB project RETA 5945 was approved,
with an official start date of 1 January 2000. The project specifically aimed to foster
collaboration across the five participating RWC IARCs—CIMMYT, IRRI, IWMI,
CIP, and ICRISAT—each of which volunteered to provide leadership and guidance
on different topics.
RETA 5945 provided resources adequate for substantial site-level field research.
It proved to be critically important in maintaining the momentum of earlier research
on zero-tillage, and integrating this more closely with complementary research on
germplasm, nutrient management, water management, and system diversification.
It consciously built on the research model already in use by the RWC. This model
featured a NARES-led governance structure, site-specific research on high-priority
topics (largely implemented by NARES partners), a central role for zero-tillage and
related practices, and cross-site learning fostered by the FU. A principal impact of
RETA 5945 was an accelerated scaling out of zero-tillage practices to new sites.
The visibility of the RWC, and support for its work, reached a crest around
2004-05. But several factors were at work that combined to weaken the RWC:
l The appearance of Challenge Programs in yet another wave of CGIAR system
reorganization. As Challenge Programs increasingly commanded the attention of centers and donors alike, Ecoregional Programs such as the RWC,
regardless of how successful, began to be overshadowed and eclipsed.
l Extensive changes occurring in the convening center, CIMMYT. That center
later relinquished its convening center function in favor of IRRI. Through
J.K. Ladha, a scientist with experience in rice-wheat research, IRRI rose to
the challenge of providing continuity and maintaining focus in the RWC
agenda.
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The disappearance of financial support from several donors. The RWC might
have been plunged into another financial crisis if it were not for the approval
of ADB RETA 6208, and complementary projects from IFAD and USAID.
RETA 6208, which began in January 2005, aims to accelerate the adoption of
RCTs through information sharing, technology dissemination, capacity building, and
policy change. It represents a logical and natural continuation in rice-wheat systems
research, building on earlier progress and recognizing prior achievements. It has been
successful in fostering widespread use of RCTs that goes beyond wheat zero-tillage.
RETA 6208 was designed to complement several other rice-wheat projects. Of these,
two projects (funded by IFAD and USAID) stand out. The IFAD project featured onfarm testing of RCTs in new villages and strengthened social science research, but
was restricted to the eastern Ganges and disallowed support to the FU. The USAID
project included FU support and was immensely helpful in fostering wider adoption
of RCTs, but was restricted to one country. The ADB project RETA 6208 remained
the mainstay of rice-wheat research for the RWC as a whole.
RCTs have had the greatest impact in India and Pakistan, where they were introduced earliest. These practices were introduced later into Bangladesh and Nepal (with
ADB support playing an important role), so it is not surprising that proven impacts
have to date been less dramatic. RCT impacts in the eastern Ganges are expected to
grow more swiftly in the near future.
Taken together, RETAs were budgeted at a total of more than $9 million, of
which ADB contributed $3.05 million. ADB thus contributed about a third of project
costs, centers picked up another third, NARES about 13%, and the remainder came
from other donors.
Finally, it is important not to underestimate the contributions of NARES. The
largest investment in rice-wheat systems research has not come from external donors
such as ADB, but rather from NARES (including university, state and provincial,
and private-sector investment, whether from national internal sources or from loans
provided by development banks). Although difficult to measure with any precision,
NARES commitments of staff time, office and land resources, and operational funds
surpass the contributions made by all other partners combined. To them, then, is due
much of the credit for the success of rice-wheat research.
l
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Annex A. The Pantnagar Drill
Adapting the Aitcheson drill for use in rice-wheat systems was not simple. Among
the difficulties to be overcome were the width and shape of the tine, the strengthening of the frame and shank, and the clamping of the tine to the shank (Justice and
Hobbs 2005).
Perhaps the best description of the process, however, comes from the inventors
themselves:
“At first a furrow opener was developed, then nine furrow openers were
manufactured and installed on a Conventional National Seed Drill. This
took us 5–6 months as a lot of time was spent on designing furrow openers
[compatible with] our machine and it took lots of patience and hard work.
During the designing of the bottoms, we had to take care of the replacement of inverted-T blades, the cutting degree . . . and the edges of the bolts
had to be checked . . . after developing all of this, the development of the
seed and fertilizer boots was undertaken . . . the task of integrating the
inverted-T blade and boots with the shank was a complicated one.
“Finally, after hard work of six months . . . we were able to assemble
the first Zero-Till Seed Drill with nine bottoms and side-wheel drive; this
machine needed lots of improvements which were implemented by us as
and when needed . . . . The furrow openers attached to these machines
gave a wider slit opening, which was reduced in later models. When we
tried to reduce the width of the boot, then both the seed and fertilizer pipes
could not be installed in it; this was a real big problem and took us a while
to fix it . . . . These machines were side-wheel drive and had a problem of
missing seed and fertilizer placement as when one of the wheels ran over
a stone the seed and fertilizer distribution mechanism would start missing due to the loss of ground grip of the wheels. To remove this problem,
front-wheel drive was introduced” (National Agro Industries, 2005).
Over the years, National Agro Industries, ASS Foundries, and competing companies have gradually introduced several dozen additional improvements in these
early designs, including
l Reducing slit width to less than 2.5 cm through the development of a new
special boot.
l Reducing bolt breakage through the use of U clamps or high-tensile steel
carriage bolts to fasten the openers to the shank.
l Improving the durability of the inverted-T blade by changing its shape and
composition.
l Reducing the need to continuously adjust the drive chain by introducing a
spring in the chain adjuster idle.
l Improving seed metering through several distinct design changes.
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Annex B. Estimates of RWC funding for 1999-2004.
Donor
1999
DFID
DFID

2001
ADB

Project title

2003
DFID

IWMI

3 years (Mar
2001-Feb
2004)
1 year
1 year

18,937

India and Nepal

1 year, 8
months
(Nov 2001July 2003)

89,520

Nepal and Pakistan

300,000

India

3 years (July
2001-June
2004)
2 years, 8
months (Apr
2001-Nov
2003)

220,000

Bangladesh

2002-03

14,400

2002

40,000

India, Nepal,
Pakistan, and
Bangladesh

Climate variability and rice-wheat
productivity in the Indo-Gangetic
Plains
Assessing the impact and facilitating
the uptake of resource-conserving
technologies in the rice-wheat systems of the Indo-Gangetic Plains
Assessing the impacts of wider
adoption of zero-tillage and other
RCTs on farmer livelihoods in the
irrigated plains of South Asia

Total (1999-2004)
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465,600

India, Nepal,
Pakistan, and
Bangladesh
India, Nepal,
Pakistan, and
Bangladesh
India

Drill modification for rice-wheat with
straw retention
Enhancing the rice-wheat system
productivity in the more marginal
areas of the Indo-Gangetic Plains:
building on a farmer innovation
in water harvesting and efficient
energy management
Accelerating adoption of zero-tillage
in rice-wheat systems in the IndoGangetic Plains
Workshop and trainings for NATP
sub-research project. Accelerating
the adoption of RCTs for farm-level
impact on sustainability of ricewheat systems of IGP
ICM database

IACRRothamsted
2002
APN

3 years (Apr
1999-March
2002)
3 years (Apr
1999-March
2002)

Study on sustainability of the ricewheat production systems of Asia

ACIAR

NATP

Total value
of project
(US$)

India, Nepal, and
Bangladesh

Database collection and development
of concept note for funding RCTs

NZODA

Duration of
project

Soil health and sustainability of the
rice-wheat systems of the IndoGangetic Plains
Harnessing tillage by nutrient
management interactions using
participatory approaches to improve
rice-wheat system productivity and
sustainability

FAO

IFAD

Countries
participating
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479,200

1,200,000
6,000

India, Nepal,
Pakistan, and
Bangladesh

3 years (Jan
2003-Sep
2005)

480,000

India, Pakistan

2 years

165,000

3,478,657

Annex C. List of acronyms
ACIAR
Australian Centre for International Agricultural Research
ADB
Asian Development Bank
AIT
Asian Institute of Technology
APN	
Asian Pacific Network
AVRDC
Asian Vegetable Research and Development Center
CGIAR
Consultative Group on International Agricultural Research
CHT
Chinese hand tractor
CIMMYT	International Maize and Wheat Improvement Center
CIP	International Potato Center
DFID
Department for International Development (UK)
DSG
donor support group
EU	European Union
FAO	
Food and Agriculture Organization (of the United Nations)
FU
Facilitation Unit (of the RWC)
FYM
farmyard manure
GIS
geographic information systems
GR
Green Revolution
HAU
Haryana Agricultural University
IAC	International Agriculture Center (Wageningen, Netherlands)
IAEA	International Atomic Energy Agency
IARC
international agricultural research center
ICAR	Indian Council for Agricultural Research
ICRISAT	International Center for Research in the Semi-Arid Tropics
IDRC	International Development Research Council
IFAD	International Fund for Agricultural Development
IGP	Indo-Gangetic Plains
IPM
integrated pest management
IRRI	International Rice Research Institute
IWMI	International Water Management Institute
KASSA
Knowledge Acquisition and Sharing for Sustainable Agriculture (EU project)
LCC
leaf color chart
LTSFE	
long-term soil fertility experiments
LTE	
long-term experiments
NARES
national agricultural research and extension systems
NATP	National Agricultural Technology Project (India)
NZODA	New Zealand Office for Development Assistance
PRISM
Project Information and Management System
RCTs
resource-conserving technologies
RSC
Regional Steering Committee (of the RWC)
RTCC
Regional Technical Coordination Committee (of the RWC)
RWC
Rice-Wheat Consortium for the Indo-Gangetic Plains
TAC
Technical Advisory Committee (of the CGIAR)
TCE	
tillage and crop establishment
UNDP
United Nations Development Program
USAID
United States Agency for International Development
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Integrating crop and resource
management technologies for
enhanced productivity, profitability,
and sustainability of the rice-wheat
system in South Asia
J.K. Ladha, V. Kumar, M.M Alam, S. Sharma, M.K. Gathala, P. Chandna,
Y.S. Saharawat, and V. Balasubramanian
The rice-wheat (RW) system is the lifeline of millions of food producers and
consumers in the Indo-Gangetic Plains (IGP) of South Asia. Practiced over an
area of 13.5 million ha, this system provides food, employment, and income
to the local population of the four IGP countries—Bangladesh, India, Nepal,
and Pakistan. The RW system is highly intensive in the northwest and parts of
the central IGP with a liberal and often excessive use of irrigation water and
chemical inputs to maximize crop yields. The system is becoming more and more
unsustainable due to problems such as (1) a depletion and/or degradation of
natural resources (water, soil, biodiversity), (2) low input-use efficiency (fertilizers,
pesticides, labor), (3) pollution of the environment (soil, water, and air), (4)
changing climate, and (5) fast-changing socioeconomic conditions (population
growth, increasing poverty, fewer rural employment opportunities, rural-urban
migration, increasing farm labor scarcity). In contrast, in the eastern IGP, the
RW system is more or less traditional, with low productivity and income due to
a lack of adoption of improved crop and resource management technologies.
Both types of problems have to be overcome to enhance and sustain the high
productivity and profitability of the RW system with the least adverse impact on
the environment and thereby improve the livelihoods of the local people.
In a project supported by the Asian Development Bank, a number of improved land and crop management practices, often termed resource-conserving
technologies (RCTs), have successfully been developed and disseminated in
the Indo-Gangetic Plains (IGP). Among the RCTs, the most popular are laser
land leveling, zero- and reduced-till drill-seeded wheat, direct seeding of rice,
and a leaf color chart for nitrogen management. As of today, approximately 4.0
million ha of combined rice and wheat area were under one or more RCTs in
the IGP countries. The vast majority of farmers have adopted them because of
increased productivity, reduced costs, and higher profitability.
The use of individual technologies did improve RW productivity and
profitability to a certain extent, but combining and simultaneously applying
a number of compatible RCTs is crucial for maximizing the overall benefits to
farmers. Farmers generally integrated the new technologies into the portfolio
of their own technologies already being practiced on their farms. This process
of integrating new RCTs into an existing portfolio of technologies can be called
integrated crop and resource management (ICRM). Being highly dynamic, ICRM
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will accept innovations as and when they become available. A good example
of ICRM is the combined use of precision land leveling and reduced tillage or
zero-tillage and drill seeding together with a full package of crop management
to maximize system efficiency, productivity, and benefit. Additionally, some
RCTs under ICRM have had positive effects on resource use and environmental
quality. However, the adoption rates of ICRM with new RCTs were highly variable
in the three regions—northwest, central, and eastern IGP. This is because of
variations across the IGP in RW system characteristics such as (1) agroclimatic
conditions and land types; (2) farmers’ knowledge, skills, resource endowments,
and cultivation practices; (3) the time of introduction of ICRM with new RCTs
and the extent of farmers’ exposure to them; and (4) the amount of institutional
and policy support to farmers. The key factors affecting the adoption of ICRM
with new technologies by farmers and suggested strategies to facilitate wide
adoption are discussed in this paper. The need continues to be to develop an
effective program for wider evaluation, refinement, and dissemination of proven
RCTs within the framework of ICRM for deprived farming communities, specifically
in the eastern IGP, to realize their great impact on food security and farmers’
livelihood in South Asia.
Keywords: conservation agriculture, differential technology adoption, environmental
impacts of farming, farmers’ livelihood, food security, Indo-Gangetic Plains, integrated crop and resource management, resource-conserving technologies, rice-wheat
system
The recent triple global crises—food, financial, and economic—have adversely affected the livelihoods and threatened the existence of poor producers and consumers
of developing countries. This is due to the increasing prices of farm inputs in relation
to outputs, stagnant or decreasing crop productivity, fewer off-farm work opportunities
for supplementing farm income, reduced remittances from relatives working outside
villages, and declining income and purchasing power of poor consumers. In South
Asia, the intensively cultivated irrigated rice-wheat (RW) system is crucial to employment, income, and livelihoods for hundreds of millions of rural and urban people in
the region (Ladha et al 2003). The productivity and sustainability of the RW system
are threatened because of (1) inefficient use of inputs (fertilizer, water, labor); (2)
increasing scarcity of resources, especially water and labor; (3) changes in climate;
(4) changes in land use (cropping practices and cropping systems) driven by a shortage of water and labor; (5) socioeconomic changes (urbanization, labor migration,
changing attitude of people to shun away from farm work); and (6) concerns about
farm-related pollution. The RW production system of South Asia therefore suffers from
conflicts in economic, social, climatic, ecological, and production-related objectives
(Aggarwal et al 2001).
Despite the tremendous gains obtained in RW productivity during the past 40
years, the continued growth in population and the resultant decreases in per capita avail70
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ability of land and water resources have placed a severe stress on the RW production
system, raising serious concerns about the region’s food security (Harrington 2001).
Additional gains in productivity, profit, and product quality are becoming increasingly difficult to achieve by using the single-technology-centric approach. Therefore,
a systems approach is needed to adapt to emerging challenges and to enhance the
productivity, profitability, and resource-use efficiency of the system on a sustainable
basis (Ladha et al 2003, Gupta and Seth 2007).
Earlier projects on the RW system have developed several land and crop
management technologies often termed as resource-conserving technologies (RCTs)
suitable for farmers in the region (Ladha et al 2003, Gupta and Seth 2007). Examples
of popular RCTs are laser-assisted land leveling and zero-/reduced tillage along
with row-/drill-seeding practices that enhance savings in time and energy. Despite
the remarkable progress made, so far, the varying technological performance, slow
adoption rate, and poor impact require our urgent and focused attention to realize the
full socioeconomic and environmental benefits. Among the several constraints, the
use of a component technology in isolation has limited widespread adoption. Adoption of individual technologies may improve RW productivity to a certain extent,
but combining and simultaneously applying a number of compatible technologies
is critical to maximizing the overall benefits to farmers. It is now becoming clear
that integrating successful RCTs with an integrated crop and resource management
(ICRM) framework is essential to improve the overall productivity and efficiency of
the RW system. Therefore, the overall objective of our program in the Rice-Wheat
Consortium has been to integrate all available rice and wheat production technologies within the framework of ICRM, evaluate them in farmers’ fields, and promote
the successful ones to farmers at large in close collaboration with key national and
international partners. This paper highlights the outcome of our extensive on-station
and farmer participatory on-farm work carried out in the IGP of South Asia, especially
during 2005 to 2008 under an Asian Development Bank (ADB)-supported project titled
Enhancing Farmers’ Income and Livelihood through Integrated Crop and Resource
Management in the Rice-Wheat System in South Asia. Specifically, we provide (1) a
conceptual framework of ICRM, (2) standard terminology and a brief description of
various technologies, (3) estimates of gains in productivity, resource-use efficiency,
and farmers’ profit, and (4) constraints to achieving full impact of ICRM options and
strategies to overcome these constraints.

Integrated crop and resource management
for enhancing productivity and resource use
Various terms have been coined to integrate different technologies that result in
increased (1) crop productivity, (2) profitability, (3) resource-use efficiency, and (4)
resource conservation. These are integrated crop management (ICM), integrated rice
management (IRM), integrated natural resource management (INRM), and conservation agriculture (CA). Although these terms are popularly used, none seems to clearly
reflect the above four aspects of system performance in an integrated manner. We
Integrating crop and resource management technologies for enhanced productivity, profitability, and . . .
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propose integrated crop and resource management (ICRM), which intuitively includes
two components: (1) crop management (CM) combining a number of compatible
crop production technologies to enhance crop yields and profitability with optimum
external inputs, and (2) natural resource management (NRM), which deals with the
conservation and efficient use of natural resources such as soil, water, flora and fauna
species (biodiversity), and other biological resources. In fact, RCTs can be viewed as
the key elements of ICRM. At a practical or field level, the two components of ICRM
(CM and NRM) are inseparable; they together promote the conservation and good
management of natural resources for high crop productivity. In a way, the concept of
ICRM also follows the approach of CA. The goals of CA are to conserve, improve, and
make more efficient use of natural resources through integrated management of soil,
water, crop varieties and animal species, and other biological resources. In the long
run, CA contributes to both enhanced productivity and environmental conservation
on a sustainable basis. Elements of CA include minimum soil disturbance, permanent
organic soil cover (crop residues), and appropriate and economic crop rotations to
sustain crop yields and prevent disease and pest problems (FAO 2007, Hobbs et al
2008). CA thus promotes minimum disturbance of soil by zero- or reduced tillage,
balanced and crop-based application of chemical inputs, and skillful management of
crop residues and wastes (Dumanski et al 2006). In the final analysis, ICRM is more
or less akin to CA, which allows the integration of various RCTs into farmers’ portfolio of technologies to enhance the total productivity, profitability, and environmental
quality of any cropping or farming system (e.g., the RW system).

Standard terminology and brief description of ICRM technologies
As often happens, there are only a few standard basic prototype technologies but they
are subject to numerous modifications when introduced to farmers’ fields. A basic
technology is modified by both researchers and farmers to suit the local need but also
to optimize the benefits. A standard terminology is essential to not only communicate
among different groups of stakeholders but also to accurately quantify the benefits.
The name, abbreviation, brief description, benefits, and limitations of various versions
of RCTs used for ICRM and conventional technologies are presented in Table 1A for
rice and Table 1B for wheat.

Methodology
Technology evaluation
Two types of trials were conducted to evaluate and refine various technological options. Well-planned on-station research trials were conducted at selected research farms
where detailed measurements were made. The findings of on-station trials also help
to refine and modify technologies. We review the results of a few selected on-station
trials in this paper. From on-station trials, successful technologies were introduced
to farmers’ fields for further evaluation and eventually wider dissemination. About
8,000 on-farm trials were conducted to evaluate different RCTs in rice and wheat at
72
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CT-TPR

CT-TPR-AWD

CT-TPR-LCC

CT-TPRICRM

CT-BCR

Conventional-till
(puddled) TPR with
alternate wetting and
drying (AWD) irrigation

CT-TPR with leaf
color chart (LCC) for
improved N management

Integrated crop and
resource management
(ICRM) for transplanted rice

Conventional-till
(puddled) broadcastseeded rice

Abbreviation

Conventional-till (puddled) transplanted rice

Name

Land is plowed, puddled, and leveled; sprouted seeds are broadcast 0–2 days after puddling.

Land is plowed, puddled, and
leveled; young seedlings at 3- to
4-leaf stage are transplanted at
an optimal spacing with 1 to 2
seedlings per hill and improved
soil, water, nutrient, and weed
management.

Use of LCC to determine plant N
status at periodic intervals and
apply N fertilizer as per crop
demand.

In CT-TPR, AWD irrigation is practiced.

Land is plowed, puddled, and
leveled; 21–30-d-old seedlings
are transplanted at random or in
rows.

Brief description

Faster crop establishment; less
planting labor; most suited to
rainfed wetlands.

Reduced inputs, increased yields,
and higher resource-use efficiency.

Higher N-use efficiency; reduced
fertilizer cost; less or no pesticide
use; reduced air and water pollution.

Water savings.

Good water retention due to plow
pan; fewer weeds; sustainable.

Benefits

Continued on next page

Perfect land leveling and good
early water control needed; variable crop stand; more weeds;
lodging due to poor anchorage.

Time-consuming; need for skilled
labor; difficult to follow wetting
and drying irrigation.

Additional labor for monitoring
plant N status and N application.

Variable or reduced yield; more
weeds.

Time-consuming; labor-intensive;
delays wheat seeding in RW
system; destroys soil structure.

Limitations

Table 1A. Name, abbreviation, brief description, main benefits, and limitations of conventional technologies and RCTs that can be integrated
into ICRM for rice.
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CT-DrumR

RT-TPR

RT-DSR

RT-DSR
(PTOS)

Reduced-till (nonpuddled) transplanted rice

Reduced-till (nonpuddled) dry drill-seeded
rice

Reduced-till drill-seeded
rice with a power
tiller–operated seeder
(PTOS)

Abbreviation

Conventional-till
(puddled) drum-seeded rice

Name

Table 1A continued.

The PTOS is a tiller with an attached seeder and a soil-compacting roller. The PTOS is used
to till shallow (4–5-cm depth),
sow seeds in rows at adjustable
distance, and cover seed and
compact the soil at the same
time in a single pass.

Dry seeds are drilled in rows by a
zero-till ferti-seed-drill at 2–3-cm
depth in a well-prepared moist
soil and leveled, followed by one
light irrigation applied for good
germination.

2–3 dry tillages followed by planking/leveling and ponding water
but without puddling; 21–30-dold seedlings are transplanted at
random or in rows.

Sprouted seeds are sown in rows
on wet soil by using a drum
seeder instead of broadcasting
in a conventionally tilled and
puddled field.

Brief description

Reduced tillage; faster crop
establishment; less labor; easy
to weed between rows; good soil
structure due to no puddling.

Reduced tillage; faster crop establishment; allows timely planting;
less labor; easy to weed between
rows; good soil structure due to
no puddling.

Reduced tillage; good soil structure
due to no puddling.

Faster crop establishment; less
planting labor; good crop stand;
easy weeding between rows.

Benefits

Continued on next page

Good water control for 7–10 days
after seeding is critical; heavy
weed infestation requiring chemical weed control; may delay
wheat seeding in too wet soils.

Good water control for 7–10 days
after seeding is critical; heavy
weed infestation requiring chemical weed control.

Time-consuming; labor-intensive;
difficult to plant manually; weed
pressure.

Perfect land leveling needed; good
water control for 7–10 days
after seeding is critical; more
weeds.

Limitations
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Abbreviation

RTDSR+Ses

Bed-TPR

Bed-DSR

Bed-PermDSR

Name

Reduced-till (nonpuddled) dry drill-seeded
rice + Sesbania

Raised-bed transplanted rice

Raised-bed drill-seeded
rice

Permanent (double)
bed-planted rice

Table 1A continued.

Faster crop establishment; less
labor; partial weed suppression
and enhanced soil fertility by
Sesbania; good soil structure due
to no puddling.

Benefits

Drill seeding on raised beds is
practiced for both rice and wheat
in a sequence.

A bed former-cum-zero-till drill is
used to form 37-cm-wide raised
beds and 30-cm-wide furrows in
well-prepared and pulverized soil,
and dry rice seeds are sown in
rows on both sides of moist beds.
Furrows are kept flooded for up to
21 DAS. Frequent light irrigations
are applied for quick germination
and crop establishment.

Good drainage; savings in irrigation
water; facilitates mechanical
weeding.

Good drainage; savings in water;
facilitates mechanical weeding.

A bed former-cum-drill seeder is
Good crop stand; good drainage;
used to form 37-cm-wide raised
savings in water; facilitates mebeds and 30-cm-wide furrows
chanical weeding.
in well-prepared, pulverized soil.
Then, 21-d-old seedlings are
planted on both sides of moist
beds. Furrows are kept flooded for
up to 21 DAT.

Rice is drill-seeded; Sesbania seeds
either drill-seeded or broadcast
on the same day rice is sown in
reduced-till plots followed by Sesbania knocked down at 25–30
DAS with 2-4,D.

Brief description

Continued on next page

Variable crop stand; heavy weed
infestation requiring chemical
weed control; micronutrient deficiency; termite problems in rice.

Poor crop stand; heavy weed
infestation requiring chemical
weed control; micronutrient
deficiency; termite problems;
soil compaction with time.

More weeds; micronutrient
deficiency; termite problems;
labor-intensive.

May reduce rice yields due to
intercrop competition; additional
cost of Sesbania seeds and
herbicide to control Sesbania.

Limitations
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ZT-TPR

ZT-DSR

ZT-DSR-TC

Zero-till drill-seeded rice

Zero-till drill-seeded rice
with traffic control

Abbreviation

Zero-till (nonpuddled)
transplanted rice

Name

Table 1A continued.

A version of ZT-DSR in which a 4wheel tractor with narrow wheels
and a zero-till drill are used
for seeding after need-based
preplant herbicide weed control.
The tractor enters the field from
fixed points and operates in the
same tracks each time—behaving like traffic control. The tire
track area is not seeded and it
serves as irrigation-cum-drainage
channels. If needed, the tractor
can be used for inter-cultivation
to control weeds.

Fields are flush-irrigated to moisten
the soil and allow weeds to
germinate. After about 2 weeks,
glyphosate/paraquat is applied to
kill all weeds. Then, a zero-till drill
seeder is used to drill rice seeds
at shallow depth, followed by a
light irrigation to have a quick and
uniform germination.

Transplanting rice seedlings in
flooded field at optimum soil
moisture without tillage and seedbed preparation.

Brief description

In this version, border effect compensates for the missing rows,
saves costly seeds, facilitates
irrigation/drainage, and does not
reduce crop yield.

Uniform crop stand; savings on tillage cost; good soil structure for
winter wheat.

No tillage cost; good soil structure
due to no puddling.

Benefits

Continued on next page

Experienced operator needed to
maintain controlled tire traffic;
heavy weed infestation requiring chemical weed control;
micronutrient deficiency; termite
problems.

Heavy weed infestation requiring chemical weed control;
micronutrient deficiency; termite
problems.

Difficult to plant manually; more
weeds; labor-intensive.

Limitations
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Abbreviation

ZTDSR+Ses

ZT-DSR-TC
+Ses

DZT-DSR

LASER-level

Name

Zero-till drill-seeded rice
and Sesbania

Zero-till drill-seeded rice
and Sesbania with
traffic control

Double zero-till drillseeded rice (followed
by wheat)

Laser-assisted land
leveling

Table 1A continued.

A laser-attached tractor is used to
level the field dry or wet. A proper
tillage or zero-tillage is needed to
maintain the level for 3–4 years.

Rice is zero-till drill-seeded at optimum moisture in the presence of
residues, along with need-based
preplant herbicide weed control.
In winter, wheat is similarly zerotill drill-seeded in the same field.

Rice is drill-seeded; Sesbania seeds
either drill-seeded or broadcast
in zero-till plots with controlled
traffic. Sesbania knocked down at
25–30 DAS with 2-4,D.

Rice is drill-seeded; Sesbania seeds
either drill-seeded or broadcast in
zero-till plots. Sesbania knocked
down at 25–30 DAS with 2-4,D.

Brief description

Uniform irrigation and water savings; good crop stand; fewer
weeds; high yield.

Savings on tillage cost for both rice
and wheat; good soil structure;
improved soil carbon status.

No tillage; faster seeding; less
labor; weed suppression by
Sesbania.

No tillage; faster seeding; less
labor; weed suppression by
Sesbania.

Benefits

Experienced operator needed;
initial additional cost for leveling;
later poor tillage destroys level
land.

Variable crop stand; soil hardening
with time.

May reduce rice yields due to
intercrop competition; additional
cost of Sesbania seeds.

May reduce rice yields due to
intercrop competition; additional
cost of Sesbania seeds.

Limitations
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Abbreviation

CT-BCW

RT-BCW
(rotovator)

RT-DSW
(rotovator)

RT-DSW
(PTOS)

Name

Conventional-till broadcast-seeded wheat

Reduced-till (with a
rotovator) broadcastseeded wheat

Reduced-till drill-seeded wheat

Reduced-till drillseeded wheat with a
power tiller–operated
seeder (PTOS)

The PTOS is a tiller with an attached seeder and a soil-compacting roller. The PTOS is used to
till shallow (4–5-cm depth), sow
seeds in rows at adjustable distance, and cover seed and compact the soil at the same time in
a single pass. The PTOS can also
be used to sow other crops.

A single-pass tillage is done by a
tractor with an attached rotovator
or tiller; then, wheat is drillseeded.

A single-pass tillage is done by a
tractor or a power tiller with an attached rotovator; here, the entire
swath of soil is rotovated. Then,
wheat is sown by broadcasting.

Seeds are broadcast manually in
thoroughly prepared fields with
4–5 plowings/harrowings by a
tractor or a power tiller. After
sowing, laddering is practiced to
cover seeds.

Brief description

Faster tillage and seeding; savings
on tillage cost; timely wheat
seeding; high yield.

Faster tillage and seeding; savings
on tillage cost; timely wheat
seeding; high yield.

Savings on tillage cost; timely
wheat seeding; high yield.

Traditional; easy crop establishment.

Benefits

Continued on next page

Variable crop stand; weed problems.

Tendency to increase tillage
frequency; no soil structure
maintenance.

High seed rate; variable crop
stand; weed problems.

High energy and tillage cost; high
seed rate; late wheat seeding;
low yield.

Limitations

Table 1B. Name, abbreviation, brief description, benefits, and limitations of conventional technologies and RCTs that can be integrated into
ICRM for wheat.
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Bed-DSW

Bed-PermDSW

ZT-BCW

ZT-DSW

ZT-DSWResidue

Permanent (double)
bed-planted wheat

Zero-till broadcast
wheat: surface seeding

Zero-till drill-seeded
wheat

Zero-till drill-seeded
wheat under surface
mulch or crop residues

Abbreviation

Raised-bed drill-seeded
wheat

Name

Table 1B continued.

The surface mulch seeder cuts
stubbles, picks up combined
loose straw, chops into small
pieces, and spreads uniformly in
the field, followed by drill seeding
of wheat in rows.

Glyphosate/paraquat is applied to
kill all weeds and wheat seed
is drilled at 4–5 cm in moist
soil by a zero-till ferti-cum-seed
drill, without any tillage and in
the presence of anchored crop
residues.

Seeds are simply broadcast on
a well-moistened soil without
any land preparation and in the
presence of crop residues or,
alternatively, on fallow land.

Drill seeding on raised beds is
practiced for both wheat and rice
in a sequence.

Here, a bed former-cum-zero-till
drill is used to form 37-cm-wide
raised beds and 30-cm-wide furrows in well-prepared, pulverized
soil and wheat is sown in rows on
both sides of moist beds.

Brief description

Reduced cost; faster and timely
wheat seeding; partial weed
control due to mulch.

Uniform crop stand; savings in tillage cost; timely wheat planting.

Reduced cost; faster and timely
wheat seeding; most suited to
heavy soils with excessive soil
moisture in the eastern IGP.

Good drainage; savings in irrigation
water; facilitates mechanical
weed control.

Good drainage; savings in irrigation
water; facilitates mechanical
weed control.

Benefits

Variable yield.

Continued on next page

Chemical weed control.

Variable crop stand; lower yield.

Variable crop stand; weed pressure.

Variable crop stand; weed pressure.

Limitations
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ZT-DSW-TC

DZT-DSW

Bed-DSWSugar

CT-ICRMDSW

Double zero-till drillseeded wheat (followed
by rice)

Bed-planted wheat with
intercropped sugarcane

Conventional-till
integrated crop and
resource management
for wheat

Abbreviation

Zero-till drill-seeded
wheat with traffic
control

Name

Table 1B continued.

A single-pass tillage is done by
a tractor or a power tiller with an
attached rotovator or tiller, then
wheat is drill-seeded. All improved
crop management practices are
followed.

Sugarcane is interplanted in furrows
with wheat planted on raised beds.

Seeds are drilled by a zero-till drill
at optimum moisture in the presence of residues, along with needbased preplant herbicide weed
control. In monsoon season, rice is
similarly zero-till drill-seeded in the
same field.

A version of ZT-DSR in which a 4wheel tractor with narrow wheels
and a zero-till drill are used for
wheat seeding after need-based
preplant herbicide weed control.
The tractor enters the field from
fixed points and operates in the
same tracks each time—behaving like traffic control. The tire
track area is not seeded and it
serves as irrigation-cum-drainage
channels.

Brief description

Savings on tillage cost; timely
wheat seeding; high yield.

Good drainage; savings in irrigation
water.

Savings in tillage cost for both rice
and wheat; good soil structure;
improved soil carbon status.

In this version, border effect compensates for the missing rows,
saves costly seeds, facilitates
irrigation/ drainage, and does not
reduce crop yield.

Benefits

In poorly tilled soil, variable crop
stand; weed problems.

Competition; reduced wheat yield.

Variable crop stand; soil hardening
with time.

Experienced operator needed to
maintain controlled tire traffic;
chemical weed control.

Limitations

various sites of four IGP countries during 2005 to 2008. The details of different ICRM
options evaluated in farmers’ fields are given in Table 2. Farmers refined, validated,
and selected the most suitable technologies for their regions by using their own criteria
for selection. The results of numerous on-farm trials conducted at six sites of the four
IGP countries (Bangladesh, India, Nepal, and Pakistan) are presented.
Performance indicators
We measured the following four groups of performance indicators in both on-station
and on-farm trials: (1) crop productivity, (2) pattern of resource (labor, water, agrochemicals) use, (3) partial budgeting (various costs and profit), and (4) global-warming
potential (GWP). Because of various constraints, measurements of all the indicators
were not possible, especially from the trials conducted in farmers’ fields. Measurements for GWP are difficult; hence, a decision support system (InfoRCT) was used
for estimating GWP.
InfoRCT—a decision support system
For estimating GWP, a decision support system (DSS), named InfoRCT (Information
on Use of Resource Conservation Technologies in Agriculture), was developed to
quantify the input-output budget and fluxes of N and greenhouse gases (GHG) along
with detailed cost/benefit analysis of the prominent options in the rice-wheat system
(Pathak et al 2009, Saharawat et al 2009). The DSS integrates analytical and expert
knowledge on biophysical, agronomic, and socioeconomic features to establish inputoutput relationships related to (1) water, fertilizer, labor, and biocide uses; (2) GHG
emissions; (3) biocide residue in soil; and (4) N fluxes in the rice-wheat system.
Statistical analysis
The on-station trials followed proper experimental design and replications; hence,
adequate statistical analyses were done. But, for on-farm trials, for which proper experimental designs are often not possible, data were analyzed using SAS mixed model
procedure (SAS 2001), in which treatment was used as a fixed effect and farmer as
a random effect (Prasad et al, this volume). Means separation was done by using a
Fisher-protected t-test at LSD 0.05. A SAS macro was used for multiple comparisons
of the means (Spilke et al 2005). Unless otherwise stated, the data on changes in crop
yields with an improved technology (such as laser-aided land leveling, alternative tillage and crop establishment, and integrated crop and resource management) compared
with a corresponding farmers’ practice (such as traditional land leveling, conventional
tillage with transplanting, or farmers’ crop management) are presented.
Technology promotion and dissemination strategies
Traveling seminars and radio and television programs were organized for dissemination
of ICRM with new RCTs on a wider scale in both rice and wheat crops. In addition,
technical and popular articles were published in local newspapers and magazines and
technology brochures/banners/posters/wall chalkings (billboards) were distributed to
farmers to popularize RCTs. Linkages with farmers’ groups, agricultural implement
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Table 2. Major research/technology developments/evaluation and dissemination at different sites, 2005-08.
No. of validation and dissemination trials
Serial
no.
1
2
3

4

5

6

7

8

9

10

11

12

ICRM options

Laser-assisted land
leveling
Conventional-till transplanted rice (CT-TPR)
Conventional-till broadcast-seeded rice
(CT-BCR)
Conventional-till
drum-seeded rice
(CT-DrumR)
Reduced-till unpuddled
transplanted rice
(RT-TPR)
Zero-/reduced-till drillseeded rice (ZT/RTDSR)
CT-TPR with integrated
crop and resource
management in rice
(CT-TPR-ICRM)
CT-TPR with leaf color
chart for improved
N management (CTTPR-LCC)
Zero-till/reduced-till
drill-seeded wheat
(ZT/RT-DSW)
Zero-till surface
seeding of wheat
(ZT-BCW)
Integrated crop and resource management
in wheat (CT-ICRM-W)
Zero-till (double) drill
seeding of rice and
wheat with residue
mulch (DZT-DSR/
DSW)

Bangladesh

India
Nepal

Pakistan

Total

163

–

571

734

66

74

217

49

2,643

11

–

–

–

–

11

30

17

0

1

26

0

74

0

6

93

2

0

0

101

0

111

56

101

23

18

309

950

0

0

0

189

0

1,139

1,127

0

0

0

0

16

1,143

18

256

77

117

100

89

657

0

10

0

0

3

0

13

50

–

–

–

6

–

56

18

295

77

101

123

92

706

Ballia

Karnal

Modipuram

–

–

–

2,107

130

–

Continued on next page
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Table 2 continued.
No. of validation and dissemination trials
Serial
no.

13

14
15
16

ICRM options

Permanent bed planting of wheat and rice
(Bed-Perm-DSRDSW)
Zero-tillage in other
crops
Bed planting of other
crops
Crop diversification/intercropping
Total on-farm RCT
evaluation plots

Bangladesh

India
Ballia

Karnal

Modipuram

Nepal

Pakistan

Total

0

23

60

4

0

28

115

0

13

–

–

0

0

13

0

5

58

9

0

4

76

43

18

58

9

0

4

132

4,343

895

708

418

687

871

7,922

manufacturers, state departments of agriculture, agricultural universities, research
development and extension agencies, NGOs, and policymakers were established for
the dissemination of various RCTs.
Technology targeting (remote sensing and GIS)
Potential zones suitable for targeting ICRM options at the project sites were identified
using satellite images and geographic information systems (GIS). IRS-P6 satellite images were used to extract information on timely and late-planted crops, flood-prone
riverside areas (diara lands), waterlogged areas, excessive moisture areas, and salt-affected soils. A decision tree classification approach was developed using the normalized
difference vegetation index (NDVI) and normalized difference water index (NDWI).
Turnaround time between crops was quantified using a temporal NDVI spectral profile,
crop calendar, and intensive ground truth using a global positioning system (GPS).
Appropriate ICRM options were identified that offer promising opportunities to the
underused and underproductive lands in the IGP (Chandna et al, this volume).
An attempt was also made to study the spectral response of RCTs in wheat at
different crop growth stages, thereby identifying a suitable band and time for differentiating different tillage and crop establishment methods. Two villages, Darad
and Rambha of Karnal District, were selected where different residue management
practices, that is, ZT-DSW with full and partial retention and burning of rice residue,
were adopted in wheat (cultivars PBW–343 and 502) during rabi 2005-06 after transplanted rice (Basmati: Govind and Sarbati). Spectral signatures from 400 to 1,100 nm
at a 5-nm interval were recorded in different RCT-adopted fields using a hand-held
spectroradiometer (UniSpec) on four different dates during the crop growing season
synchronizing with passes of the IRS-P6 satellite over the area. Spectral reflectance
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Laser land leveling
Zero-/reduced-tillage wheat
Dry-seeded rice/BM
Wet-seeded rice
Unpuddled transplanted rice
ICM/LCC
Diversification

Fig. 1. Focused development and evaluation of targeted RCTs within the framework of ICRM
at different sites across the IGP during 2005-08.

was computed and analyzed for whole wavelength range (400–1,100 nm) and also
band-wise for integration with IRS-P6 satellite images. A temporal profile of bands
and NDVI was plotted to (1) characterize crop growth behavior as affected by tillage
options and (2) find a suitable band and time for differentiating different tillage and
crop establishment methods.
A geo-referenced database has been created and updated for ADB sites in India,
Nepal, Bangladesh, and Pakistan (Fig. 1). Each point indicates the XY coordinates of
those plots where farmers have adopted RCTs. Along with the associated socioeconomic and biophysical aspects, the database can help researchers and policymakers
to monitor the adoption of RCTs in the region and to develop future research plans.
Socioeconomic impacts of integrated crop and resource management
Village and household socioeconomic surveys were conducted at the beginning of
the project in 2005 to establish a baseline. Similar surveys were conducted at the
end of the project in 2008 to assess technology adoption patterns, and their impacts
on farmers’ income, livelihoods, and environment. For this purpose, both changes
over time (from 2005 to 2008) in project villages and changes between project and
corresponding nonproject control villages at six sites were measured. The number of
villages covered in the socioeconomic impact survey conducted in 2008 is given in
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Table 3. Number of villages covered in the socioeconomic impact assessment survey conducted in 2008.
Country

Site

Project
villages

No. of control
villages surveyed

No. of project
villages surveyed

Pakistan

Okara and
Sheikhupura

6

1

2

Bangladesh

Chuadanga

14

2

4

Dinajpur

3

1

2

Gazipur

4

1

2

20

2

4

6

2

3

Haryana

45

4

8

Ballia

16

2

4

Modipuram

18

2

4

Nepal

Bhairahawa
Kavre

India

Table 3. The six sites were grouped into three regions—northwestern, central, and
eastern IGP for (1) characterizing the RW system and farmers’ resource endowments
and (2) examining how those factors affect farmer adoption of technologies in the
three regions (R. Singh et al, this volume).
The project’s outcomes and impacts as affected by farmers’ circumstances are
discussed below.

Major accomplishments
On-station technology performance
Well-planned research trials were conducted at selected research farms to evaluate and
refine various ICRM technologies such as (1) laser-assisted land leveling (LASERlevel), (2) tillage (conventional, CT; reduced tillage, RT; and zero-tillage, ZT), (3)
rice seeding using a drum seeder (Drum-R), (4) drill seeding of rice (DSR) and wheat
(DSW) on flat or raised beds (Bed), (5) transplanting of rice on unpuddled fields (RTTPR), and (6) alternate wetting and drying (AWD) in puddled transplanted rice. Tables
4A for rice, 4B for wheat, and 4C for the RW system summarize the results.
Performance of rice. Rice consumes about 80% of the total water applied in
the rice-wheat system and requires extensive tillage, including puddling, to establish
the crop. On-station research therefore aimed at minimizing tillage and/or eliminating
puddling and saving water in rice cultivation with a minimum or no penalty on rice
yield and net income. We calculated changes in crop yields, water application, input
cost, and net income with an improved technology compared with the corresponding farmers’ practice. Results show that LASER-level reduced the total (irrigation
+ rainfall) water use by 235 mm and increased rice yield by 0.27 t ha–1, resulting
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Table 4A. Changes in rice productivity, water use, input cost, and net income with ICRM
component technologies (results of on-station trials conducted at different sites in IGP
countries during 2005-08).a

Technology
option

Average
of no.
of crop
cycles

Yield
(t ha–1)

Water
use
(mm)

Labor cost
(US$ ha–1)

LASER-Level

2

0.27

–235**

CT-DrumR

4

0.00

–52*
80**

CT-TPR-AWD

4

–0.50

6
4
6

–0.85

2

–1.1

–230**

6

–3.27

2

–1.03

4
2

RT-DSR

Bed-DSR

Bed-TPR
ZT-DSR

Herbicide
cost
($ ha–1)

Net
income
($ ha–1)

–b

–

49

Jat et al

-44

–2.5

55

Harun-urRashid et al

–233*

–

24

–56

Mandal et al.

–0.30

–490*

0

0

30

Gathala et al

–0.50

–259*

–

33

–5

Mandal et al.

–13

21

–142

Gathala et al

–

–

–108

Jat et al

–51*

–21

47

–357

–

–

–

–

–0.80

–262*

–

34

–108

Mandal et al

–2.60

–430**

–

–

–287

Jat et al

6

–1.90

–183*

12

17

–166

Gathala et al

2

–0.26

–

–

–

–

Singh et al.

6

–1.15

–61*

–20

50

–60

2

–0.22

–

–

–

–

2

–1.1

–265**

–

–

–49

86*

Referencesc

Gathala et al
Singh et al

Gathala et al
Singh et al
Jat et al

aDifference

between a technology intervention and farmers’ practice (CT-CTR). bNo data available. cReferences
from this volume; Gathala et al, unpublished. * = change in irrigation water use; ** = change in total water use
(rainfall + irrigation).

in a higher income by US$49 ha–1 than with traditionally leveled fields (Table 4A).
Grain yield of wet drum-seeded rice (CT-DrumR) was similar to that of transplanted
rice on puddled soil (CT-TPR), but there was a savings in irrigation water (52 mm)
and labor cost ($44 ha–1), leading to an additional profit of $55 ha–1. Although AWD
irrigation saved significant amounts of irrigation water (233 to 490 mm), there was
a yield penalty of 0.3 to 0.5 t ha–1 with variable net income. Similarly, reductions
in grain yield and net income were noted for reduced-till and zero-till direct-seeded
rice (RT/ZT-DSR) and bed-planted (transplanted and direct-seeded) rice (Bed-TPR
or Bed-DSR), despite significant savings in irrigation and total water use (Table 4A).
However, the yield penalty and reduction in net income were more under beds than
under reduced/ZT direct-seeded rice. Compared with CT-TPR, in these cases, weed
pressure was high, which led to higher investments in herbicides. Earlier research
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Table 4B. Changes in wheat productivity, water use, and net income with
ICRM component technologies over farmers’ practice (results of on-station
trials conducted at different sites in IGP countries during 2005-08).
Referencesb

Technology
option

Average of
no. of crop
cycles

Yield
(t ha–1)a

Water use
(mm)a

Net income
(US$ ha–1)a

LASER-level

2

0.40

–35**

95

Jat et al

Bed-DSW

2

–0.50

–115**

–30

Jat et al

6

0.09

–105**

80

RT-DSW

4

0.00

0*

54

ZT-DSW

2

0.40

–40**

186

Jat et al

6

0.6

–34*

171

Gathala et al

Gathala et al
Mandal et al

aDifference between a technology intervention and farmers’ practice (CT-CTR). * = change in
irrigation water use; ** = change in total water use (rainfall + irrigation). bReferences from
this volume; Gathala et al, unpublished.

results confirm these findings (Sharma et al 2002, Phoung et al 2005). Therefore,
more work is needed to refine alternative tillage and crop establishment methods for
rice on nonpuddled soil, especially to minimize weed pressure, improve crop stand,
and maintain high yields (Balasubramanian and Hill 2002, Singh et al 2008, and this
volume). In addition, urgent attention is needed to standardize irrigation scheduling
in DSR, particularly with reduced or zero-tillage.
Performance of wheat. In the RW system, the short land preparation time between
crops, excessive tillage in the traditional system, and excessive moisture delay wheat
planting and reduce yields (Hobbs and Gupta 2003, Pathak et al 2003, Ladha et al
2007). Studies were conducted to evaluate alternative tillage to attempt to overcome
these wheat production problems. Results indicate that the yield advantage and water
savings were nil for reduced-till planting (RT-DSW), but positive for zero-till wheat
(ZT-DSW), probably due to timely planting. The change in net income for ZT-DSW
was three times as high as that of RT-DSW, mainly due to lower tillage cost and
higher grain yield. LASER-level increased wheat yield by 0.4 t ha–1 and net income
by $95 ha–1, with a savings of 35 mm in total water (Table 4B). Unlike rice, wheat on
raised beds (Bed-DSW) showed variable income ($–30–80 ha–1) but with savings of
105–115 mm of total water. By and large, alternative tillage and crop establishment
technologies had better performance in wheat than in rice, which may be due to inherent differences in the agronomic adaptability of the two cereals.
Performance of the rice-wheat system. The productivity of the RW system has
been stagnant in recent years because of (1) contrasting tillage requirements for rice
and wheat, (2) delayed wheat sowing, (3) poor maintenance of soil structure, and (4)
poor management of irrigation water, agro-chemicals, including fertilizer, and crop
residues (Ladha et al 2003, 2007). For example, the reported yield losses due to delayed
Integrating crop and resource management technologies for enhanced productivity, profitability, and . . .
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Table 4C. Changes in rice-wheat system productivity, water use, and net income
with ICRM component technologies over farmers’ practice (results of on-station
trials conducted at different sites in IGP countries during 2005-08).
Technology option

No. of
years

Yield
(t ha–1)a

Water use
(mm)a

Net income
(US$ ha–1)

Referencesb

LASER-Level

2

0.6

–280**

144

Jat et al

CT-TPR-AWD/ZT-DSW

6

0.1

–262*

26

Gathala et al

4

–0.4

–206*

101

Mandal et al

RT-DSR/RT-DSW

2

–0.7

–250**

–16

Jat et al

6

–0.2

–6*

–250

Gathala et al

4

–0.4

–233*

17

Mandal et al

6

–3.2

–76*

–277

Gathala et al

2

–2.9

–550**

–272

Jat et al

Bed-DSR/Bed-DSW
Bed-TPR/Bed-DSW

6

–2.1

–145*

–18

Gathala et al

ZT-DSR/ZT-DSW

2

–0.5

–310**

182

Jat et al

6

–0.8

–47*

112

Gathala et al

aDifference between a technology intervention and farmers’ practice (CT-CTR). * = change in irrigation water use; ** = change in total water use (rainfall + irrigation). bReferences from this volume;
Gathala et al, unpublished.

wheat planting amount to 35 kg day–1 ha–1 in the northwest and up to 60 kg day–1 ha–1
in the eastern parts of the IGP (Pathak et al 2003). Therefore, different combinations
of new tillage, crop establishment, and irrigation practices (Table 4C) were evaluated
at research sites in the IGP countries to examine RW system productivity, profitability,
and sustainability issues. Compared with traditional leveling, laser-assisted leveling
enhanced RW system productivity by 0.6 t ha–1 and net income by $144 ha–1, with
a savings of 280 mm of total water per year (Table 4C). Additional yield gains were
either negligible or lower for AWD irrigation in rice followed by zero-till drill-seeded
wheat (CT-TPR-AWD/ZT-DSW) but reduced irrigation water use by 206–262 mm and
increased net income by $26–101 ha–1. Drill seeding of rice and wheat on reduced-till
flat land (RT-DSR/RT-DSW) or on raised beds (Bed-DSR/Bed-DSW) saved irrigation or total water use by 6 to 550 mm, but was less productive and profitable than
conventional practices; yield loss was high in bed-planted crops (Table 4C). Although
total productivity was less in double zero-till drill-seeded rice and wheat (ZT-DSR/ZTDSW: by 0.5 to 0.8 t ha–1), water savings and net income were high because of lower
costs of tillage, irrigation, and labor. Our results are consistent with previous studies
(Jat et al 2008, Ladha et al 2008). This suggests a need for further research to perfect
double zero-tillage systems and promising options such as AWD irrigation. However,
laser leveling and zero-tillage for aerobic crops such as wheat are ready for farmer
evaluation and promotion in the region.
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Fig. 2. Adoption of ICRM with laser-aided land leveling in western Uttar Pradesh, Punjab, and Haryana
in 2001-08.

On-farm technology performance, validation, and dissemination
Laser-assisted leveling. Most of the agricultural lands in South Asia are unleveled or
poorly leveled. A larger quantity of irrigation water is therefore required because of
uneven water distribution in fields. Consistent with on-station trials, compared with
traditional land leveling, laser-assisted leveling increased mean rice yields by 0.62 t
ha–1 and saved on average 100 mm of irrigation water in farmers’ fields (Table 5A). As
a result, precision land leveling through a laser-assisted land leveler was extended to
farmers, especially in India and Pakistan. During the past few years, laser land leveling
in the Indian part of the Gangetic Plains has increased to nearly 0.2 million ha and the
number of laser units to 925 (Fig. 2). Likewise, in Pakistan, laser technology has been
very popular, covering about 0.16 million ha as of 2008 (Munir Ahmad, personal communication). During the ADB project duration, laser leveling was practiced on about
3,000 ha at the project site in Pakistan (Mujeeb ur Rehman et al, this volume).
Integrated crop and resource management in rice and wheat. Integrated crop
and resource management includes optimal (1) land preparation, (2) water management, (3) crop establishment (time and method of seeding/transplanting, age, number
of seedlings, and plant density in the case of rice and seeding rate and depth in the
case of upland crops such as wheat), and (4) nutrient, pest, and weed management.
Farmers can effectively reduce their yield gaps and enhance farm income by adopting
ICRM in rice (Balasubramanian et al 2005, Regmi and Ladha 2005, Khan et al, this
volume). ICRM in rice, which also included crop need-based N management with the
help of an LCC for transplanted rice (CT-TPR-LCC), increased grain yield by 0.24 to
0.75 t ha–1 and net income by $41 to $49 ha–1 and reduced fertilizer cost because of
efficient N use (Table 5A). Likewise, ICRM in zero-till drill-seeded wheat (ZT-DSWICRM) increased mean grain yield by 1.06 t ha–1 (Table 5B). So far, crop management
has largely been developed and promoted in a conventional rice system (CT-TPR).
Integrating crop and resource management technologies for enhanced productivity, profitability, and . . .
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3
3
3
3
3
4

3

CT-DrumR

RT-TPR

RT-DSR

Bed-TPR

ZT-TPR

CT-TPR-ICRM

CT-TPR-LCC

1

2

2

3

4

3

4

2

No. of
sites

551

1,179

14

19

223

89

73

54

No. of
farmers

0.24 (–0.3
to 0.9)

0.75 (–1.2
to 3.5)

0.29 (–0.8
to 1.5)

–0.19 (–1.3
to 1.1)

0.05 (–2.3
to 1.9)

0.32 (–2.0
to 2.4)

–0.01 (–2.3
to 0.9)

0.62 (0.2
to 1.1)

Yield change
(t ha–1)a

in parentheses indicate the range. bNo data available.

3

LASER-level

aNumbers

No. of
crop cycles

Technological
option

49 (–25 to
154)

41 (–92 to
350)

–

–25 (–119
to 73)

34 (–663
to 593)

63 (–117
to 637)

–

5 (–4 to
9)

–

–

–17 (–25
to –10)

–5 (–7 to
–4)

–

–

–b
–1 (–464 to
236)

Labor cost
(d ha–1)

Income
change
(US$ ha–1)

–

–

–

–

–120 (–490
to 80)

90 (–140
to 250)

180 (–60
to 340)

–100 (–130
to –30)

Irrigation
water (mm)

7 (–22 to
22)

0.3 (–2
to 3)

0.1 (–1
to 2)

12 (–26 to
41)

1 (–4 to
6)

2 (–6 to
22)

–

Herbicide
(US$ ha–1)

–29 (–86
to 10)

–45
(–509 to
469)

–2 (–20
to 5)

–5 (–30
to 0)

–4 (–100
to 44)

–1 (–25
to 23)

19 (–44
to 84)

–

Nitrogen
(kg ha–1)

Table 5A. Changes in rice productivity, income, and input use with ICRM component technologies versus farmers’ practices
from on-farm farmers’ participatory trials conducted in 2005-08.
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1
3
3
3
1

RT-BCW (rotovator):
surface seeding

Bed-DSW

ZT-DSW

DZT-DSW

CT-ICRM

1

1

4

2

1

1

2

No. of
sites

44

31

419

60

10

18

42

No. of
farmers

in parentheses indicate the range. bNo data available.

2

RT-DSW (PTOS)

aNumbers

3

No. of crop
cycles

RT-DSW

Technological
option

1.06 (0.4 to
1.6)

0.46 (–0.8 to
1.5)

0.35 (–1.3 to
3.5)

0.36 (–1.2 to
3.0)

0.06 (–0.8 to
0.4)

0.45 (–0.8 to
1.2)

0.14 (–1.3 to
2.8)

Yield (t ha–1)a

–18 (–51 to
74)
–

–b

–5 (–92 to
132)

–3 (–38 to
38)

–

–

–19 (–113 to
43)

Nitrogen
(kg ha–1)

112 (–198 to
307)

150 (–235 to
740)

76 (–130 to
502)

–8 (–333 to
112)

200 (–48 to
425)

182 (–221 to
580)

Net Income
(US$ ha–1)

–

1.2 (–5 to 7)

–0.1 (–17 to
78)

0.1 (–7 to 6)

0.1 (–18 to
18)

–

1.0 (0 to 15)

Herbicide
($ ha–1)

–

–33 (–61
to 0)

–31 (–11
to 0)

–8 (–51 to
51)

–

–

–

Tillage cost
($ ha–1)

Table 5B. Changes in wheat productivity, income, and input use with ICRM component technologies over farmers’ practices
from on-farm farmers’ trials 2005-08.

However there is an urgent need for a full package of crop management together with
RCTs for both rice and wheat. Crop residue is another missing link that should be
factored in ICRM. The adoption of a full package of ICRM is essential to maximize
system productivity and profit, and save resources (Regmi et al, this volume).
Drum seeding of rice on puddled soil. Compared with the farmers’ practice
(CT-TPR), the yield advantage and additional income due to drum seeding (CT-DrumR) were negligible, with high variability from site to site and in different years.
Savings in crop establishment costs could have been neutralized by increased costs
for extended irrigation and additional uses of herbicide and N fertilizer for CT-DrumR (Table 5A). The high variability in performance could be due to variable farmers’
skills in mastering the technology (Khan et al, this volume). Previous studies have
also reported no difference in grain yields between transplanted and drum-seeded rice
(Balasubramanian and Hill 2002, Pandey et al 2002, Subbaiah et al 2002, Tripathi
et al 2003). Therefore, drum-seeding technology needs further work with farmers to
improve and refine it (Harun Rashid et al 2009).
Tillage and crop establishment for rice in nonpuddled soil. In reduced-till unpuddled fields, transplanting (RT-TPR) was more productive and profitable than drill
seeding of rice (RT-DSR) (Table 5A). Transplanting of rice on raised beds (Bed-TPR)
reduced mean grain yield and net income, whereas zero-till (ZT-TPR) or reduced-till
transplanting (RT-TPR) increased rice yield. Earlier studies conducted at different
project sites showed that direct drill seeding of rice on unpuddled soil (RT-DSR) instead of conventional transplanting on puddled soil (CT-TPR) reduced yield from 0.5
to 2.0 t ha–1 in 27% of the farmers’ fields, whereas 48% of the farmers had no yield
change and 25% obtained higher yield, varying from 0.5 to 1.5 t ha–1 (unpublished).
Thus, the inconsistent performance of DSR suggests that there is a need for additional
research to refine this technology.
Reduced- and zero-till wheat. Reduced-till and zero-till drill-seeded wheat either
on flat (RT-DSW/ZT-DSW/RT-DSW-PTOS) or raised beds (Bed-DSW) was productive and profitable, with a yield advantage of 0.14 to 0.46 t ha–1 and net income from
$76 to $200 ha–1 (Table 5B), whereas reduced-till using a rotovator [RT-BCW (rotovator)] provided no yield advantage or income compared with CT-BCW. Therefore,
minimum- or zero-tillage is becoming increasingly popular among farmers in parts
of the IGP (Erenstein et al 2007a, Farooq et al 2007, R. Singh et al, this volume).
Reduced or zero-tillage facilitates timely wheat planting, especially in areas where
rice is harvested late or in relatively high-moisture conditions where farmers find it
difficult to prepare the land on time for sowing wheat. Reduced- or zero-till wheat is
established by tractor-operated drill seeding with or without crop residues in combineharvested rice fields in the northwestern IGP (Gupta and Rickman 2002, Sidhu et al
2008) and seeding by a power tiller–operated seeder (PTOS) in manually harvested
rice fields in the eastern IGP (Meisner et al 1998). Retaining crop residues as mulch
would reduce the perceived need to burn rice residues in the northwest IGP and likely
enhance the scope of organic matter accumulation in the soil, and move the system
toward conservation agriculture.
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Diversification of the RW system
Farmers in their rice-wheat system keep land fallow after the harvest of wheat for
about 70–80 days in the premonsoon (prekharif) season, especially in the eastern
IGP. On-farm trials were conducted with short-season pulses, green-manure crops,
vegetables, and other high-value crops during the premonsoon fallow period aiming
to intensify and diversify the RW cropping system to increase farmers’ income and
system sustainability. For example, farmers in Bangladesh earned an additional income
of more than $600 ha–1 by planting mungbean during the short fallow period between
winter wheat and monsoon rice (Khan et al, this volume). Improved short-duration
crop varieties (e.g., BARI mung-6 in Bangladesh, ICPL-88039 pigeonpea in India) are
available for crop intensification/diversification in the IGP (Dahiya et al 2002; Khan
et al, this volume). New and more profitable cropping systems involving maize and
potato have been developed and extended to farmers in the eastern IGP. Wherever possible, suitable crop-livestock systems can also be developed and promoted to enhance
diversification and intensification of the rice-wheat system. Farmers’ participatory trials on simultaneous planting of sugarcane and wheat in a raised-bed system revealed
that cane planting can be advanced by 90 to 110 days with an increase of 15–20% in
sugarcane yield without any yield penalty to the wheat crop (Samar Singh et al, this
volume). Also, there is a savings in the cost of production of sugarcane. To popularize
the technology, a large number of demonstrations were conducted and efforts are also
being made to have linkages with sugar mills and the UP Cane Department Authority
to accelerate the technology in western Uttar Pradesh.
Technology targeting (remote sensing and GIS)
Classification of temporal satellite data IRS-P6 in combination with Spot VGT 2 permitted the identification of all major categories of underused land during the postrainy
rabi/winter season in 2004-05, with an average accuracy of 89%. The total underused
lands (73,134 ha) in Ballia District were estimated to be 26% of the total cultivable
lands (285,361 ha). Winter fallows (including rice fallows) and diara lands were the
predominant category of underused land, covering 72% of the total underused lands
identified (Chandna et al, this volume). In addition, late-planted wheat was found to
cover 64% of the total district wheat area (134,530 ha).
Based on three-year averages of farmer participatory demonstrations targeted
at underused lands in Ballia, farmers gained additional income of (1) $63 ha–1 by
introducing raised beds in salt-affected soils; (2) $140 and $800 ha–1 by introducing deepwater rice varieties (monsoon) and boro rice (winter) in waterlogged areas,
respectively; and (3) $581 ha–1 by introducing zero-till lentil (winter) in rainfed fallow lowland. Timely wheat planting through zero-tillage contributed to an additional
income of $147 ha–1 and could increase wheat production by 35,000 to 65,000 tons
in the district. There is scope for scaling out developed and validated technologies to
other districts in the Indo-Gangetic Plains (eastern Uttar Pradesh, Bihar, West Bengal,
eastern Terai of Nepal, and northwestern parts Bangladesh) because of their similar
agro-climatic conditions.
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Fig. 3. Spectral reflectance of different RCTs at different crop growth stages of wheat.

The study on the spectral response of wheat through spectral images revealed
that different RCT options can be identified at the early crop growth stage (50 DAS)
and the images can discriminate the different RCTs (Fig. 3A). In the initial stages of
the crop, the reflectance values of ZT-DSW with full residue retention remained low in
comparison with ZT-DSW with partial or full burning. At the middle and later stages
of the crop, higher reflectance values were recorded than with full residue retention
and with partial or full burning (Fig. 3). This seems to suggest that ZT-DSW with
residue retention performs better than burning. The slow release of nitrogen could
be a reason for sluggish growth in the initial stages of the crop in ZT-DSW with full
residue retention. However, slow and continuous release of nitrogen through decomposed residues provided better wheat crop growth at later stages with full residue
retention. Since integrated effects of the physico-chemical and biological properties
of the soil and plant health are reflected through differential spectral responses, the
effects of specific tillage, agronomic, or crop management practices on plant growth
vis-à-vis soil health can be monitored indirectly using spectroradiometer reflectance
or satellite remote sensing.
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Technology promotion and dissemination strategies
From our past experience, it has been found that, despite the demonstrable benefits,
farmers are not easily convinced to incorporate new RCTs into their portfolio of practices by replacing certain conventional crop production practices. Therefore, intense
efforts were made to implement delivery strategies such as through video documentary,
television programs, and popular articles. A total of 114 television programs were
broadcast in the IGP countries (Bangladesh, India, Nepal, and Pakistan) to create
awareness among farmers, policymakers, and administrators about the new technologies and their potential to increase rice and wheat yields and income. Technical and
popular articles were published in local newspapers and various magazines. Several
technology brochures and a full package of production technologies were distributed
to farmers. A total of 4,400 brochures/banners/posters/wall chalkings (billboards) were
distributed to farmers to popularize technologies. In addition, farmers were contacted
individually and in groups through field seminars organized in different villages. During 2005-08, 28 field workshops/seminars were organized to train 780 farmers, and 36
farmers’ field days were held to showcase technologies to 1,160 participants. These
activities provided good opportunities for shifting the attention of farmers from conventional production practices to new RCTs. In addition, 402 policymakers and scientists
visited the project sites and learned about project activities and the performance of
technologies in farmers’ fields. During field visits, they discussed with farmers how
they could support them to expand adoption. Successful farmers’ experiences were
conveyed to other farmers through field demonstrations, farmers’ days, and farmer-tofarmer exchange visits. During every year, traveling seminars were organized for key
farmers, project staff, student interns, policymakers, and private-sector actors involved
in the project to exchange information and establish linkages/collaboration among
various stakeholders in the region. The traveling seminar is an effecitve strategy for
disseminating new technologies, clearing doubts, and generating new ideas for the
refinement and up-scaling of technologies. A total of 246 participants took part in 19
traveling seminars organized during 2005-08.

Impact
The portfolio of RCTs for inclusion in ICRM differs in terms of tillage, water management, and crop establishment techniques of the rice-wheat production system.
Among the RCTs, the most popular are laser-assisted precision land leveling, zeroand reduced-till drill-seeded wheat, direct seeding of rice, and a leaf color chart for N
management in rice. Here, precision land leveling, reduced or zero-tillage, and crop
establishment by drill seeding are combined and applied simultaneously (ICRM) to
optimize the benefits to farmers. The type and number of RCTs can be adjusted as
per local needs and farmers’ circumstances to formulate appropriate ICRM for each
location. This highly dynamic nature of ICRM was well appreciated by farmers as
they continued to incorporate these successful RCTs into the portfolio of their own
practices. This had a significant positive impact on productivity, profitability, resourceuse efficiency, and farmers’ livelihoods. Recent estimates indicate that approximately
Integrating crop and resource management technologies for enhanced productivity, profitability, and . . .
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Fig. 4. Area planted using a zero-till drill in the Indo-Gangetic
Plains (source: expert estimates in Harrington and Hobbs, this
volume).

4.0 million ha of combined rice and wheat area were under ICRM with one or more
RCTs in the IGP countries. Figure 4 shows the estimated diffusion of zero-till drill
use (zero- and reduced tillage combined) in the IGP. Specifically, the estimated area
under (1) zero-till, reduced-till, surface seeding, and bed planting of wheat was 1.94
million ha; (2) direct-seeded rice, 0.19 million ha; (3) laser land leveling, 0.27 million ha; (4) crop diversification, 1.80 million ha; (5) LCC, 0.06 million ha; and (6)
nonpuddled transplanted rice, 0.01 million ha. About 300 scientists in South Asia are
using ICRM with successful RCTs in their research and extension activities and an
estimated 500,000 farmers are using ICRM with some new technologies. The vast
majority of farmers in the IGP have adopted ICRM with new RCTs because of the
reduced costs and increased profitability.
Various project activities, especially the large-scale adoption of ICRM, had variable impact on (1) crop productivity and profitability; (2) greenhouse gas emissions;
(3) Phalaris minor Ritz (little seed canary grass), a noxious weed in wheat; (4) soil
quality; (5) water use; (6) rural employment; (7) arsenic poisoning; and (8) scientific
leadership and multistakeholder partnership.
(1) Productivity and income. Among ICRM technologies, zero-/reduced tillage
for wheat proved the most successful (Tables 4A, B, C and 5 A, B). Zero-tillage facilitated timely wheat planting and good crop establishment, which in turn increased
yield. Survey findings showed that the cost savings with zero-tillage were particularly
robust, whereas yield enhancement was less consistent (Erenstein et al 2007a, R.
Singh et al, this volume). Assuming average gains of 0.34 t ha–1 yield and $149 ha–1
net income in an estimated area of 1.94 million ha, the total benefits were estimated
to be 0.66 million t of wheat production and farmers’ income of $289 million. The
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extra wheat production and income will help improve local food security and farmers’
livelihoods in the IGP. We found that the majority of large farmers with relatively large
landholdings took advantage of new technologies in wheat. The diffusion to small and
marginal farmers lagged behind because of many constraints discussed earlier.
For rice, the spread of RCTs is still limited. Successful ones include laser-aided
land leveling, dry drill seeding of rice, LCC-based precision N management, and alternate wetting and drying irrigation management. These technologies are beginning
to show promise.
There is also need to bridge the yield gap, which farmers are able to do by
adopting other crop management components of ICRM (Table 5A). For example,
if ICRM with improved N management is practiced by about 50% of the farmers in
the irrigated rice-wheat areas in Nepal, total production will increase by about 25%,
which will help reduce poverty and enhance national food security considerably.
(2) Greenhouse gas emissions. Nitrous oxide (N2O) is an important greenhouse gas,
accounting for about 5% of total global warming (Robertson et al 2000). The emission
of N2O occurs as a result of nitrification and denitrification processes occurring in
aerobic and anaerobic soil conditions, respectively. Total emissions of N2O-N were
lower (0.002 kg ha–1) under continuous submergence than under alternate wetting and
drying (0.050 to 0.054 kg ha–1). Over a period of 12 days, approximately 0.12% of
applied N was emitted as N2O from soil under AWD, whereas this value was negligible
under continuous submergence (Mohanty et al 2009). Thus, growing rice in unpuddled
soil under aerobic conditions will have implications for the emission of greenhouse
gas N2O (Pathak et al 2007). However, emissions of methane, another greenhouse gas,
are less under aerobic conditions than under flooded rice cultivation (Gupta-Vandana
et al 2009). In rice, it has been observed that strategies to reduce emissions of one
GHG often lead to an increase in emissions of another GHG (Wassmann et al 2004).
This trade-off between methane and N2O emission is a major limitation to devising
an effective mitigating strategy in the RW system. We also observed that continuous
no-tillage may result in a lower net global warming potential (GWP), though more
work is still needed to validate this finding in light of likely higher N2O emission with
alternate wetting and drying cycles (Pathak et al 2009).
Crop residue burning is another problem, particularly rice straw after combine
harvesting in the northwest IGP (Ladha et al 2003). The development of zero-till drill
seeding of wheat and rice under crop residue mulch provides an option to reduce residue burning, thereby reducing greenhouse gas emissions (Iqbal and Goheer 2008). A
soil amendment with residue may also improve soil quality (see below).
(3) Phalaris minor, a noxious weed in wheat. P. minor is an accidentally introduced and hard-to-control weed in wheat in the IGP. Chemical control of this weed
requires expensive herbicides, which many farmers cannot afford (Malik et al 2003).
Therefore, it was initially thought that farmers might wish to adopt ICRM with
zero-tillage for wheat to reduce production costs and use the savings to purchase the
expensive new herbicides to control this weed (Malik et al 2002). Later, it was found
that fewer weeds germinated in zero-till plots and that a combination of zero-tillage
and the new herbicides helped in managing the P. minor problem (Malik et al 2002,
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2003, Vincent and Quirke 2002). Farmers later observed that, after 4–5 years of ICRM
with zero-tillage for wheat, the P. minor problem declined drastically and minimized
herbicide use. The use of ICRM with zero-tillage to overcome the P. minor problem
is a boon to wheat farmers in the IGP.
(4) Soil quality. ICRM with zero-tillage in wheat, especially in the presence
of crop residues, provided an opportunity to build up the organic matter of soils, especially in the surface layers (Sidhu et al 2008). Another bonus of zero-till wheat is
that it provides a better habitat for stem borer predators, leading to stem borer larvae
declining to low levels by late April when the moths hatch to infect new rice plants
(Srivastava et al 2005). In addition, the inclusion of grain legumes, green-manure
crops, or Sesbania can add some biologically fixed N (BNF) and organic matter to
soils, thereby building up soil fertility in the long run (Peoples et al 1995, Ladha et al
1996). Simultaneous sowing of rice and Sesbania and killing of young Sesbania plants
at 30–45 days after sowing by selective herbicides (commonly referred to as brown
manuring) could help build up soil fertility in the RW system (Singh et al 2007). In a
7-year rice-wheat rotation in Modipuram, India, we observed positive improvement
in certain soil quality parameters such as soil aggregates, water-holding capacity, and
surface-layer C accumulation with improved alternative tillage and crop establishment
methods in both crops, though without being translated into yield increases (unpublished).
(5) Water savings. At the field level, rice consumes about 80% of the total water
applied in the rice-wheat system (Sharma et al 2002). Therefore, much water could
be saved if the tillage and crop establishment practices used in wheat were adopted
in rice. For example, zero-tillage direct-seeded rice (ZT-DSR) required negligible to
40% less irrigation water than traditional puddled transplanted rice (CT-TPR). Similarly, drill-seeded rice on raised beds (Bed-DSR) saved 30–40% of irrigation water,
but with an associated yield penalty when compared with conventional transplanted
rice (CT-TPR). Earlier research reports indicate that direct seeding of rice on flat land
(Bouman 2001, Cabangon et al 2001, Sharma et al 2002) or on raised beds (Borrel
et al 1997, Sharma et al 2002, Bhushan et al 2007) could save significant amounts
(16–43%) of irrigation water, but with an associated yield loss (of about 15% or
more). We therefore need to develop effective rice crop establishment methods under
zero-tillage that would save water without a significant yield loss. Similarly, AWD
irrigation and mid-season drying of soil instead of continuous submergence as used
in conventional TPR could be other options for saving water in rice farming without
any or with relatively less yield penalty.
At the system level, a huge quantity of water is lost as seepage because of unlined irrigation channels or canals. The project gave emphasis to the lining of canals,
which resulted in a 30–40% savings in irrigation water as shown in Pakistan (Mujeeb
ur Rehman et al, this volume).
(6) Rural employment. Large-scale adoption of ICRM technologies in the ricewheat system has helped in the growth of the agro-machinery industry and thereby
in generating rural employment. About 65 farm machine manufacturers were trained
and helped to make and refine with farmers the required seed drills for rice and wheat
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Fig. 5. Trends in the number of zero-till drills and manufacturers in the IGP (source: Harrington and Hobbs,
this volume).

seeding. More than 13,000 seed drills have been produced and marketed by different
manufacturers in India and Pakistan (Fig. 5). Similarly, more than 925 laser units in
India and 170 in Pakistan are being rented to tractor operators for laser-assisted land
leveling (Harrington and Hobbs, this volume, Jat et al, this volume).
A system of custom hiring of tractors for land preparation, laser equipment for
land leveling, and zero-till drills for crop establishment has been developed to help
farmers adopt the technologies in project areas. This activity has helped to train and
equip 175 private entrepreneurs for them to take up custom-hiring services of farm
machines for tillage, land leveling, and seeding. Some rural youth were trained to
repair and maintain these machines. Other farmers were encouraged to earn additional
income through seed production to meet local needs.
(7) Arsenic poisoning in the eastern Gangetic Plains. The overexploitation of
groundwater in the eastern IGP of India and Bangladesh has exposed the local people
to a high concentration of arsenic in water (Alex 2006). Arsenic has no taste or smell,
and hence its slow buildup in the human body is hard to detect before symptoms appear after a few years of exposure to contaminated water. Water containing arsenic
above 300 ppb (parts per billion) could cause cancer within three to four years. Reports indicate that exposure to arsenic from contaminated wells is projected to double
the number of cancer deaths in Bangladesh in the next two to three decades. In such
problem areas, the adoption of ICRM with water-saving RCTs can reduce the use of
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irrigation water, thereby reducing the need for using contaminated deep tubewells for
irrigation and household purposes, including drinking.
(8) Scientific leadership and multistakeholder partnership. The ADB project
(RETA 6208) on the RW system is a model for scientific leadership on multidisciplinary,
multicommodity, farmer participatory systems research through a multistakeholder
partnership involving researchers, extension staff, farm machine manufacturers, input retailers and service providers, and farmers to effectively solve problems of RW
system productivity, profitability, and sustainability. Farmers actively participated in
testing, refining, and promoting promising innovations and integrating the successful
innovations into ICRM for rice and wheat, with active support from local research and
extension staff. The project has also built a strong base for long-term sustainability of
the RW system through ICRM with related RCTs.
Constraints to achieving full impact and possible remedies
In spite of the proven benefits and successes with RCTs such as laser-assisted land
leveling, zero- and reduced tillage, drill seeding of wheat, and direct-seeded rice and
their use in various combinations in ICRM in irrigated agriculture in the IGP, the
socioeconomic and environmental benefits are yet to be fully realized. In the following
section, we discuss the key constraints to widespread adoption and possible solutions
to overcome the constraints.
Differences in the RW system and their consequences
for technology adoption and promotion
Village surveys show that the RW system has significant regional variation across South
Asia. Particularly striking are the gradients of natural resources, livelihood portfolios
and assets, land and water use, and cultivation practices, which have a bearing on the
adoption of ICRM with RCTs. In the northwest IGP, household and farm sizes are
relatively larger, all land is irrigated, cultivation is intensive and more mechanized
with large tractors and farm machines, farm labor wage rates are higher, and farm
animals are more (Table 6); these resource endowments, farm wage rates, and the
extent of farm mechanization decrease as we move eastward to the central and eastern
IGP. Power tillers or hand tractors are the major source of power for land preparation
and other farm operations in the eastern IGP. Owing to these differences in farmers’
circumstances across regions, we cannot make gross generalizations and extrapolations
across the whole IGP and eastern IGP. It is clear from village surveys that the better
endowed farmers in the northwest IGP tend to be the first adopters of ICRM with new
RCTs. Therefore, purposive efforts are needed to work with resource-poor farmers
to ensure that they can equally access and try locally appropriate ICRM with related
RCTs. Favorable policy support in terms of input supply, farm machinery services,
and market development should be put in place. And, there is a great need for local
adaptation of promising innovations to the local and diverse circumstances faced by
resource-poor farmers in each region of the IGP (R. Singh et al, this volume).
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Table 6. Characteristics and resource endowments of farm households in the three regions
of the IGP in South Asia.
Particulars

Northwest
IGP

Central IGP

Eastern IGP
(Bangladesh)

Remarks

Household size (no.)

6.0

7.3

4.8

Farm household
listing

Farm size per household (ha)
Wage rates—male (US$ d–1)

3.55
2.62

0.94
2.05

0.59
1.36

Wage rates—female (US$ d–1)
Communal/grazing/forest land
(% of village area)
% of irrigated land

1.61
0

1.31
21

0.98
21

100

60

90

18.8
(10.9*)a
182

13.6 (8.3*)

39.4 (32.1*)

191

233

Rice,
sugarcane,
fodder
Wheat,
sugarcane,
fodder
4.3
0.7
261
0
35
8
9
5

Rice, maize

Rice, maize,
vegetables

Wheat, vegetables,
pulses
1.4
1.1
36
7
11
1
0
0

Boro rice,
maize,
vegetables
1.9
1.9
2
34
0
0
0
0

Depth of water table (m)
Annual land-use intensity (%
of cultivated area)
Crops (wet season)

Crops (winter/dry season)

Cattle (no.)
Sheep and goats (no.)
Tractors (no.)
Power tillers (no.)
Zero-till seed drills (no.)
Rotovators (no.)
Reapers (no.)
Combine harvesters (no.)

50% increase
during peak
period
–
As per village
surveys
As reported by
farmers
As per village
surveys
"

"

Per household
"
Per village
"
"
"
"
"

a* = depth of water table 10 years ago.
Source: Singh and Erenstein (2009).

Varying performance of ICRM with new RCTs
There were large differences in the performance of ICRM with introduced RCTs among
and between on-station and on-farm trials over space and soil types and between crops
(Tables 4A, B, C; 5A, B). These divergences are still not fully understood and they
highlight the need for further product development and refinement—hands-on R&D
to adapt various RCTs in farmers’ fields to the different agroecological conditions,
farmers’ knowledge/skills and resource endowments, and availability of farm machines
(Erenstein et al 2007a, Laxmi et al 2007, R. Singh et al, this volume). For example, we
need to develop appropriate leveling, seeding/planting, and harvesting and threshing
machines for small hand tractors widely used in small fields in the eastern IGP. There
is a continuing need to provide policy support for increasing the local production and
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sale of farm equipment at an affordable price. In addition, farmers’ knowledge and
crop management skills have to be improved for the effective application of ICRM
with new RCTs.
Varying spread of ICRM with new RCTs
The initial rapid diffusion and farmer adoption of technologies was limited to the more
intensive northwest IGP, where nearly half of the farm households (including project
and control villages) reported the use of at least one RCT for wheat and rice. In the
central and eastern IGP, only a quarter of farm households adopted and incorporated
any of the RCTs (Laxmi et al 2007, R. Singh et al, this volume). The most popular
RCTs integrated into ICRM in the northwest IGP were zero- or reduced tillage combined with drill seeding of wheat and laser land leveling for rice and wheat. Farmer
adoption of ICRM for wheat with zero-tillage and/or reduced tillage declines as we
move to the central IGP and has yet to make any inroads in the eastern IGP. Similarly,
laser land leveling is confined to the northwest IGP. In contrast, the use of LCC-aided
N management in rice and demand for the LCC are higher in the eastern IGP than in
other regions. Dry seeding for rice was largely confined to the central zone (R. Singh
et al, this volume).
The divergent farmer adoption of technologies in rice and wheat in the three
regions is due to (1) differences in resource endowments (farm size, field size, number
and type of farm livestock, ownership of farm machinery, and other resources), (2)
the extent of farmers’ exposure to ICRM with new RCTs, and (3) the time of introduction of new RCTs. In the central and eastern IGP, technologies were only recently
introduced and their use was largely confined to the project villages. In contrast, in
the northwest IGP, ICRM for wheat with zero- and reduced tillage introduced more
than 10 years ago with a continuous effort for large-scale promotion has resulted in
comparable adoption levels in the project and control villages. However, the recently
introduced laser land leveling is largely confined to project villages even in the northwest IGP (R. Singh et al, this volume). Although ICRM with new RCTs has shown
benefits to farmers, adoption in the less endowed areas was poor because of inadequate
dissemination activities. Realizing the full potential of technologies in less endowed
areas poses particular challenges in view of the generally weak institutional context
and the inability of poor farmers to access and apply them in their small and scattered
fields (Chandna et al, this volume). Within a region, some sites and partners are also
markedly more successful than others and this could be due to various factors such
as the level of farmers’ knowledge and skills, length of exposure to new technologies,
and the extent of training and support provided to farmers. It is important to address
these factors and train and support small and large farmers continuously so that both
groups of farmers can equally access and make the best use of locally relevant ICRM
practices. In areas with resource-poor farmers, the development of machinery-hiring
enterprises and custom-hiring service providers can help improve the adoption of
ICRM with new RCTs by those farmers. Further policy and institutional support to
both small and large farmers will be helpful.
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Diverging impacts
So far, the better endowed farmers typically adopted ICRM for rice and wheat with
innovative RCTs (Erenstein et al 2007a). Survey results showed that the cost-saving
effect of RCTs (e.g., zero-tillage) is more robust, whereas the yield enhancement effect is less consistent (Erenstein et al 2007a, 2008). Similarly, environmental impacts
may be less than expected. For example, in the northwest IGP, widespread adoption
of ICRM with zero-tillage did not reduce the practice of rice stubble burning during
land preparation (Erenstein et al 2007a, 2008). Some farmers also discontinued the
use of new RCTs in ICRM under certain conditions that are still not fully understood.
Further applied and adaptive research is needed to refine and make ICRM with new
RCTs robust and consistent in its contribution to yield enhancement. In addition, focused and innovative research is needed to enhance the environmental benefits from
ICRM with new RCTs.

Conclusions and recommendations
The project has developed and promoted a number of ICRM modules with RCTs, which
encompass practices that (1) enhance resource- or input-use efficiency; (2) provide
immediate, identifiable, and demonstrable economic benefits such as reductions in
production costs, and savings in water, fuel, and labor requirements; and (3) ensure
timely crop establishment and uniform crop stands, resulting in higher crop yields.
Indirect benefits include (1) effective control of Phalaris minor, a major weed in wheat
by zero-tillage; (2) replacement of residue burning by retention of crop residues, resulting in some improvement in certain soil quality parameters, including short-time
accumulation of carbon in surface soil; (3) a reduction in methane emissions from
nonpuddled and nonflooded rice fields; (4) buildup of soil fertility over the long term,
leading to sustainability of intensive rice-wheat cultivation; and (5) the generation of
rural employment by training and empowering local farm machine manufacturers,
custom-hire service providers, retailers and traders, and seed producers. Although
ICRM with tillage and crop establishment options has been more successful in wheat,
the next frontier will be to make similar headway in rice. In short, integrating new
RCTs into the portfolio of farmers’ current technologies using the framework of ICRM
(good agronomy) will continue to be a key to improving productivity and production
and eventually attaining national food security.
Farmer adoption of ICRM with new RCTs is highly variable in different regions
of the IGP. This is due to differences in (1) farmers’ knowledge, skills, resource endowments, and cultivation practices; (2) agro-climatic conditions and land types; (3)
the time of introduction of ICRM with new RCTs; and (4) policy and institutional
support to farmers. Other factors responsible for differential farmer adoption of ICRM
include the shortage, high cost, and poor use of adapted farm machines and tools in
villages and improper use of RCTs within ICRM.
The project has emerged as an innovative model for regional and international
collaboration and has developed a credible record of achievements, the most important
being the effectiveness of partnership between CGIAR centers and NARES partners.
Integrating crop and resource management technologies for enhanced productivity, profitability, and . . .
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The multistakeholder partnership adopted in the project was particularly successful in
bringing together public- and private-sector innovators, investors, and implementers
to develop and promote the system and region-specific ICRM and related technologies. Although, in general, the successes made so far are widely applauded (Seth et al
2003, Erenstein and Laxmi 2008, Hazell and Wood 2008, Raitzer and Kelley 2008),
much greater effort is needed to fine-tune and mainstream the ICRM modules with
these technologies as a regular feature of program planning and implementation by
NARES. What we need now is to develop an effective program for wider evaluation, refinement, and dissemination of ICRM with proven RCTs to deprived farming
communities outside project areas to realize their great impact on food security and
farmers’ livelihood in South Asia. For this to happen, we need to sensitize agricultural
policymakers and encourage them to allocate more resources for wider dissemination of successful ICRM modules with new RCTs in the region. In addition, there are
needs to (1) foster new models of public-private partnerships, especially for faster,
scalable, and sustainable delivery of improved ICRM options along with associated
knowledge; and (2) create a highly qualified professional workforce for private- and
public-sector extension by establishing a Certified Crop Advisor (CCA) program.
Finally, improving the knowledge and skills of farm workers is critical for success in
the field.
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Evaluation and promotion of integrated
crop and resource management
technologies in rice-wheat systems
in Pakistan
Hafiz Mujeeb ur Rehman, M.A. Gill, N.A. Awan, and J.K. Ladha

Pakistan has 1.7 million ha under the rice-wheat (RW) system. This system
is critical for food security and livelihood in the country. Current productivity
is quite low due to poor crop establishment in rice, labor scarcity at planting,
late planting of wheat, poor crop care, inadequate quantity and/or poor quality
of water available for irrigation, and unbalanced application of fertilizers. New
resource-conserving technologies (RCTs) such as improved tillage and crop
establishment (TCE) practices, laser-assisted land leveling, improved seeders, better irrigation water management, and use of a leaf color chart (LCC)
for need-based N management in rice are needed to enhance productivity,
profitability, and sustainability of the RW system. Suitable RCTs were therefore
introduced, promoted, and adopted in close collaboration with farmers and
other stakeholders. Lining of 16 water channels (a total length of 4,362 m)
improved irrigation efficiency at a systems and field level over a command area
of 1,210 ha. The use of rural seed-bank-supplied good-quality seed alone
increased wheat yield by 297 kg ha–1. Laser leveling, adopted over 2,080
ha, improved seed germination by 15–25% and reduced irrigation water use
by 20–30% and labor for irrigation by 30%. Zero-till wheat planting saved 60
liters of diesel ha–1 and produced an additional grain yield of 141 kg ha–1. Bed
planting of wheat increased yield by 566 kg ha–1 and reduced irrigation water
use by 33%. A timely and correct dose of N fertilizer application with the help
of an LCC increased rice yield by 1.77 t ha–1, in addition to a significant savings
in fertilizer cost. With the integration and adoption of these technologies in pilot
villages, farmers earned an estimated additional income of US$2.832 million
during the project period of 2005-08.

Keywords: bed planting, income and livelihood, laser leveling, leaf color chart,
productivity enhancement, rice-wheat, resource-conserving technologies, seed bank,
seeding machinery, water management, zero-tillage
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The Indo-Gangetic Plains (IGP) is one of the most agriculturally productive areas in
South Asia. The diversity in natural resources, climate, people, and socioeconomic
conditions has given rise to multiple farming systems in this region. Rice-wheat
(RW) is the major cropping system, occupying about 1.7 million ha in Pakistan out
of the total of 13.5 million ha in South Asia (Hobbs and Morris 1996) and contributing around 80% of the total cereal production (Timsina and Conner 2001). Although
water resources have increased and irrigated area expanded in all the IGP countries,
the rate of development of water resources has not kept pace with population growth
during the same period. Pakistan’s population of 50 million in 1960 increased to over
140 million by 2000. As a result, per capita availability of total land area declined
from 1.59 ha to 0.50 ha and agricultural land area from 0.44 ha to 0.17 ha during the
same period. Likewise, per capita water availability also decreased from 5,650 m3 to
1,400 m3 during this period.
The steep increase in population and consequent sharp declines in per capita
availability of land, water, and other resources for farming pose serious threats to food
security and livelihood of people, particularly the already-suffering poor in Pakistan.
In addition, the use of traditional farming techniques has led to wastage and depletion
of natural resources and degradation of the environment in farming areas. At the same
time, the cost of production has increased steeply due to rising prices and inefficient use
of fuel and other inputs. Production of wheat, the main source of calories in Pakistan,
is lagging behind the growth in demand. Among various yield-limiting factors, late
planting of wheat due to late harvesting of rice and lack of technological innovations
are important. It is therefore critical to enhance the productivity of both rice and wheat
by introducing and adopting new resource-conserving technologies (RCTs) that enable
a careful use of available natural resources and applied inputs without compromising
crop yields. It is equally important that the introduced technologies be cost-effective
and attractive to farmers.
RCTs form key components of conservation agriculture (CA), which is the best
option to use all resources effectively for food production. Elements of CA, inter alia,
include organic soil cover, improved on-farm water management, minimum tillage,
direct drill seeding through crop residues, and appropriate crop rotations to sustain
high yields and to prevent disease and pest problems. It contributes to enhanced
productivity and environmental conservation on a sustainable basis in the long run.
The RCTs evaluated under the project included improved irrigation through lining
of water channels, laser-assisted land leveling, zero-tillage in wheat, bed planting
in wheat, and use of a leaf color chart (LCC) for N management in rice. This paper
summarizes the experiences in the introduction, adaptation, and promotion of RCTs
and the resultant impact of this undertaking on farmers’ income and livelihood in pilot
villages of Okara District, Punjab Province, Pakistan.
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Project background
IRRI in collaboration with the International Center for Maize and Wheat Improvement
(CIMMYT) and the Rice-Wheat Consortium (RWC) of the IGP implemented the ADB
project (RETA 6208) in member countries Bangladesh, India, Nepal, and Pakistan during 2005-08. This project aimed to reduce rural poverty and improve farmers’ income
and livelihood by enhancing productivity, profitability, and resource conservation in
rice-based cropping systems. Several RCTs were introduced and promoted in Pakistan
under this project in close collaboration with PARC (Pakistan Agricultural Research
Council) and OFWM (On-Farm Water Management of Punjab).
Project objectives
The overall objective of the project was to reduce rural poverty, improve farmers’
income and livelihood, and promote resource conservation in rice-based cropping
systems in Pakistan. The specific objectives of the project were to
l Evaluate, refine, and promote an integrated crop and resource management
(ICRM) system to attain food and nutritional security for the poor.
l Improve farmers’ income through reduced costs of cultivation and efficient
resource use.
l Promote crop diversification to reduce risk, add value, and improve marketing opportunities.
l Encourage the participation of private entrepreneurs in production and postproduction management.
l Improve environmental quality in rice-wheat ecologies.
l Build the capacity of rice-wheat stakeholders.
Site selection criteria
The following aspects were considered before selection of an area for project implementation:
l Farmers’ financial condition
l Small landholdings
l Low crop yield
l Poor literacy rate
l Lack of awareness about new RCTs
l Away from areas where new technologies have been adopted
Project area
The project activities focus on a cluster of six villages of Tehsil Depalpur, Okara District, namely, D‑17, D-18, D-19, D-20, Kalia Ibrahim, and Dhola Tabai. The project
site is located 30 km from Okara City, 16 km along the Renala Khurud-Hujra Road,
and 3 km from Sher‑Garh Town.
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Fig. 1. Location of the ADB project area in Okara District, Pakistan.

Village profile (baseline data)
l Total project area
l Population
l No. of villages
l Landholdings
l Cropping pattern
l Soil type
l Water quality
l Source of irrigation
l Groundwater depth
l Canal irrigation
l Total water channels
l Improved water channels
l Average yield of rice & wheat

1,943 ha
8,400
Six
1–5 ha >70%
Rice-wheat, 70%
Sandy-loam
Marginally fit (90%)
Tubewells and canals
10.93–14.06 m
Perennial
16
16
2–3 t ha–1

Site description
A geographical positioning system (GPS) was used to establish the experimental sites
and demarcate the areas of RCT adoption. Various data sets were added as map layers
using geographic information systems (GIS). The location is described in Figures 1
and 2. Six villages of Tehsil Depalpur, Okara District, are located 120 km northeast
of Lahore.
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Fig. 2. Geographical positioning of the project area in Okara
District, Pakistan.

Soil characteristics
Samples were taken from farmers’ fields and analyzed to determine the baseline status
of soils of the project area. Soils in the project area were alkaline and low in organic
matter and available nutrients. Mean values were pH 7.5–8.5 (83% of soils); salinity indicated by electrical conductivity 0 to 1.0 dS m–1 (81% of soils); exchangeable
sodium 0–2 meq 100 g–1 (79% of soils); organic matter less than 10 g kg–1 soil (87%
of soils); available P very low at <10 mg kg–1 (73% of soils); and exchangeable K
0–100 mg kg–1 (19% of soils), 101–150 mg kg–1 (39% of soils), 151–200 mg kg–1
(19% of soils), and >200 mg kg–1 (29% of soils).
Project implementing agencies and collaborating partners
Two major institutions, the National Agricultural Research Centre (NARC), Islamabad,
and OFWM, Lahore, were the key implementation agencies in Pakistan. OFWM was
mainly responsible for promotion and dissemination of RCTs, while NARC was responsible for fine-tuning of alternative rice establishment methods and the leaf color
chart (LCC) for crop N management. The site team, comprising scientists from both
organizations, implemented all project activities and monitored their outcomes in
collaboration with local extension staff, university students, and farmers.
Institutional collaboration. Both international and national partners worked
together with local actors and stakeholders to implement the project in Pakistan. Key
international and national players were
l IRRI (International Rice Research Institute)
l RWC (Rice-Wheat Consortium)
l NARC (National Agricultural Research Centre)
l OFWM (On-Farm Water Management), Punjab
Local partners. The local public extension service, local agricultural university,
and private companies such as Fauji Fertilizer Company and Sweet Water Company
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were co-opted for project implementation. Farmers were key partners in evaluating
RCTs in their fields, supported by research and extension staff. Major local partners
were
l Agriculture Department, District Government, Okara
l University of Agriculture (UAF), Faisalabad
l Fauji Fertilizer Company (FFC)
l Project Progressive Farmers and service providers
l Sweet Water Company
l Easy Farming (Pvt.) Limited, Okara
l EM Kay Seed (Pvt.) Limited, Lahore
Project implementation strategies
Farmers’ participatory research trials were conducted with selected RCTs in the RW
cropping system during 2005-08 in six villages in Tehsil Depalpur, Okara District.
A GPS was used to identify the experimental fields and areas of the spread of RCTs.
Before initiating the trials, fields were precisely leveled by using laser land-leveling
equipment. Then, soil analysis was conducted to determine the baseline of soil fertility.
Measured irrigation water was applied for both rice and wheat crops. Leaf color chart
(LCC) technology was used for nitrogen management in the rice crop.
Four farmers’ fields were selected for evaluating tillage and crop establishment (TCE) practices for rice and wheat. Rice variety Super Basmati was planted by
different tillage-planting techniques: conventional-till transplanted rice (CT-TPR),
reduced-till direct dry-seeded rice (RT-DSR), reduced-till direct dry-seeded rice plus
Sesbania (RT-DSR-S), and zero-till direct dry-seeded rice (ZT-DSR).
Certified seed of wheat variety Aquab 2000 was obtained from the Wheat Research Section of Ayub Agriculture Research Institute (AARI), Faisalabad. An area
of 0.2 ha was taken as a basic experimental unit. Agronomic inputs were provided to
farmers and applied at rates per local recommendations based on a soil analysis report
under the supervision of project staff. A uniform pattern of farm layout was adopted
in which plant population per m2 was 90–110 for zero-tillage, 90–100 for bed planting, 100–110 for a turbo seeder, and 90–100 for conventional planting. The crop was
monitored regularly and crop health status data were recorded at critical crop growth
stages. Data were recorded in three replicates and, for each replication, observations
were made from five 1-m2 sample areas. Agronomic parameters recorded included
productive tillers m–2, weed density m–2, 1,000-grain weight (g), and grain yield (t
ha–1).
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Resource-conserving technologies introduced
The following technologies were tested in farmers’ fields:
l Laser-assisted precision land leveling (laser-level): This was done on 2,080
hectares; this is almost 100% adoption of laser technology for land leveling
in the project area.
l Conventional-till broadcast-seeded wheat (CT-BCW): This is the traditional way of planting wheat in well-prepared soil by broadcasting seed and
fertilizer at the same time.
l Zero-till drill-seeded wheat (ZT-DSW): This is a technique of establishing
wheat at optimum moisture without tillage and seedbed preparation by using
a zero-till seed drill.
l Zero-till drill seeding under surface mulch (ZT-DSW-Residue): A surface
mulch seeder cuts the stubble, picks up the combined loose straw, and chops
these into small pieces and spreads them uniformly in the field. Then, seeds
are drilled in rows.
l Double zero-till wheat and rice (DZT-DSW; DZT-DSR): Zero-till drill
seeding was practiced for both wheat and rice in a sequence.
l Bed-planted wheat (BED-DSW): A bed-planting system involves drill seeding of wheat on both sides of 45-cm-wide raised beds with 30-cm furrows
in between. The furrows are used for irrigation and drainage, in which water
control is better than in a traditional flood irrigation system.
l Permanent (double) bed planting (DBED-DSW): Drill seeding on raised
beds was practiced for both wheat and rice in a sequence.
l Bed-planted wheat with intercropped sugarcane (BED-DSW-Sugar):
Sugarcane was interplanted in furrows with wheat planted on raised beds.
l Conventional-till (puddled) transplanted rice (CT-TPR): This is traditional
transplanting of rice on puddled and leveled soil.
l Conventional-till (puddled) transplanted rice plus leaf color chart (LCC)
for N management (CT-TPR-LCC): An LCC was used for crop need-based
N management in transplanted rice on puddled and leveled soil.
l Reduced-till drill-seeded rice (RT-DSR): Minimum tillage was done and
rice was drill-seeded.
l Reduced-till drill-seeded rice plus Sesbania (RT-DSR-S): Minimum tillage
was done and rice and Sesbania seeds were drill-seeded in alternate rows.
l Zero-till transplanted rice (ZT-TPR): This is a technique of transplanting
rice at optimum soil moisture without tillage and seedbed preparation.
l Zero-till drill-seeded rice (ZT-DSR): This is a technique for drill seeding
rice at optimum soil moisture without tillage and seedbed preparation by
using a zero-till rice seed drill.
l Bed planting–transplanted rice (BED-TPR): Rice seedlings were transplanted on 45-cm-wide raised beds with 30-cm furrows in between. The
furrows are used for irrigation and drainage, in which water control is better
than in a traditional flood irrigation system.
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Table 1. Machinery pool established in village 18-D for renting farm machines to farmers at an affordable cost in the project area, Okara District, Punjab, Pakistan (2007).
Type of
machinery

l

Project
ADB project farmers that
purchased

Allotted
to service
providers

OFWM
district
Total
government

Bed planter

1

1

1

–

3

Laser leveler

–

1

4

2

7

Power sprayer

1

3

–

–

4

Combo Happy
Seeder

1-RWC

–

–

–

1

Turbo multiplecrop seeder

2-RWC

–

–

–

2

Zero-till seed
drill

2

7

–

1

10

Wheat straw
chopper

1

–

–

–

1

Bed planting–direct drill-seeded rice (BED-DSR): Rice seeds were drillseeded on both sides of 45-cm-wide raised beds with 30-cm furrows in
between. The furrows are used for irrigation and drainage, in which water
control is better than in a traditional flood irrigation system.

Support activities undertaken to enhance adoption of RCTs
The following steps were taken to enhance the promotion and adoption of RCTs.
Soil and water testing and precision land leveling
Soil samples from 455 farms and water samples from 230 farms were analyzed free
of cost in collaboration with Fauji Fertilizer Company (FFC) to properly decide on
correct doses of agricultural inputs based on soil test values and water analysis data.
Establishment of a machinery pool
Most farmer-cooperators have very small landholdings (0.5 to 2.0 ha) and are too
poor to purchase farm implements needed for taking up RCTs. To overcome this
problem, a machinery pool was established for farmers in a centrally located village,
18-D. The pooled farm machinery was rented to farmers at nominal charges. Farm
machinery obtained from different sources and rented to farmers in the project area
is listed in Table 1.
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Establishment of a village seed bank
Healthy seed is a basic necessity for enhancing crop productivity. Farmers in the
project area were using their own poor-quality seed retained from previous harvests,
probably due to the nonavailability of good seed at affordable prices. To overcome
this constraint, a village seed bank was established for rice and wheat in collaboration
with private seed companies for a timely supply of certified seed to farmers on a “no
profit and no loss basis.”
Improvement of water channels
Sufficient and timely availability of water was a major problem in the project area
as the locally available groundwater was only marginally fit for irrigation. Providing irrigation by canal is critical for enhancing crop productivity in the project area.
Therefore, water channels were lined on a priority basis in the project with funding
from the national project National Program for Improvement of Watercourses (NPIW)
in Pakistan. All 16 water channels in the area, with a total length of 4,362 m, were
lined to improve water flow and to irrigate the command area of 1,210 ha.
Establishment of research-extension-farmer linkages
To effectively introduce, validate, and promote RCTs in the project area, close collaboration among various partners is critical. For this purpose, strong linkages were
developed and maintained among
l Farmers
l Agricultural implement manufacturers
l Agriculture university students
l Researchers
l Extensionists
l Service providers
l Private seed and fertilizer companies
l Research organizations

Project activities
Farmer participatory research trials
Farmer participatory research trials were conducted on RCTs in selected project villages. Technologies and related activities undertaken in the project area were
l Lining of participatory water channels
l Groundwater management
l Laser land leveling
l Zero-tillage for wheat planting
l Bed-planting methods for both rice and wheat
l Wheat straw chopper
l Crop residue management and seeding by Turbo and Happy Seeders
l Direct seeding of rice
Evaluation and promotion of integrated crop and resource management technologies . . .
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l
l

Leaf color chart
Intercropping of sugarcane in wheat

Human resource development
Different types of training were conducted to enhance the skills of research and extension staff, undergraduate students of the local university, and farmers of the project
area. Training and education activities undertaken included
l Internship training program
l Training on participatory research for research and extension staff
l Hands-on training for farmers
l Sharing of knowledge and information
Internship training program. Under the project, technical support was provided
to collaborative farmers by involving several university graduates. An internship program was introduced in collaboration with the University of Agriculture, Faisalabad,
for training 70 undergraduate students on resource-conserving technologies. These
students worked with and helped farmers in the project area to learn and apply the
new RCTs in both rice and wheat crops. This intervention was very successful and
mutually beneficial to both farmers and students in getting and sharing up-to-date
information and field experiences on RCTs.
Training on participatory research for field research and extension staff. All
project staff—both research and extension—were trained on RCTs and farmer participatory research methodology and extension strategies.
Hands-on training for farmer-cooperators. Farmer-cooperators in selected villages were trained on RCTs and related support activities.
Sharing of knowledge and information
Eminent national and international scientists visited the project villages and shared their
knowledge and experiences with local staff and farmers on sustainable crop production and enhancing income and livelihood through ICRM in the rice-wheat cropping
system. Successful farmers’ experiences were conveyed to other farmers through field
demonstrations, farmers’ days, and farmer-to-farmer exchange visits. At the end of
every year, traveling seminars were organized for key farmers, staff, and internship
students involved in the project to share information with leading agricultural institutions/organizations and to establish linkage and collaboration with scientists, farmers,
agricultural graduates, manufacturers, and other stakeholders involved in other ongoing
projects in other parts of the same country or in other countries.
Technology extension and development
of promotional materials and activities
Farmers’ knowledge and awareness regarding RCTs were enhanced by discussing with
individual farmers, arranging field seminars and demonstrations, organizing television
programs on RCTs, and distributing technology brochures, posters, etc. Examples of
extension materials developed and promotional activities conducted are
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l
l
l
l
l

Brochures/banners/posters
Articles on RCTs in local magazines/newspapers
TV programs
Field days/seminars
Wall chalking

Project outputs and achievements
Table 2 lists the farmer participatory trials conducted and the number of participating
farmers and area covered for each technology in the project area during 2005-08. Technology adoption support activities undertaken in the project area include machinery
pools or hiring services, rural seed banks, improvement of irrigation infrastructure,
provision of soil testing and water analysis facilities, etc.
Improvements in irrigation infrastructure
and supply of good-quality seed
All 16 water channels in the project area were lined for a total length of 4,362 m to
prevent leakage of water and to improve irrigation efficiency over 1,210 ha; this improved irrigation reduced water use by 40% and labor used for irrigation by 30%.
The rural seed bank established in village 18-D supplied certified seed to 131
rice farmers and 230 wheat farmers on a “no loss and no gain basis” during 2006 and
2007; seeds supplied included 1,650 kg of super basmati rice seed, 200 kg of hybrid
rice seed, and 4,151 kg of wheat seed. The use of good-quality seed alone increased
wheat yield by 297 kg ha–1 during 2007.
Laser-assisted land leveling
A total of 571 farmers benefited from laser-assisted precision land leveling (2,080 ha
or 100% coverage) with improved seed germination (85–90%) compared with 65–70%
in nonleveled fields; this reduced irrigation water consumption by 20–30% and weed
pressure and labor use by 30%, and it increased grain yields of both rice and wheat.
Wheat performance
Improved wheat varieties selected for the area include Auqab 2000, Inqalab-91, and
AS-2002 (mean yield 3.0 t ha–1). Optimum seed rate for wheat was fixed at 85 kg ha–1,
with a mean yield of 2.97 t ha–1. Zero-till wheat adopted on 1,738 ha saved 60 liters
of diesel ha–1 and increased wheat yield by 300 kg ha–1 in contrast to conventional-till
broadcast-seeded wheat. Wheat yields were significantly higher for zero-till, double
zero-till, and permanent beds (3.09 to 3.35 t ha–1 with a benefit/cost ratio of 1.9 to 2.0)
than for conventional-till broadcast-seeded wheat and bed-planted wheat intercropped
with sugarcane (2.50 to 2.60 t ha–1 with a BCR of 1.0 to 1.1). Overall, farmers benefited
from increased wheat yield by 141 kg ha–1, decreased cost of cultivation by 30%, and
increased net income by US$115 ha–1; at the same time, the quality of the farming
environment improved by enhanced soil health and biological activities. Bed planting
of wheat saved on energy and water use and increased wheat yield by 755 kg ha–1.
Evaluation and promotion of integrated crop and resource management technologies . . .

121

Table 2. Farmer participatory trials conducted and the number of participating farmers and
area covered for each technology in the project area during 2005-08.

Technology

Activity
code

Years
2005-06

2006-07

2007-08

Length, 1,970
m (area 484
ha)
–

4,362 m (1,210
ha)

Basmati
(1,650);
hybrid (200);
wheat
(1,615)
Rice farmers:
131; wheat
farmers: 104
244 farmers
(712 ha)

Wheat (2,500)

Lining of water channels

CHANNELlining

–

Groundwater management
(SAG)
Village seed bank: good-quality
seed (kg)

GWATERSAG
SEEDbank

–

Village seed bank: good-quality
seed, no. of farmers

SEEDbank

–

Laser-assisted land leveling

LaserLevel

–

CT-BCW

–

80 (552 ha)

103 (550 ha)

ZT-DSW

44 (300
ha)

95 (652 ha)

113 (786 ha)

ZT-DSWResidue
DZT-DSW
BED-DSW
DBEDDSW
BEDDSWSugar

8 (12 ha)

25 (163 ha)

34 (291 ha)

–
–
–

1
35 (103 ha)
1

1
230 (775 ha)
–

–

1

–

CT-TPR

3

27 farmers

3

CT-TPRLCC

85 farmers
(104 ha)

121 farmers
(166 ha)

RT-DSR

3

2

158 farmers
(230 ha) (data
not collected)
3

RTDSR+S

3

–

3

ZT-DSR
BED-TPR
BED-DSR

–
3
–

–
6
–

3
3
–

Wheat
Conventional-till broadcastseeded wheat
Zero-till drill-seeded wheat
Total = 1,738
Zero-till drill-seeded with residues on surface
Double zero-till: wheat
Bed planting: wheat
Permanent (double) bed planting: wheat and rice
Bed-planted wheat with intercropped sugarcane
Rice
Conventional-till (puddled)
transplanted rice
Conventional-till (puddled)
transplanted rice + LCC
Reduced-till direct drill-seeded
rice
Reduced-till direct drill-seeded
rice + Sesbania (brown
manuring)
Zero-till direct-seeded rice
Bed planting: transplanted rice
Bed planting: direct drill-seeded
rice
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–

–

Wheat farmers:
126
327 farmers
(1,408 ha)

Table 3. Rice grain yields and related yield components under different tillage and crop establishment methods in Okara District, Pakistan
(2005).
No. of
farmers

Grain
yielda
(t ha–1)

Plants
m–2

CT-TPR

3

3.1 bc

55 b

BED-TPR

3

3.5 b

14 d

182.3 c

24.3 ab

23.3 b

RT-DSR

3

2.9 c

74 a

365 a

22 c

21.6 c

RT-DSR+Ses

3

4.2 a

16 c

337.6 b

25.1 a

24.1 a

Treatment

Tillers
m–2

346 b

Panicle
length
(cm)

1,000grain
weight (g)

23.6 b

23.5 ab

aWithin a column, means followed by the same letter are not significantly different at the
5% level.

Table 4. Rice grain yields and costs for tillage, irrigation, and labor under
different tillage and crop establishment methods in Okara District, Pakistan
(2006).
Treatment

No. of
farmers

Grain yielda
(t ha–1)

Tillage cost
(US$ ha–1)

Irrigation
cost ($ ha–1)

Labor cost
($ ha–1)

CT-TPR

27

3.6 b

100 a

47.24 a

120 b

CT-TPR-LCC

16

3.6 b

100 a

44.68 a

120.48 a

BED-TPR

6

3.9 a

100 a

41.94 b

120.04 ab

RT-DSR

2

2.7 c

26.66 b

46.37 a

60 c

aWithin a column, means followed by the same letter are not significantly different at the 5%
level.

Rice performance
During the first year (2005), rice yield for reduced-till direct drill-seeded rice was the
highest (4.2 t ha–1) with interplanted Sesbania (brown manuring) and lowest (2.9 t ha–1)
without Sesbania; yields for traditional puddled and bed-transplanted rice were medium
(Table 3). Rice yield was the highest (3.9 t ha–1) with transplanted rice on raised beds,
followed by conventional-till puddled transplanted rice with or without an LCC for N
management (3.6 t ha–1), and lowest for reduced-till direct drill-seeded rice during 2006
(Table 4). In 2007, rice yield was the highest (4.2 t ha–1) for conventional-till puddled
transplanted rice, followed by reduced-till direct drill-seeded rice with interplanted
Sesbania (3.6 t ha–1) and bed-transplanted and zero-till drill-seeded rice (3.6 t ha–1),
and lowest for reduced-till direct drill-seeded rice (3.2 t ha–1) (Table 5).
Mean rice yield over three years (2005-07) was the highest for traditional
transplanting (3.9 t ha–1), followed by transplanted rice on raised beds (3.6 t ha–1)
and reduced-till direct drill-seeded rice (3.0 t ha–1) (Table 6). Use of a leaf color chart
for crop need-based N management improved the timing and rate of N fertilizer apEvaluation and promotion of integrated crop and resource management technologies . . .
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Table 5. Rice grain yields and related yield components under different tillage and crop establishment methods in Okara District, Pakistan (2007).
No. of
farmers

Grain yielda
(t ha–1)

Plant
height (cm)

Tillers
m–2

Panicle
length (cm)

Grains
panicle–1

1,000-grain
weight (g)

CT-TPR

3

4.2 a

128 a

332 a

26.5 ab

124 a

24.5 a

Bed-TPR

3

3.5 b

121 a

230 b

25.5 b

115 a

22.9 b

RT-DSR

3

3.2 c

103 b

313 a

21.8 d

82 c

21.7 c

RT-DSR+S

3

3.6 b

107 b

315 a

23.5 c

109 b

23.5 b

ZT-DSR

3

3.5 b

122 a

313 a

26.7 a

124 a

22.4 c

Treatment

aWithin

a column, means followed by the same letter are not significantly different at the 5% level.

Table 6. Mean rice grain yields
under different tillage and crop
establishment methods in Okara
District, Pakistan (mean of 2005,
2006, and 2007).
Treatment

No. of
farmers

Grain yield
(t ha–1)

CT-TPR

12

3.9 a

BED-TPR

49

3.6 ab

RT-DSR

14

3.0 b

aWithin a column, means followed by the
same letter are not significantly different
at the 5% level.

plication to transplanted rice crops; it reduced N fertilizer use by 15% to 20% and
increased rice yields by 104 to 166 kg ha–1. As a consequence, farmers’ net income
increased due to the use of an LCC in rice.
Improved human capital
Educational programs such as field visits, field days, workshops, and traveling seminars
were conducted during 2005-07 for farmer groups, extension personnel, policymakers,
and national scientists. Research scientists attached to the ADB project were trained in
producing fact sheets, training materials, and leaflets/posters for wider dissemination
of RCTs. Other national scientists and extension staff, private service providers, and
farmers visited the research trials and demonstration plots and attended the training
programs conducted on RCTs and farmers’ field days organized by site coordinators.
Several national scientists and students also participated in data collection and database management. Detailed accounts of these activities can be obtained from the ADB
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project Web site (www.rwc.cgiar.org/PROMIS/ADB) and are furnished in Table 4 for
Pakistan. The trained staff and private service providers continue to promote RCTs to
farmers in the project area and in neighboring villages through technology targeting
discussed in the next section.
Promotion and dissemination strategies
Promotional materials such as information brochures, calendars, and posters on laser
leveling, zero-tillage, bed planting, crop residue management (turbo seeder) and
other seed drills, and the LCC were distributed to farmers. Television programs were
organized and a project video documentary was also prepared to reach a large number
of farmers and make them aware of the new technologies in place of conventional
management practices for rice and wheat. More farmers were contacted individually
and also in groups through field seminars organized in different villages. In farmers’
field seminars, it was possible to build a linkage between scientists and the farming
community. Details are given in Table 7.

Project impact analysis
The project aimed to enhance farmers’ income and livelihood in the project area. The
impact of major project activities on farmers’ income and livelihood has been evaluated and the results are discussed below.
Impact of lining water channels
Sixteen canals were lined for a total length of 4,362 m. These lined canals provided
efficient and timely irrigation to 1,210 ha of command area; this also saved 30% to
40% of irrigation water and 30% of labor used for irrigation. The impact of improved
irrigation due to watercourse lining is given in Table 8.
Impact of a seed bank
The use of poor-quality seed retained from previous harvests was found to be responsible for low yields in the project area. Therefore, a seed bank was established
to provide certified seed to farmers. The project distributed 2,500 kg of wheat seed
to 126 farmers on a “no profit and no loss basis” during 2007. The mean increase in
grain yield due to the use of good seed was 297 kg ha–1; additional total income to
farmers from the use of good seed is estimated at $162,162 (Table 9).
Impact of laser land leveling
The impact of laser land leveling on resource use, labor need, and grain yield in the
project area was evaluated. There was a savings of 20–30% in irrigation water and
30% in labor used for irrigating crops in laser-leveled fields compared with nonleveled fields. Seed germination was better in laser-leveled fields (85–90%) than in
conventional fields (65–70%). The additional income to farmers from 2,080 ha of
laser-leveled fields has been estimated at $1.436 million for rice and $0.563 million
Evaluation and promotion of integrated crop and resource management technologies . . .
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Table 7. Training and technology promotion strategies adopted by the ADB project (RETA
6208) in Pakistan (2005-08).
Technologies
Particulars
2005-06

No. distributed/persons
contacted
2006-07

2007-08

1,177

1,230

22

16

–

6

Training and education of farmers and project staff
Farmers contacted

–

Farmer interview on TV

Turbo seeder

Farmers’ field seminars

Straw chopper

LCC training

–
20

Internship training for B.Sc agricultural
students (practical training on RCTs and
water-saving technologies)

104 farmers
30

–
20

Dissemination materials produced and distributed
Newspaper articles in Jadeed Zaraat

SRI

150 copies

–

OFWM newsletter

SRI. LCC

500 per month

500 per month

Sign boards

Technology
slogans

60 (10 in each
of 6 villages)

60 (10 in each
of 6 villages

Wall chalking

Tech. slogans
and RCTs

120 (20 in
each of 6
villages)

120 (20 in
each of 6
villages)

Brochures

RCTs

Project video

Project activities

Semiannual reports

Progress
report

ADB project Web site

Articles, news,
events

5,000

–

1

–

200 + 200

200

10

20

for wheat due to the increase in cropping area and grain yield, and savings in labor
and irrigation water (Table 10).
Impact of zero-till wheat
Zero-tillage was practiced on about 1,738 ha and its effects on savings in energy,
increases in yield, and a reduction in cultivation cost were assessed and translated
into total monetary savings for farmers (Table 11).
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Table 8. Impact of improvement of water channels on productivity enhancement, labor savings, time savings, and water savings (US$ million).
No. of water
channels
improved

Estimated additional income ($) due to
Productivity
enhancement

Irrigation
labor savings

Total time
savings

Irrigation water
savings

212,000

800

13,600

36,000

16

Estimated total
additional income
($ million)

0.26228

Note: US$1 = Pak Rs. 75.

Table 9. Impact of the provision of prebasic seed on wheat yield and estimated income of
farmers in the project area.
Yield (kg ha–1)
Without
prebasic seed

With prebasic
seed

Increase

Total yield increase (t ha–1)

3,655

3,952

297

54

Area (ha)

182
aUS$1

Total additional
income
(US$ million)a

0.16216

= Pak Rs. 75.

Table 10. Additional income generated for the farming community by laser
land leveling in the project area.
Additional income (US$ million) due to
Crop

Area
(ha)

Increase
in area

Wheat

2,080

Rice

2,080

Increase
in area

Increase
in yield

Labor
savings

Water
savings

Total

62.4

1.76

14.63

10.48

0.79

0.563

62.4

1.19

19.89

62.90

3.88

Total

1.436
1.999

Table 11. Impact of zero-tillage on energy savings, yield increases, and reduction in cultivation cost (US$).
Energy savings
Area
(ha)

1,738

Yield

Cultivation
cost

Fuel
savings
(L ha–1)

Total fuel
savings
(L)

Value of
fuel savings
(US$)

Wheat
yield
increase
(t ha–1)

Value of total
increase in
yield (US$)

Savings
in cost of
cultivation
($)

60

104,280

0.069520

141

0.038556

0.046347

Total
savings
($ million)

0.154422

Evaluation and promotion of integrated crop and resource management technologies . . .

127

Table 12. Impact of bed planting on wheat yield, water savings, and farmers’ income
in the project area (US$).

Area
(ha)

Yield (t)

755

1,877.5

aAF

Wheat
yield
increase
(t)

Additional
income
($)

Total water
requirement
(AF)a

Water
savings
(AF)

Income
from water
savings ($)

Total
additional
income
($)

566.3

84,938

636.7

318.4

7,640

92,600

= acres feet.

Table 13. Impact of use of a leaf color chart on grain yield, savings
in fertilizer cost, and additional income to farmers in the project
area.
Income
(at $300 t–1)

Savings on
fertilizer cost
(million $)

Total added
income
(million $)

Year

Area
(ha)

Rice yield
increase
(t ha–1)

2005

104

1.85

0.05548

0.09533

0.150820

2006

166

2.95

0.088564

0.152167

0.240730

Total (million $)

0.391550

Note: US$1 = Pak Rs. 75.

Impact of bed-planted wheat
Bed planting was introduced in the project area mainly for wheat and it was widely
accepted by the farming community. It increased wheat yield and saved irrigation water
on an area of 775 ha where it was practiced. The impact of bed planting in monetary
terms was estimated at $92,600 (Table 12).
Impact of the leaf color chart with transplanted rice
Rice growers in the project area were trained in using an LCC for better management
of N. About 1,500 LCCs were distributed to farmers. Farmers overwhelmingly accepted the LCC technique and applied N fertilizers as per the guidelines provided with
the LCC. With the use of an LCC, farmers saved on N fertilizer applied to rice crops.
Data for only two years were collected and used in the estimation of the savings in
fertilizer cost and additional income due to increased yield in test fields as given in
Table 13. Total additional income accrued to farmers due to the use of an LCC in the
project area was estimated at $391,600.
Total project impact from the adoption of RCTs
The overall impact of all interventions, including lining of water channels, bed planting,
the System of Rice Intensification (SRI), LCC, zero-tillage, residue management, and
provision of prebasic seeds is summarized in Table 14. The project implementation
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Lining
of water
channels
0.2623

Laser
land
leveling

1.999
0.09257

Bed
planting

0.0006

System of
Rice Intensification (SRI)
0.3916

Leaf
color
chart
0.1544

Zerotillage

0.008

Residue
management

0.0162

Provision of
prebasic seed

2.925

Total impact
of the project

Table 14. Farmers’ cumulative monetary gains (in million US$) due to the adoption of resource-conserving technologies in the ADB Project (RETA 6208) area in Okara District in Pakistan during 2005-08.

generated an estimated additional income of $2.832 million for the farming community
of the project area during 2005-08.

Summary and conclusions
To enhance the productivity of rice-wheat systems, precision land leveling, good-quality seed, timely seeding, timely use of agricultural inputs, and appropriate mechanization are the basic necessities. Good-quality seed and precision land leveling increased
crop yields by 35% to 40%. Poor irrigation water management is another serious
yield-limiting factor in Pakistan. Sixteen water channels were lined for a total length
of 4,362 m to improve irrigation efficiency and field water application in a command
area of 1,210 ha. Various RCTs were introduced and promoted in Pakistan to enhance
input-use efficiency, reduce input costs, and increase farm productivity and income.
Well-tested RCTs were not widely adopted by farmers due to some technical and
operational constraints such as the unavailability of cost-effective and efficient machinery and improved crop varieties, unavailability of certified seeds, and ineffective
transfer of information and technologies to farmers. All these constraints have been
redressed in the project area by establishing a machinery pool in villages for renting
machines to farmers at an affordable cost; a village seed bank to promote the local
production and sale of good-quality seed to farmers; and improved researcher–extension staff–service provider–farmer linkage to support farmers in the introduction and
adoption of RCTs. The new RCTs increased RW system productivity and enhanced
farmers’ income and livelihood. The total estimated additional benefits accruing to
farmers in the project area were $2.832 million. It is therefore recommended that the
project activities be extended to other areas of the country for transferring the benefits
of proven technologies to deprived farming communities.
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Evaluation and promotion of integrated
crop and resource management in the
rice-wheat system in northwest India
Y.S. Saharawat, M. Gathala, J.K. Ladha, R.K. Malik, Samar Singh, M.L. Jat, Raj K. Gupta,
H. Pathak, and Kuldeep Singh

The rice-wheat cropping system (RWCS) is an age-old practice in South Asia but
its present worth and expansion were triggered by the development of high-yielding varieties in both crops during the Green Revolution, leading to accelerated
growth in food production and a decline in food prices. Agricultural sustainability
problems resulting from declining natural resources, such as water, and increasing labor and energy prices are prevalent throughout this agroecological region.
Rice-wheat (Oryza sativa L.–Triticum aestivum L.) is the major cropping system
of the region and conventional tillage and crop establishment methods such
as puddled transplanting require a large amount of water, labor, and energy,
which are increasingly becoming scarce and expensive. This article considers
practices that would sustain higher and more stable yields for the rice-wheat
system of the region. We attempted to evaluate alternatives that would require
smaller amounts of water and labor. Farmer participatory trials were conducted
in the western IGP for 3 years to evaluate various tillage and crop establishment
systems for their efficiency in labor and water, and economic profitability. The
yields of rice in conventional puddled transplanting, unpuddled transplanting,
zero-till transplanting, and direct-seeding systems were equal. Yields of wheat
following both conventional or alternative tillage and crop establishment in rice
were also equal. Rice varieties PHB-71 and PRH-10 performed better under
alternative tillage and crop establishment methods. Laser-aided land leveling
had a significant effect on reducing irrigation water use in rice. The dry-directseeding and zero-tillage rice-wheat system had a savings in labor and machine
use. Zero-tillage transplanted and dry-direct-seeded rice followed by zero-till
wheat had a higher net return than the conventional and unpuddled system.
Our study showed that the conventional practice of puddled transplanting could
be replaced by unpuddled and zero-tillage–based crop establishment methods
to save water and labor and achieve higher income.

Evaluation and promotion of integrated crop and resource mnagement in the rice-wheat system in northwest India

133

The rice-wheat cropping system (RWCS) is an age-old practice in South Asia but
its present worth and expansion were triggered by the development of high-yielding
varieties in both crops during the Green Revolution, leading to accelerated growth
in food production and a decline in food prices. The RWCS provides food for more
than 400 million people and is a source of livelihood, employment, and income for
hundreds of millions of rural and urban poor of South Asia (Ladha et al 2003). In the
Indo-Gangetic Plains (IGP), 32% of the total rice and 42% of the total wheat area
constitute the RW cropping system. In India, it contributes 26% of total cereal production and 60% of total calorie intake (Timsina and Conner 2001, Gupta et al 2003).
The western Indo-Gangetic Plains (IGP) of India comprising Haryana, Punjab, and
western Uttar Pradesh are the major rice-wheat growing areas and are often called the
food basket of the country. About 80% of the population of these states is agriculturedependent, directly or indirectly. These states are not only self-sufficient in producing
food grains but are also major contributors of the food supply in the country. The
RWCS increased by 200% in area and 406% in production in the last four decades in
India and it contributes almost 75% of total cereal production.
Traditionally in this region, farmers grow rice in the wet (monsoon) season after
intensive dry and wet tillage (puddling), followed by wheat in the dry (winter) season
after intensive dry tillage. But the traditional tillage and crop establishment methods
create problems in timeliness of wheat seeding, maintenance of soil structure, and
management of irrigation, weeds, and other pests, fertilizers, and crop residues (Rao
et al 2007). Pathak et al (2003) reported yield losses of 35 to 60 kg d–1 ha–1 from the
northwestern to eastern IGP due to delayed wheat planting. Soil quality degradation has
occurred because soils for both crops are managed differently. For rice, soil is puddled
(wet tillage) and kept under continuous submergence. In contrast, wheat is grown in
upland well-drained soils having good tilth. Puddling reduces weed competition and
water losses but destroys soil structure and creates a hard pan at shallow depth and
consumes a large quantity of water (Sharma et al 2002). Poor tilth, restricted drainage,
and inadequate soil aeration caused by puddling are the major limitations for wheat
to express its yield potential in postrice soils. Conventional practices have further led
to (1) a decline in soil carbon to as low as 0.2, (2) an increase in soil compaction, and
(3) creation of a hard pan (Sharma et al 2002). Rice is the largest user of fresh surfacewater bodies and has led to an increase in tubewells of 480% in the past four decades
in the region (Central Groundwater Board, Northwestern Region, http://cgwbchd.nic.
in). Poor-quality irrigation systems and a greater reliance on groundwater have led
to problems of waterlogging, salinity, sodicity, hydraulic imbalance, and water-table
decline of 0.1 to 1.0 m y–1 in the western IGP, resulting in a scarcity and higher cost
of pumping water (Harrington et al 1993, Sondhi et al 1994). Moreover, timely labor
availability and increasing labor costs are becoming a serious concern for the timely
planting of crops (Ladha et al 2003). In the changing climatic conditions, increased
night temperature at the flowering stage causes spikelet sterility in rice and a reduction in yield of about 5% per degree Celsius rise above 32 oC (Peng et al 1999). The
luxurious environment of excessive nitrogen and moist conditions provides a paradise
for insect pests and diseases in the region and also decreases input-use efficiency.
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Total factor productivity (TFP) has declined by 50% in the region, and a shift in weed
flora and herbicide-resistant weeds are some of the major causes of the decline in TFP
(Ladha et al 2003). Problems in the RWCS have been further intensified by planners
and policymakers who have provided high subsidies for power, fertilizer, and irrigation. This has not only led to an overuse of these resources, but has also discouraged
voluntary crop diversification.
Despite the ecological damage, farmers continue to grow rice and wheat due to
government support in terms of an assured minimum price for crops, ever-increasing
demand, mechanization of the system, and assured irrigation. But concerns are growing
about the sustainability of the RWCS as the growth rates of rice and wheat yields are
either stagnant or declining. The western IGP, which serves as India’s food basket,
may become food-insecure in the near future. Therefore, the need is urgent to develop
innovative alternative strategies for the future transformation of the irrigated rice-wheat
system toward improved practices, ones that (1) are more resource-use-efficient, (2)
lead to food security, (3) are economically sustainable, and (4) help in adaptation to climate change. Conservation agriculture (CA)–based resource-conserving technologies
(RCTs) include any new technologies (cultivars; more efficient implements; reduced
or minimal tillage; soil, water, and crop management practices) that are more efficient,
use less inputs, improve production and income, and attempt to overcome emerging
problems (Gupta and Seth 2007). RCTs involving no or minimum tillage with direct
seeding, and bed planting; innovations in residue management to avoid straw burning; and crop diversification need to be advocated as alternatives to the conventional
rice-wheat system for improving productivity and sustainability (Gupta et al 2003).
Alternative methods have been proven effective to sustain soil health and reduce water demand in the rice crop in on-station trials in different agroecological regions by
many scientists (Ladha et al 2003). But the application of these new tillage and crop
establishment methods needs to be tested on a wider scale for water, labor, and energy
efficiency in farmer-managed trials. Some RCTs such as no-till are being adopted by
the farmers of the western IGP on a large scale (Jat et al 2006). Therefore, systematic
studies were conducted with a wider approach of on-station and farmer participatory
trials to (1) develop and accelerate productivity-enhancing, input (water, labor, and
energy)-efficient, soil- and environment-friendly, and profitable RCTs in the western
IGP; (2) promote diverse crop rotations attractive to farmers and that help improve
system ecology; (3) provide capacity and human resource development of national
agricultural research and extension systems (NARES) and farmers through training,
on-farm demonstrations, and traveling seminars; and (4) create a database to foster
improved sustainability and productivity of the RWCS for policymakers, NARES,
international agricultural research systems, farmers, and other end users.
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Table 1. Description of cropping practices.
Rice

Wheat

Treatment
no.

Rice

Wheat

Tillage

Transplanting

Tillage

Drill

T1

CT-TPR

CT-BSW

Dry and wet
tillage
(puddling)

Transplanting
(TPR)

Dry conventional
tillage
(CT)

Broadcasting
(BSW)

T2

RT-DSR

ZT-DSW

Reduced
tillage (RT)

Drill seeding
(DSR)

Zero-tillage
(ZT)

Drill
seeding
(DSW)

T3

RTDSR+Ses

ZT-DSW

RT

Drill seeding
(DSR)

ZT

DSW

T4

RT(UP)-TPR

ZT-DSW

Reduced
tillage,
unpuddled
(RT)

TPR

ZT

DSW

T5

ZT-TPR

ZT-DSW

Zero-tillage
(ZT)

TPR

ZT

DSW

T6

Bed-TPR

Bed-DSW

Reduced
tillage
(raised
beds)
(Bed)

TPR

ZT

DSW

Materials and methods
Biophysical, demographic, and socioeconomic profile
Initially, a baseline survey of randomly selected farmers from different villages was
conducted to understand their social, economic, and educational status in addition to
input use (seed, irrigation, tractor, labor, fertilizer, and pesticide use) and outputs (grain
and straw yield) in conventional farmers’ practices (FP, P1), that is, conventional-tilled,
puddled transplanted rice (RT 1, CT-TPR) (Table 1). The study was conducted for three
years from June 2005 to April 2007 in 99 farmers’ fields at Karnal and Modipuram
sites in the western Indo-Gangetic Plains of India. The area has a subtropical climate
highly influenced by southwestern monsoon. Average annual rainfall was around 787
mm, more than 80% of which is received in June to September. The mean monthly
temperature ranges from 4 to 48 °C.
Out of 99 farmers at both sites, 47% had landholdings of <2 ha, 31% had 2 to
4 ha, and 22% had more than 4 ha (Fig. 1A). About 95% of the farmers at both sites
were literate, out of which 32% were middle-school pass, 42% were high-school pass,
and 21% were college pass (Fig. 1B). The literacy rate was higher for large farmers
than for small farmers. The average family size at both sites was 5.4 family members
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A

B

22%

21%

Landholding
≤2 ha
2–4 ha
≥4 ha

30%

29%

32%

47%

31%

C

5%

42%

Education
Illiterate
10th grade
High-school pass
Graduate

41%

Engagement in agriculture
Fully engaged
Partly engaged
Students

Fig. 1. Socioeconomics and demographics of project sites Karnal (Haryana) and Modipuram
(Uttar Pradesh), India.

per household. The large farmers usually lived in joint families, whereas medium
and small farmers had a separate nucleus family. Out of 691 family members of the
99 households surveyed, 29% were fully engaged in agriculture and 41% partly engaged, whereas 30% were students who also helped with agricultural activities during
vacation and/or leisure periods. Some 82% of the farmers were members of different
cooperatives existing in the area. Rice and wheat were the major source of income
for 82% of the farmers, followed by sugarcane (14%), vegetables (2%), and oilseeds
(2%) at both sites.
Site characteristics
Karnal (Haryana) site. On-farm evaluation of RCTs was carried out with 76 randomly
selected RW-growing farmers from ten villages in four districts (Karnal, Kurukshetra,
Kaithal, and Yamunanagar) of Haryana, India (29°07′15″N to 30°08′15″N, 75°02′20″E
to 77°04′10″E) (Fig. 2). The mean annual rainfall of the study area varied from 650 to
970 mm, about 80% of which is received in June to September. The soils are generally sandy loam to clay loam in texture and low to medium in organic matter content.
Groundwater pumping is the predominant method of irrigation. Haryana is predominantly a RW-growing area where wheat is grown by broadcasting after six to seven
dry-tillage operations and rice is grown by transplanting 3–4-week-old seedlings in
puddled fields after four to five dry-tillage operations.
Modipuram (western Uttar Pradesh) site. Twenty-seven farmers were selected
to conduct on-farm demonstrations of RCTs in three districts (Meerut, Ghaziabad,
and Bulandsahar) of western Uttar Pradesh (UP), India (28°40′07″N to 29°28′11″N,
77°28′14″E to 77°44′18″E) (Fig. 1). The climate of the area is semiarid, with an average
annual rainfall of 800 mm (75–80% of which is received during July to September),
minimum temperature of 0–4 oC in January, maximum temperature of 41–45 oC in
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Fig. 2. Location of the project sites Karnal (Haryana) and Modipuram (Uttar Pradesh),
India.

June, and relative humidity of 67–83% during the year. The soils are generally sandy
loam to loam in texture and low to medium in organic matter content. Groundwater
pumping is the predominant method of irrigation. Western UP has a diversified cropping
system, with RW as the dominant cropping system. Wheat is grown by broadcasting
after six to seven dry-tillage operations and rice seedlings (3–4 weeks old) are transplanted in puddled fields after four to five dry-tillage operations.
Experimental layout and treatments
The farmers were introduced to alternative tillage and crop establishment (TCE)
practices (Table 1) in rice, that is, rice treatment 2 (RT 2)—reduced-/zero-till drillseeded rice (RT-DSR/ZT-DSR); reduced-till drill-seeded rice with Sesbania co-culture
(RT 3; RT-DSR+Ses); reduced-till unpuddled transplanted rice (RT4; RT(UP)-TPR);
zero-till transplanted rice (RT 5; ZT-TPR); and raised-bed transplanted rice (RT 6;
Bed-TPR). In RT 2, Sesbania was grown for 25–30 days and then knocked down by
2,4-D. Similarly, in wheat, farmers were introduced to zero-till drill-seeded wheat
(ZT-DSW). In addition to these treatments, different varieties were screened for
alternative TCE practices. The conventional farmers’ practice (FP), that is, CT-TPR
followed by CT-BCW of RW growing, was compared with alternate TCE practices
in each farmer’s field. Details of each farm operation were recorded and analyzed for
input use and all agronomic practices in each farmer’s field. The field operations for
rice began in the last week of May to the end of June, whereas transplanting was done
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from mid-June to the first week of July. Sowing dates for DSR and nursery were kept
the same under different management practices. Some 20–30 kg ha–1 of primed rice
seed (soaking seeds in water for 8 h followed by overnight air drying) were sown at
a depth of 2–3 cm using a seed-cum-fertilizer drill, whereas 10–15 kg ha–1 of seed
were used for transplanting. Details appear in Table 1.
T1: Conventional-till (puddled) transplanted rice (CT-TPR) and conventional-till
broadcast wheat (CT-BCW). For rice, conventional puddling involves two to three
dry harrowings and two to three wet-tillage operations and one field leveling with a
wooden plank in ponded water, followed by manual transplanting of 3–4-week-old
seedlings. A seed rate of 10–15 kg ha–1 was used for raising a rice nursery. The fields
are kept flooded during the whole crop season. For wheat, farmers generally broadcast
100–120 kg ha–1 of seed in fields dry-tilled 4–6 times. Wheat was irrigated at crown
root initiation, tillering, flowering, jointing, and dough growth stages.
T2: Reduced-till direct-seeded rice (RT-DSR) and zero-till drill-seeded wheat
(ZT-DSW). Rice was direct-seeded in flat plots at 20-cm row spacing using no-till
seed-cum-fertilizer planters after two to three dry-tillage and planking operations.
Seeding was done on the same day when the nursery for transplanted rice was seeded.
Some 20–30 kg ha–1 of primed rice seed (soaking seeds in water for 8 h followed by
overnight air drying) were seeded at a depth of 2–3 cm using a seed-cum-fertilizer
drill (cup-type and inclined-type seed-metering system). The first light irrigation was
applied immediately after seeding to maintain moisture for better germination. Subsequent irrigations were applied at the appearance of hairline cracks at the soil surface.
Wheat was seeded using a seed-cum-fertilizer drill in no-till or reduced-till (1–2 dry
harrowings) fields. Irrigations were applied at critical growth stages as in T1.
T3: Reduced-till direct-seeded rice + co-culture of Sesbania (ZT-DSR+Ses)
and zero-till drill-seeded wheat (ZT-DSW). Rice was direct-seeded in flat plots at
20-cm row spacing using no-till seed-cum-fertilizer planters as in T2. Sesbania seed
(12 kg ha–1) was broadcast immediately after rice and allowed to grow with rice for
25–30 days and then knocked down using 2,4-D. Sesbania helps to suppress the weed
population and conserve soil moisture due to its initial fast growth (Samar Singh et
al 2007) . Other management practices were the same as in T2. Wheat was seeded
using a seed-cum-fertilizer drill in no-till or reduced-till (1–2 dry harrowings) fields.
Irrigations were applied at critical growth stages as in T1.
T4: Reduced-till unpuddled transplanted rice (RT-TPR) and zero-till drill-seeded
wheat (ZT-DSW). Dry-tillage and transplanting operations for rice were performed as
in T1 except that wet-tillage/puddling operations were not performed. Other management practices were the same as in T1. Wheat was seeded using a seed-cum-fertilizer
drill in no-till or reduced-till (1–2 dry harrowings) fields. The irrigation schedule as
in T1 was followed.
T5: Zero-till transplanted rice (ZT-TPR) and zero-till drill-seeded wheat (ZTDSW). No wet- or dry-tillage operations were performed and 25–30-day-old seedlings
were transplanted in lines in flooded fields at 20 × 20-cm spacing. Other management
practices as in T1 were followed. Wheat is seeded using a seed-cum-fertilizer drill in
no-till fields. The irrigation schedule as in T1was followed.
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T6: Transplanted rice on raised beds (Bed-TPR) and zero-till drill-seeded wheat
(ZT-DSW). After two to three dry-tillage operations, beds were prepared using a bed
planter in year 1 and reshaping was done during wheat sowing each year using a bed
shaper. Three- to four-week-old seedlings were transplanted on the slope of raised
beds in two rows at 20-cm spacing. Plant-to-plant spacing was 12 cm to maintain the
population equal to that of the conventional transplanted method. Irrigation was applied to fill the furrows only as in T1. Wheat was seeded using a seed-cum-fertilizer
bed planter in a single pass with reshaping of the beds. The irrigation schedule as in
T1 was followed.
Laser-aided land leveling (LL)
For laser-assisted precision land leveling, the land was first plowed at the optimum
moisture level (field capacity) with a harrow/cultivator for pulverization and was
leveled using a laser-equipped drag scrapper (TrimbleTM, USA) with an automatic
hydraulic system attached to a 60-HP tractor. Before running the laser leveler, the field
was surveyed at 3-m distance to record the elevation and the elevation points were
averaged to know the desired elevation for leveling the field. The average elevation
value was entered into the digital control box for controlling the scrapper at the desired
elevation point (Jat et al 2006) and the tractor was run across the field till the desired
elevation was achieved throughout the field (Rickman 2002).
Varietal screening
Three hybrids (PB-1, PHB-71, PRH-10) and two Basmati cultivars (Pusa-2511 and
Pusa-1121) of rice belonging to the hybrid and Basmati group were screened at Modipuram for different agronomic parameters under different tillage and crop establishment practices for 2 years.
Fertilizer application
Farmers’ fertilizer application varied, with a mean of 140 kg N (range 130–160 kg
N), 40 kg P (range 0–60 kg P), and 30 kg K ha–1 (range 0–60 kg K) in rice and 155
kg N (140–190 kg N), 40 kg P (0–50 kg P), and 40 kg K ha–1 (0–60 kg K) in wheat
in all the practices. While K was broadcast for rice, N (80% of the total quantity) and
all of P were placed at 10-cm depth using a no-till seed-cum-fertilizer drill at the time
of seeding in T2 and T3. In transplanted rice (T4, T5, and T6), N (80% of the total
quantity) and all of P and K fertilizers were broadcast by farmers before transplanting.
An extra dose of N was applied on the basis of the leaf color chart (LCC). For wheat,
all fertilizers were applied basally using a no-till seed-cum-fertilizer drill.
Weed management
All the farmers kept their fields weed-free either by using herbicides or hand weeding.
Preseeding germinated weeds in no-till fields (ZT-TPR, RT-DSR, and Bed-TPR) were
controlled by spraying glyphosate (900 g a.i. ha–1). In RT-DSR, preemergence weeds
were controlled by applying pendimethalin (1 kg a.i. ha–1)/pretilachlor plus safener (480
g a.i. ha–1) within 48 hours of sowing, followed by postemergence herbicides such as
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chlorimuron ethyl + metsulfuron methyl (Almix, DuPont, Wilmington, Del.) (4 g a.i.
ha–1) at 20–25 days after sowing (DAS). In transplanted rice, some farmers applied
butachlor (1.5 kg a.i. ha–1) at 2 days after transplanting (DAT) to control weeds but they
mostly preferred hand weeding. In wheat, grassy weeds were controlled by spraying
sulfosulfuron (35 g a.i. ha–1) at 20–25 DAS, and broadleaf weeds were controlled by
2,4-D (500 g a.i. ha–1) and metsulfuron (4 g a.i.ha–1) at 30–35 DAS.
Labor and machine use
Manual labor used for tillage, seeding, irrigation, fertilizer and pesticide application, weeding, and harvesting in rice and wheat was recorded during each operation.
The time (h) required to complete each field operation was recorded and expressed
as person-days ha–1, considering 8 h equivalent to 1 person-day. Similarly, the time
(h) required by a tractor-drawn machine to complete a field operation such as tillage, seeding, fertilizer application, and harvesting was recorded and expressed as h
ha–1. The time (h) required to irrigate a field and consumption of diesel (L ha–1) by
a pump were also recorded and electricity charges as per the state electricity board
were included.
Economic analysis
The cost of cultivation was calculated by taking into account the cost of seed, fertilizers, and biocide; the hiring charges of human labor (US$2.50–3.00 d–1) and machines ($7.80–12.00 h–1) for land preparation, irrigation, fertilizer application, plant
protection, harvesting, and threshing; and the time required (h ha–1) to complete an
individual field operation. The cost of irrigation was calculated by multiplying the
time (h) required to irrigate a particular plot, consumption of diesel by the pump (L
h–1), and cost of diesel ($0.75–1.00 L–1), and electricity rates were as per the state
electricity board. The prices of human and machine labor and diesel were taken yearwise as per government of India norms. Gross income was the minimum support price
offered by the government of India for rice ($125–140 t–1) and wheat ($120–135 t–1).
Net income of farmers was calculated as the difference between gross income and
total cost. System productivity was calculated by adding the grain yield of rice and
wheat in each year.
Statistical analysis
Data were analyzed using the SAS Mixed Model Procedure (SAS 2001) where treatment was used as a fixed effect and farmer as a random effect. Separation of means
was done using the Fisher-protected t-test at LSD 0.05 and an SAS macro was used
for multiple comparisons (Spilke et al 2005).
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Results and discussion
Resource-conserving technologies
Grain yields were higher in unpuddled transplanted rice (T4) than in CT-TPR (T1)
in years 1 and 2. In RT(UP)-TPR (T4), 60% of the farmers had a yield gain of 0.78
t ha–1 over CT-TPR. Transplanted rice on raised beds (T6) produced lower yields
than the other TCE methods, which had similar yields in year 3. About 75% of the
farmers had a yield loss of 0.48 t ha–1 in T6, followed by 0.1 t ha–1 in RT-DSR (T2).
Yields of ZT-TPR (T5) and RT-DSR (T2) were higher than or on a par with CT-TPR
in all three years. In ZT-TPR (T5), 65% of the farmers had a yield increase of 0.48
t ha–1 compared with CT-TPR. In RT-DSR, 40% of the farmers had a yield increase
of 0.36 t ha–1. On average, the highest rice yields (6.5–6.7 t ha–1) were obtained in
T4, followed by ZT-TPR (T5). In RT-DSR (T2), yields were 3–8% less than in RT
(UP)-TPR (T4), ZT-TPR (T5), and CT-TPR (T1). Rice transplanted on raised beds
(T6) yielded 9% and 18% lower than in the conventional method (T1), T4, and T5
in all three years. Several researchers (Lav Bhushan et al 2007, Lu-Jun et al 2001,
Nieuwenhuis et al 2002, Belder et al 2002) have shown that, in Bed-TPR, moisture
stress at panicle initiation and flowering stages could lead to a yield loss because of
a reduction in the number of grains per panicle and spikelet sterility. A yield penalty
on raised beds (14–25%) irrespective of crop establishment methods was recorded
by Lav Bhushan et al (2007).
The rice yields in RT-DSR (T2) and RT-DSR+Ses (T3) were on a par in year 1
and lower in years 2 and 3 than in CT-TPR (T1) (Table 2). Most of the farmers had a
yield loss of 0.32 t ha–1 in RT-DSR (T2) and RT-DSR+Ses (T3) compared with CTTPR (T1). This suggested that water- and labor-intensive operations of puddling can
be avoided without any yield penalty in rice. Lav Bhushan et al (2007) and Singh et
al (2005a) have reported that moisture stress in initial stages of crop establishment,
severe weed infestation, Fe deficiency, and nematode infestation are the major problems
causing a yield reduction in RT-DSR (T2). Singh et al (2005b) have reported that, in
weed-free situations, grain yields of RT-DSR are better than those of CT-TPR (T1).
Cabangon et al (2002) have reported lower yield but higher water-use efficiency in
RT-DSR (T2).
Mean wheat yield was not influenced by different TCE methods at both sites
(Table 2). These findings are in agreement with Ladha et al (2003) and Lav et al (2007),
who found that the performance of wheat is not much affected, at least in the short
term, by the way the previous rice crop is grown. In the double no-till system (T2, T3,
and T5), wheat yields were higher than or on a par with FP (T1). This is in conformity
with the findings of Hobbs and Gupta (2002) and Lav Bhushan et al (2007).
Rice + wheat (system) yields were higher in T4 and T5 than in FP (T1 and
T2) in years 1 and 3 at Karnal (Table 2). In the unpuddled drill systems (T2, T3, and
T5), 40% of the farmers had a system yield gain of 0.52 t ha–1 over T1. Similar yield
trends were observed in all three years. Unpuddled transplanted rice followed by ZT
wheat (T4) gave higher system yields than conventional FP (T1) and unpuddled drill
systems (T2, T3, and T5). In the raised-bed (T6) RW system, yields were 3–5% less
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6.1b c

6.5 ab

5.6 c

T5

T6

5.9 c

6.5 ab

6.7 a

6.3 b

6.4 b

2006

Karnal

6.0 b

6.3 a

6.3 a

6.3 a

6.5 a

2007

4.9

4.9

4.9

2005

3.9 b

4.1 b

4.4 a

2006

5.1 b

5.1 b

5.4 a

2007

Modipuram

4.3

4.2

4.2

4.1

4.2

4.1

200506

4.3

4.3

4.2

4.3

4.4

4.3

200607

Karnal

5.0

5.0

4.9

4.9

5.0

4.9

200506

3.6

3.7

3.8

t ha–1

200708

3.8

3.8

3.7

200607

Modipuram

Wheat grain yield

3.8

3.8

3.9

200708

10.1 b

10.7 a

10.9 a

10.3 a

10.2 a

200506

10.5

10.8

10.9

10.7

10.7

200607

Karnal

11.0 b

11.5 a

11.5 a

11.3 a

11.4 a

200708

8.5

8.6

8.7

200506

7.7

7.9

8.1

200607

Modipuram

System grain yield

8.9

8.9

9.3

200708

aRefer to Table 1 for a description of the practices. Within a column, means followed by the same letter are not significantly different at the 0.05 level of probability by Duncan’s multiple range test. Blank
spaces show that the technology was not adopted at that site.

6.7 a

T4

T3

6.1b c

T2

2005

T1

Practice
adopteda

Rice grain yield

Table 2. Yield of rice and wheat with various tillage and seeding treatments at Karnal (K) and Modipuram (M) sites.

Table 3. Rice grain yield (t ha–1) of five varieties under different tillage
and crop establishment (average of 2 years) at both sites.
Practicea

PB-1

PHB-71

PRH-10

Pusa-2511

Pusa-1121

CT-TPR (T1)

4.5 a

6.48 a

5.1 a

5.0 a

4.8 a

RT-DSR (T2)

4.6 a

6.26 B

5.1 a

4.9 a

4.9 a

RT-DSR+Ses (T3)

4.5 a

6.16 b

5.1 a

5.0 a

RT(UP)-TPR (T4)

5.1 a

ZT-TPR (T5)

4.8 a

Bed-TPR (T6)

4.4 a

6.33 ab

aRefer to Table 1 for a description of the practices. Within a column, means followed by the
same letter are not significantly different at the 0.05 level of probability by Duncan’s multiple range test. Blank spaces show that the technology was not adopted at that site.

than in T1, T4, and T5. As suggested by Lav Bhushan et al (2007) and Ladha et al
(2003), there is a need to further improve bed transplanting and direct-drill-seeding
systems in rice.
Varietal screening
PHB-71, a Pioneer hybrid, yielded 9–30% higher than other hybrids and Basmati cultivars, irrespective of the different TCE methods (Table 3). PHB-71 produced higher
yield in CT-TPR (T1) compared with alternative TCE practices, followed by ZT-TPR
(T5) and RT-DSR (T2). Different TCE methods had no effect on yield in other varieties (PB-1, PRH-10, Pusa-2511, and Pusa-1121). These results were in concurrence
with Gupta et al (2007). Hybrids, especially PHB-71, have been recommended for
alternative TCE practices due to their higher productivity and high initial growth,
which helps to suppress the weed population in initial stages when the competition
between rice and weeds is expected to be quite high.
Laser-aided land leveling
Rice yield was 5–13% higher in laser-leveled fields than in traditionally leveled fields,
irrespective of the different TCE methods (Table 4). In laser-leveled fields, significantly
higher rice yields were obtained in RT-DSR (T2), RT-DSR+Ses (T3), and CT-TPR
(T1) than in Bed-TPR (T6), RT(UP)-TPR (T4), and ZT-TPR (T5). Rice yield under
Bed-TPR (T6) was 15% lower than in CT-TPR (T1). The results were consistent with
previous studies showing the effects of laser leveling on improvement of crop yields
(Choudhary et al 2002, Rickman 2002, Jat et al 2006).
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Table 4. Rice grain yield (t ha–1) in laser-leveled
and traditionally leveled fields under different
tillage and crop establishment methods.
Practicea

Laser-aided
land leveling

Traditional
land leveling

CT-TPR (T1)

5.3 a

4.6

RT-DSR (T2)

5.2 a

4.8

RT-DSR+Ses (T3)

5.2 a

4.7

RT(UP)-TPR (T4)

5.0 ab

ZT-TPR (T5)

4.9 ab

Bed-TPR (T6)

4.5 b

aRefer to Table 1 for a description of the practices. Within a
column, means followed by the same letter are not significantly different at the 0.05 level of probability by Duncan’s
multiple range test. Blank spaces show that the technology
was not adopted at that site.

Economic analysis
Net returns (mean for 3 years) in wheat were much higher than in rice largely because
of less irrigation cost (Table 5). In rice, the highest returns ($302 ha–1 at Karnal and
$269 ha–1 at Modipuram) were obtained in RT-DSR (T2), followed by RT(UP)-TPR
(T4). Savings in RT-DSR (T2) ranged from $29 to $72 ha–1 (mean of $49 ha–1) over
T1. The savings were mainly through reduced cost in land preparation and planting
method (68–85%), irrigation water (6–21%), and labor. Rice on raised beds (T3) had
the lowest returns ($190 ha–1) due to low yields. In wheat, zero-tillage (T2 to T5) had
higher net returns than FP (T1). Land preparation was less (70% to 85%) in zero-till
wheat.

Training and capacity building
The project site teams worked closely with other NARES partners and the Department
of Agriculture and helped extension and development personnel and farmers understand
the benefits of RCTs, supporting them in promoting the adoption of RCTs by farmers.
More than 150 NARES scientists, technicians, extension agents, and other stakeholders
were trained in producing fact sheets, training materials, and leaflets/posters for wider
dissemination of RCTs. About 40 training sessions were organized and more than 20
national scientists and extension agents were trained on impact assessment. Many
NARES scientists and other stakeholders visited the project trials and demonstration
plots and attended the training programs and field days conducted at the sites.
Field visits (6), workshops (14), and traveling seminars for farmer groups (6),
extension personnel, policymakers (30), and NARES scientists and extension workers
(150) were conducted at both sites. Promotion materials such as information brochures
Evaluation and promotion of integrated crop and resource mnagement in the rice-wheat system in northwest India
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29 c

54 b

DSW

67 b

154 a
37 a

30 b
33

28

29 a

35 a

13 b

M

99

106

420 b

476 a

460 a

393 c

434 ab

K

113

116

293 b

303 b

347 a

M

Irrigation

179

177

131 a

134 a

136 a

139 a

118 a

K

179

179

157 a

151 a

130 a

M

Miscellaneous

368 b

499 a

735 ab

679 c

797 a

600 d

757 a

K

392 b

477 a

522 b

530 b

673 a

M

Input cost

387 a

289 b

190 c

262 a

259 ab

301 a

228 b

K

354 a

264 b

263 a

268 a

225 b

M

Net income

aRefer to Table 1 for a description of the practices. Within a column, means followed by the same letter are not significantly different at the
0.05 level of probability by Duncan’s multiple range test. Blank spaces show that the technology was not adopted at that site.

186 a

BCW

Wheat

16 b
15 b

54 b
169 a

ZT-TPR

Bed-TPR

40 a

15 b

K

17 b

44 b

40 b

182 a

M

Biocide

184 a

RT(UP)-TPR

RT-DSR+Ses

190 a

RT-DSR

K

Planting

CT-TPR

Rice

Practicea

Table 5. Input cost and net income in US$ under different tillage and crop establishment methods in the rice-wheat
system (average of three years). K = Karnal, M = Modipuram.

(10,000) and calendars on the LCC (550) and laser leveling were distributed to participants. Farmers, in large numbers, participated in field days conducted at both sites.
More than 200 NARES scientists, extension workers, and students participated in the
training workshops conducted on RCTs, data collection, and database management at
each site. TV programs took place during each crop season at both sites.

Lessons learned and impact
l

l

l

l

l

l

l

l

The area of zero-tillage is increasing in areas of rice-wheat cropping systems.
The data indicated that it is possible to have benefits from zero-tillage in all
wheat-based systems.
Zero-tillage of wheat was found successful; zero-tillage in rice needs more
refinement.
Unpuddled transplanted rice can be successful in superfine rice (non-Basmati)
varieties, while direct-seeded rice can be successful in evolved and traditional
Basmati varieties.
Zero-tillage wheat is sustainable for long-term continued adoption without
any adverse effect on soil, the pest spectrum, and weeds. Zero-tillage at six
permanent sites over 10 years has established that yields were either similar
or higher in zero-tillage compared with conventional tillage.
Bed planting has been used in the form of intercropping and value addition
for accelerated adoption by farmers.
Laser land leveling has found favor with farmers as it saved 8–30% of irrigation water compared with traditionally leveled fields.
The impact of the project is visible in terms of savings of 18–20% of the cost
of cultivation and 8–30% in water savings in the RW cropping system.

Conclusions and future prospects
l

l

l

l

l

l

Farmers have realized and are convinced that the cost of production is reduced with RCTs such as zero-tillage (ZT), direct seeding of rice (DSR), bed
planting, and laser-aided land leveling.
The double zero-tillage system is an economical and feasible system in the
RW cropping system.
Unpuddled transplanting can be successfully accelerated in non-Basmati rice
and direct-seeded rice can be made successful in Basmati rice.
Sesbania co-culture with rice can be successfully done as part of a package.
Laser land leveling is being accepted by farmers on a large scale in different
cropping systems.
The development of a machinery pool enhanced farming efficiency and saved
resources.
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l

l

l

l

l

l

l

l

l

l

This project was definitely a model for all stakeholders such as researchers,
extension workers, farm machinery manufacturers, and farmers to work together to solve problems related to productivity and sustainability in farmers’
fields.
The ADB project has a positive impact and it can contribute to reducing
poverty and improving the livelihood of the rural community in the region.
The accelerated adoption of zero-tillage is likely to provide security and
sustainability of the rice-wheat cropping system. This has been made clear
by data on the productivity of wheat in both zero-tillage and bed planting.
The activities taken up in the project will be continued and surface residue
retention and water balance will be further strengthened.
Zero-tillage will be recommended in areas other than the rice-wheat cropping
system also.
The next step will be to further strengthen zero-tillage in both rice and
wheat.
Water savings in both conservation technologies will be quantified and reported.
New areas of intercropping-based adoption of the RW cropping system will
be explored with bed planting as a base technology.
Direct-seeding and bed-planting technologies in rice will be refined further.
Laser leveling will be introduced on a large scale in different cropping systems.
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Evaluation and promotion of resourceconserving tillage and crop
establishment techniques in the
rice-wheat system of eastern India
Udai P. Singh, Y. Singh, Virender Kumar, and Jagdish K. Ladha

The current production system of rice (conventional-till puddled transplanted
rice, CT-TPR) and wheat (conventional-till broadcast wheat, CT-BCW) in the
Indo-Gangetic Plains is less economical as production costs have gone up due
to shortages of labor and water and escalating fuel prices. Therefore, we evaluated alternative resource-conserving tillage and crop establishment methods for
reducing production costs and improving productivity and farmers’ income in
both rice and wheat in farmers’ fields of eastern India. A total of 699 on-farm
trials involving various improved tillage and crop establishment options were
conducted from 2005 to 2008. In rice, alternative tillage and crop establishment methods provided equal or higher grain yield (3–40%), reduced crop
establishment costs (20–65%), and increased farmers’ net income (30–190%)
compared with CT-TPR. Direct seeding on puddled soil, that is, broadcast (CTBCW) or drum-seeded rice (CT-DrumR), and rice on beds either direct-seeded
(Bed-DSR) or transplanted (Bed-TPR) had yield equivalent to that of CT-TPR.
Combined analysis of three years showed that direct-seeded rice after zero-till
(ZT-DSR) had 22% higher grain yield than CT-TPR but was not different from
direct-seeded rice after reduced-till (RT-DSR). Similar to rice, alternative tillage
and crop establishment methods in wheat had grain yield higher than (13–72%)
or equivalent to that of CT-BCW, with the exception of surface-seeded wheat
(ZT-BCW). Crop establishment costs in bed-planted wheat (Bed-DSW) increased
by US$14–33 ha–1 but declined by $14–31 ha–1 in zero-till drill-seeded wheat
(ZT-DSW). Overall, results demonstrated that added rice grain yield over the
farmers’ practice with the introduction of ZT-DSR and RT-DSR was 0.49 and
0.47 t ha–1, respectively. Added gain in net income was $120 ha–1 in RT-DSR
and $147 ha–1 in ZT-DSR. Added grain yield and net income in wheat with the
use of Bed-DSW and ZT-DSW were 1.4 and 0.66 t ha–1 and $261 and $175
ha–1, respectively. Although yield of surface-seeded wheat in zero-till conditions
was lower (22–28%), net income was not significantly different from that of CTBCW. In addition, training, traveling seminars, farmers’ meetings, field days, and
television and radio programs were organized for capacity building of national
partners and for increasing awareness about resource-conserving technologies in
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eastern India. Results showed that ZT-, Bed-, and RT-DSR in rice and Bed- and
ZT-DSW in wheat are the appropriate tillage and crop establishment options for
higher resource-use efficiency and productivity and profitability of the rice-wheat
system in the agro-climatic conditions of eastern India.

The rice-wheat (RW) cropping system of the Indo-Gangetic Plains (IGP) is important
for food security and livelihood for millions of rural and urban people in the region
(Paroda et al 1994). This system occupies nearly 13.5 million ha in South Asia. Recent
evidence shows that the sustainability of this system is at risk as yields of both rice
and wheat are static and total factor productivity is declining because of a fatigued
natural resource base, changing climate, increasing water scarcity, labor shortage,
and escalating fuel prices (Ladha et al 2003, Gupta et al 2003, Pathak et al 2003). It
is therefore a challenge to meet the food demand of a growing population as well as
improve farmers’ livelihood while preserving the agricultural natural resource base
and environment.
The eastern IGP, encompassing eastern Uttar Pradesh, Bihar, and West Bengal
of India, parts of Bangladesh, and the eastern Terai of Nepal, were ignored during the
Green Revolution era. The eastern IGP support more than 300 million people living
on 34.64 million ha of land (a density of 866 people per km2), largely dependent on
the RW system (Census of India 2001, World Development Indicator Database 2000).
The RW system in this region has remained labor-intensive and less mechanized, uses
fewer inputs because of serious economic constraints, and faces serious problems of
excessive water during the monsoon season (Gupta and Seth 2007). The productivity
and profitability of the RW system in this reason is lower than in other regions of the
IGP (Rai 2002).
The major causes of low productivity of the RW system of the eastern IGP are
(1) late planting of wheat, (2) nonavailability of an assured irrigation water supply,
and (3) waterlogging. The reasons for late planting of wheat include late harvest of
medium- and long-duration rice cultivars and very wet soil conditions after the rice
harvest as soils dry slowly in humid environments. In low-lying flood-prone areas
(chaur and tal lands), water recedes slowly and therefore restricts timely access for
land preparation. It is estimated that more than 75% of the total wheat grown in the
eastern IGP is planted late (RWC 2003). It has been found that yield losses of 1 t ha–1
occurred if wheat planting was delayed to 5 December compared with timely planting
(third week of November) (RWC 2003). Significant improvements in the productivity
of the RW system could be achieved through early planting of rice and subsequent
timely planting of wheat.
In the eastern IGP, rice is grown by transplanting seedlings in puddled soil during the monsoon season. This practice requires a large amount of labor, water, and
energy. After the rice harvest, farmers break up the hard pans and pulverize the soil
to create an adequate seedbed for wheat planting. This process requires six or more
passes, first with field cultivators, followed by planking to break up the clods. The
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long turnaround period (3 to 5 weeks) caused by excess tillage leads to a significant
delay in wheat planting.
Timely planting of wheat in the eastern IGP can be achieved by adopting alternative resource-conserving tillage and crop establishment methods such as zero-till
(ZT) drill-seeded wheat, surface seeding of wheat on excessively wet soil, and direct
seeding of rice on unpuddled soil. Conventional tillage practices in excessively wet,
waterlogged, and dry soil conditions delay wheat planting. Excessively wet/waterlogged soils take a long time to reach workable soil moisture for land preparation,
which results in a delay in wheat planting, which further results in either fallow or
uneconomic yield with traditional tillage (Gupta et al 2002). ZT drill-seeded wheat
will allow timely planting of wheat by reducing the turnaround period between the
rice harvest and wheat planting. Surface seeding can bring excessively wet areas
under cultivation and also allow timely planting of a wheat crop. Surface seeding is a
form of zero-tillage in which seeds are broadcast onto saturated soil without any land
preparation. Advantages of surface seeding are its simplicity, it is easily accessible
even to resource-poor farmers, and it allows timely wheat planting even in areas where
planting machines are not available (Hobbs et al 2002).
Direct-seeded rice (DSR) also allows timely planting of a wheat crop by advancing rice planting. In addition, DSR matures 10–15 days earlier than puddled
transplanted rice and therefore vacates the rice field early, which further helps in the
timely planting of a wheat crop. Other benefits of DSR are (1) a reduction in production cost, (2) labor savings, (3) water savings, (4) removing drudgery involved
in transplanting, (5) a reduction in greenhouse gas emissions, and (6) more income
(Kumar et al 2008).
Resource-conserving technologies (RCTs) such as zero-tillage (ZT), surface
seeding, and raised beds in both rice and wheat have potential to increase RW production, productivity, farmers’ income, and efficiency of water, labor, and energy in the
eastern IGP. These RCTs have been found beneficial in the western IGP in terms of
lowering cultivation cost and energy consumption and improving crop productivity
and farmers’ income (Gupta and Seth 2007). Savings in input cost (US$40–50 ha–1),
fuel consumption (75%), and irrigation water use (15–20%) have been reported due to
ZT in wheat (Malik et al 2002, 2003a,b, Bhushan et al 2007). ZT also allowed timely
planting of wheat in the western IGP and reduced the Phalaris minor population, a
major weed species in the wheat crop (Malik et al 2002). Similar benefits are expected
and have been reported in the eastern IGP in wheat. In rice, these technologies have
not been tried and evaluated widely at research stations or in farmers’ fields. Therefore,
our study was conducted with the objectives to (1) evaluate and demonstrate various
resource-conserving tillage and crop establishment methods in both rice and wheat in
farmers’ fields in a farmer participatory research mode in the eastern IGP and (2) do
capacity building of national agricultural research and extension systems (NARES)
through training, cross-site visits, traveling seminars, and field days.
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Materials and methods
Site characteristics
The study was conducted in Ballia District, which lies on the border of Uttar Pradesh
and Bihar, between 25°33′ to 26°11′ North latitude and 83°40′ to 84°38′ East longitude
in Uttar Pradesh in the eastern IGP. Ballia is surrounded by two major river systems,
the Ganges and Ghagara. Ballia District has an area of 329,000 ha of land, of which
285,300 ha are under cultivation. Soils are fertile, calcareous, poorly drained, and deep
alluvium. Soil texture varies from silt loam to silty clay loam. In the western areas of
the district, there is a high prevalence of alkali soil with high pH and sodicity, which
is rich in calcium carbonate. Another feature of the site is that, in low-lying ecologies,
natural features such as tals (standing-water bodies) and natural depressions create
conditions for excessive moisture, sodicity due to high water tables, and waterlogging.
These situations force farmers to leave these lands fallow and unused.
The climate of the study area is subtropical, with mild dry winters and hot
and humid summers. The mean monthly temperature of the study site varies from
a minimum of 5.4 °C in January to a maximum of 41.8 °C in May. The average
annual rainfall is 1,013 mm (ranging from 801 to 1,300 mm). Most of the annual
rainfall (88%) is received during the monsoon season from June to September. From
November to May, very little rainfall is received; therefore, during this period, the
wheat crop requires supplemental irrigation, which must be met from surface-water
and groundwater resources. The major source of irrigation is diesel tubewells (25%),
followed by canals (50%) and electric tubewells (25%).
The major crops grown in Ballia are rice in kharif and wheat in the rabi season.
Other crops grown are sugarcane, pigeonpea, vegetables, oilseed, pulses, sorghum,
oats, berseem, etc. In diara lands of the Ghagara River and surrounding areas of
Parbodpur Village in southeast Ballia, boro rice is very popular. Crops and recommended improved varieties grown during the wet (kharif) and dry season (rabi) in
eastern Uttar Pradesh are presented in Table 1. RW is the dominant cropping system,
covering about 75% of total cultivated area. Other cropping systems practiced by farmers in the region are rice-mustard/linseed/gram/peas/lentil, rice-potato–green gram,
rice-wheat–green gram/black gram, rice-potato–winter maize, rice-wheat/boro rice,
rainfed lowland/deepwater rice–wheat/barley/boro rice, rainfed lowland/deepwater
rice–gram/lentil/faba bean, rainfed lowland/deepwater rice–linseed/mustard/safflower, maize-wheat/lentil, maize-potato/wheat, sugarcane-wheat/green gram, pigeon
pea–wheat, fallow–boro rice/wheat/barley/mustard/linseed, fallow-vegetables/maize,
and fallow–indigenous zero-till (tand) wheat.
The crop productivity of the project site is lower than in areas of the western
IGP for several reasons. The technological options for the unfavorable environment
and resource-poor farmers are limited. Poor irrigation infrastructure, including groundwater development, poverty, illiteracy, unavailability of timely credit and inputs, poor
land leveling, small and fragmented landholdings, rising production costs, and severe
pest problems are other causes of lower crop productivity. In addition, lower yields in
the area occur because of (1) a weak extension system and very little effort made for
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Table 1. Improved varieties of wet-season (kharif) and dry-season (rabi) crops.
Crop

Varieties

Rice

Malviya Dhan-3022, Malviya Basmati-2, Saket-4, Narendra-97, Narendra118, Govind, Sarjoo-52, Pant Dhan-4 Narendra-359, IR36 Pusa Basmati-1,
Basmati-370, Narendra-80, Induri Sambha, Ratna, Moti, PNR-381, Pant
Dhan-12, Sambha Mahsuri (BPT-5204), Swarna (MTU-7029), Jallahri, Badh
Avarodhi, Jalpriya, Sudha, Jalmagna

Maize

Hybrid: Prakash, Sartaj-102, Pusa Early hybrid, Ganga-2, Ganga-11, H QPM-1,
Shaktiman; Composite: Tarun, Naveen, Kanchan, Sweata, Surya, Azad Uttam,
Navjyoti, Mahi kanchan, Prabhat, Gaurava, Dakan-107

Pearl millet

Hybrid: Pusa-322, Pusa-23, ICMH-451; Composite: ICMB-155, WCC-75, ICTC8203, Raj-171

Sorghum

Hybrid: CSH-16, CSH-9, CSH-14, CSH-18; Composite: CHV-13, CSV-15,
Varsha

Pigeonpea

Malviya vikash, Malviya Chamatkar, UPAS-120, Bahar, ICPL88039

Green gram

Malviya Jagrati, Malviya Janpriya, Pant mung-2, Narendra mung-1, DDM-11,
PDM-54, Pant mung-4

Black gram

T-9, Pant U-35, Pant U-19, Narendra urd-1, KU-300

Ground nut

T-64, T-28, Chandra (AH-114), M-13, Chitra (MA-10) Kaushal (G-201, Prakash,
Ambar (84-1)

Sesamum

T-4, T-12, T-78, Shekhar

Wheat

Malviya-468, UP-2338, Malviya-234, HP-1731, HD-2824, PBW-343, PBW502, HD-2733, Malviya-510, DBW-14, K-9107, NW-1012, Raj-3776, PBW373, PBW-154, HD-2643, NW-1014, UP-2425

Barley

Jyoti, Ambar, Azad, Lakhan, Manjula, Gitanjali

Chickpea

Pusa-356, Avarodhi, Pant G-114, Radhe, Uday, Pant G-186, Pusa-267

Pea

Malviya Matar-2, Malviya Matar-5, Rachna, Pant Matar-5, Aprana, Shikha,
Swati, PS-3

Lentil

Pant Mansur-639, Pant Mansur-4, Narendra Mansur-1, Pant Mansur-5, DPL-62,
Pant Mansur-406

Mustard and
rapeseed

Varuna (T-59), Kranti, Krishna, Narendra, Swarna, Vaibhav Pusa, Bold, Pusa
Jaikisan, Pusa Agrani

Toria

T-9, Bhavani, PT-303, PT-507, Narendra, Ageti, Raai-4

Linseed

Neelam, T-397, Garima, Sweta, Subhra, Shekhar, Padmini

Frenchbean

Malviya-15, Malviya-137, PDR-14 (Uday), BL-63

Winter maize

Ganga-11, Dakkan-103, Trisullata, Hi Starch, Dhawal, Dakkan-103, Shaktiman1

Safflower

Malviya-305, K-65

Boro rice

Gautam, Prabhat, Krishna hansa, IR64, Saket-4, Pant Dhan-10, Jyoti Prasad,
Vishnu Prasad, Richarya, Sarjoo-52
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technology dissemination, (2) low risk-bearing and purchasing capacity of the farmers, (3) lack of a community approach for using fallow lands, (4) unavailability of
machinery for RCTs, especially for loose residue conditions, and (5) a lack of training
on many areas, including herbicide application technologies.
Ballia is one of the most populous districts in Uttar Pradesh, characterized by
high population densities, with an average of 923 people km–2 compared with the state
average of 689 km–2. Literacy rates are low (59% overall), particularly for the female
population (44%). Ballia District is characterized as a poverty-stricken agrarian society
in which 35% of the population is living below the poverty line. Farm landholding
consists of 85% small and marginal, 10% medium, and 5% large. Farmers’ income
source is 56% from agriculture, 13% from agriculture with off-farm occupations, and
31% from other occupations.
The farmers adopting RCTs are 90% educated, have medium to large landholdings (>2 ha), small family size and limited family labor, and higher risk-bearing
capacity, whereas the nonadaptors are illiterate and have a big family size with more
family labor and small landholdings (<2 ha) or are mostly sharecroppers with uncertainty in getting land on lease and less risk-bearing capacity for new technologies. The
district has one agricultural science center known as Krishi Vigyan Kendra (KVK) for
the transfer of technologies but it is located far away (62 km) from the project area.
The marketing of inputs and outputs is done in the local market located 32 km away
from the villages. The nearest shops for purchase of seed and fertilizer are located at
a distance of 8 km. Marketing and banking facilities are available with a cooperative
society and regional rural bank. The health care of rural people is being handled by a
primary health-care center.
Experimental design and treatments
On-farm trials were conducted in the RW system of Ballia District of eastern Uttar
Pradesh for three years from 2005 to 2008 at 24 villages involving 349 farmers. These
trials were researcher-designed and farmer-managed, with a single replicate, repeated
over many farmers. Therefore, the experimental design was an unbalanced block design in which the number of treatments varied from farmer to farmer, with the farmer
as a replicate/block. Treatments consist of different tillage and crop establishment
methods in rice and wheat (details are explained in Table 2). All trials in 24 villages
were conducted on 711 farmers’ plots in three years (Table 3). In these on-farm trials,
10 alternative technological options in rice and 8 in wheat were evaluated against farmers’ practices (CT-TPR in rice and CT-BCW in wheat) (Table 3). The villages were
selected randomly based on physiographic and socioeconomic conditions suitable for
introducing different resource-conserving tillage and crop establishment methods. The
GPS data points of selected villages where alternative tillage and crop establishment
options were tested are shown in Figure 1.
In rice, six treatments (CT-TPR, CT-DrumR, RT-DSR, ZT-DSR, ZT-DSR-TC,
and DZT-DSR) were evaluated in 2005, whereas four treatments (CT-TPR, RT-DSR,
ZT-DSR-TC, and DZT-DSR) and nine treatments (CT-TPR, CT-BCR, RT-TPR, RTDSR, Bed-DSR, Bed-TPR, ZT-DSR, ZT-DSR-TC, and DZT-DSR) were evaluated
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Table 2. Descriptions of technological options evaluated from 2005 to 2008 in rice and
wheat crops.
Treatment no.

Treatment
code

Description

Rice
RT1

CT-TPR

Conventional till (puddled) transplanted rice.
Puddling (wet tillage) followed by transplanting is the traditional
method of land preparation for establishing rice.
Puddling produces soft mud for easy transplanting of rice seedlings, reduces water percolation losses, and provides anaerobic
conditions that promote rice growth. Land preparation consists
of 2–4 dry tillages followed by 2–4 wet tillages and 1–2 levelings of the field using a wooden plank. Rice seedlings 21 to
40 days old (mean: 30 days) and about 30–40 hills m–2 are
transplanted manually in a random/haphazard pattern in conventional-till puddled fields

RT2

CT-BCR

Conventional-till (puddled) broadcast rice.
Land preparation is the same as for RT1. Sprouted seeds at
60–70 kg ha–1 are sown in July on a wet soil surface by broadcoasting.

RT3

CT-DrumR

Conventional-till (puddled) drum-seeded rice.
Land preparation is the same as for RT1. Sprouted seeds are
sown on a wet soil surface in lines (20 cm apart) using a drum
seeder (Balasubramanian et al 2003).

RT4

RT-TPR

Reduced-till (unpuddled) transplanted rice.
Land preparation includes 2–4 dry tillages followed by planking.
Rice transplanting is similar to that in RT1.

RT5

RT-DSR

Reduced-till (unpuddled) drill-seeded rice.
Land preparation is similar to that under RT4. Rice is direct
seeded on dry soil at optimum moisture using a zero-till seed
drill in lines 18–20 cm apart

RT6

Bed-DSR

Raised-bed drill-seeded rice. Land preparation is similar to that
under RT4. A zero-till drill-cum-bed planter machine is used to
prepare raised beds (37 cm wide) and furrows (30 cm wide).
Two rows of rice are direct drill-seeded using a zero-till seed drill
in lines 15 cm apart. Bed preparation and seeding are done
simultaneously.

RT7

Bed-TPR

Raised-bed transplanted rice.
Land preparation and bed making are similar to those under RT6.
Rice seedlings are transplanted on moist beds and furrows are
kept flooded in early stages. Two rows of rice (16 cm apart) are
transplanted on both fringes of the bed.
Continued on next page
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Table 2 continued.
Treatment no.

Treatment
code

Description

RT8

ZT-DSR

Zero-till drill-seeded rice (ZT-DSR).
Fields are irrigated to obtain optimum moisture for sowing and
then need-based nonselective herbicide such as glyphosate/
paraquat is applied to control weeds prior to seeding. A zero-till
drill is then used to sow the rice directly, preferably 7–10 days
before start of the southwest monsoon rains. Another version of
zero-till rice used is direct dry seeding at very shallow depth, followed by light irrigation to have quick and uniform germination.

RT9

ZT-DSR-TC

Zero-till drill-seeded rice with traffic control.
Land preparation and seeding are similar to those under RT8.
In this system, “free-wheeling “of the tractor is avoided for
reducing compaction because half of the available tractor power
is used to compact soil layers in the tire tracks (tramlines).
Entry of tractor in the field is from fixed points and the tractor
is operated in the same track each time—behaving like traffic
control (TC). The tire track area is not seeded and it serves as
irrigation-cum-drainage channels. In each pass, only six rows
(18 cm apart) of rice were seeded by a ZT drill machine consisting of narrow tires and a cup-type/inclined-plate seed-metering
device.

RT10

DZT-DSRTC

Double zero-till drill-seeded rice with traffic control.
In this system, both rice and wheat were zero-till drill-seeded at
optimum moisture in the presence of residue along with proper
need-based preplant weed control. Entries of the tractor in
the field start from fixed points and the tractor is operated in
the same tracks each time. The tire track area is not seeded
and in each pass only 6 rows of wheat are seeded by a ZT drill
machine consisting of narrow tires and a cup-type/inclined-plate
seed-metering device avoiding seeding in tractor tracks.

RT11

DZT-DSR

Double zero-till drill-seeded rice
In this system, both rice and wheat are zero-till drill-seeded at
optimum moisture in the presence of residue along with needbased preplant weed control. Rice is direct drill-seeded using a
ZT drill machine.

WT1

CT-BCW

Conventional-till broadcast wheat.
This is the most common farmers’ practice for establishing a
wheat crop. Seeds are broadcast manually on well-tilled fields
(4–5 passes) with tractor power with either an 11-tine cultivator
or a disc harrow.

WT2

RT-DSW

Reduced-till drill-seeded wheat.
Tillage involves 2–3 tractor passes instead of 4–5 by a tine
cultivator or a disc harrow and subsequently seeding is done by
using a zero-till drill.

Wheat

Continued on next page
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Table 2 continued.
Treatment no.

Treatment
code

Description

WT3

RT-BCW
(rotovator)

Reduced-till broadcast wheat (using a rotovator). Fields are
prepared by using a single pass of a rotovator with a 4-wheel
tractor. Cultivation is closely followed by broadcasting of seed.

WT4

Bed-DSW

Raised-bed drill-seeded wheat.
Field preparation and bed making are similar to those under RT6.
Two rows of wheat are direct-drilled on both sides of the bed 15
cm apart under optimum soil moisture conditions.

WT5

ZT-BCW

Zero-till broadcast (surface-seeded) wheat.
Seed is broadcast on a well-moistened soil surface without any
land preparation and in the presence of residues or alternatively
in fallow land.

WT6

ZT-DSW

Zero-till drill-seeded wheat.
Seeding is done after the harvest of rice under optimum soil
moisture conditions. Need-based nonselective herbicide such
as glyphosate/paraquat is applied to control weeds prior to
seeding. A zero-till drill is used to sow the wheat directly at
optimum soil moisture in rows 18–20 cm apart. Another version
of ZT-DSW used is direct dry drill seeding at 2–3-cm depth immediately followed by a light irrigation to hasten seed germination and to have a good crop stand.

WT7

ZT-DSW-TC

Zero-till drill-seeded wheat with traffic control.
This system is one of the versions of ZT-DSW, in which seeds are
also direct drill-seeded by a ZT drill. Entries of tractor in the field
start from fixed points and the tractor operates in the same
tracks each time. The tire track area is not seeded and in each
pass only 6 rows of wheat are seeded by a ZT drill consisting of
narrow tires and a cup-type/inclined-plate seed-metering device
avoiding seeding in tractor tracks.

WT8

ZT-DSWPR

Zero-till drill-seeded wheat with paired rows.
This method is also a version of ZT-DSW, in which seeds are also
drill-seeded by a ZT drill but in paired rows. Spacing between
set rows is 14 cm and between paired sets is 25 cm.

WT9

DZT-DSW

Double zero-till drill-seeded wheat (both rice and wheat).
After rice harvest, wheat is directly sown using a zero-till drill at
optimum soil moisture in the presence of residue following
need-based preplant weed control.
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Table 3. Numbers of on-farm trials of different tillage and
crop establishment methods tested in rice and wheat
crops from 2005 to 2008 in Ballia District of eastern Uttar
Pradesh.
Treatment
no.

Treatment
code

Number of farmers participating
2005

2006

2007

Total

52

19

59

130

Rice
RT1

CT-TPR

RT2

CT-BCR

–

–

9

9

RT3

CT-DrumR

5

–

–

5

RT4

RT-TPR

–

–

6

6

RT5

RT-DSR

19

12

18

49

RT6

Bed-DSR

–

–

3

3

RT7

Bed-TPR

–

–

2

2

RT8

ZT-DSR

8

–

12

20

RT9

ZT-DSR-TC

5

7

4

16

RT10

DZT-DSR-TC

–

4

–

4

RT11

DZT-DSR

10

5

5

20

Total

99

47

118

264

WT1

CT-BCW

50

54

48

152

WT2

RT-DSW

–

5

18

23

WT3

RT-BCW
(rotovator)

–

–

10

10

WT4

Bed-DSW

4

6

7

17

WT5

ZT-BCW

7

3

–

10

WT6

ZT-DSW

49

39

81

169

WT7

ZT-DSW (TC)

10

10

3

23

WT8

ZT-DSW (PR)

12

–

–

12

WT9

DZT-DSW

Wheat
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4

21

6

31

Total

136

138

173

447

Grand total

235

185

291

711

kilometers

Fig. 1. Villages in Ballia District of eastern Uttar Pradesh where resource-conserving tillage and crop establishment methods were evaluated and promoted from 2005 to 2008.

in 2006 and 2007, respectively. In wheat, five treatments were evaluated in all three
years—CT-BCW, Bed-DSW, ZT-DSW, ZT-DSW (TC), and DZT-DSW. In addition,
ZT-BCW was evaluated in 2005-06 and 2006-07, RT-DSW in 2006-07 and 2007-08,
and ZT-DSW (PR) and RT-BCW (rotovator) in 2005-06 and 2007-08.
Fertilizer application varied from farmer to farmer. Farmers used N, P, and K
fertilizers in both rice and wheat. The most commonly used varieties for rice were
Swarna (MTU-7029) and Sarjoo-52. Other cultivars grown by farmers were Sambha
Mahsuri (BPT-5204), Sonum, HUBR-3022, Garima, Moti, Kalinga, IDR-763, Jaisuria,
and Sengra. In wheat, cultivars commonly grown by farmers were UP-2338, PBW-343,
PBW-502, and Malviya-234. Farmers tried to keep their fields weed-free by using both
herbicides and hand weeding. The herbicides most commonly used for weed control
in rice were pendimethalin (1.0 kg a.i. ha–1) in direct drill-seeded rice treatments and
butachlor (1.5 kg a.i. ha–1) in transplanted rice as preemergence in 2005 and 2006. In
2007, weed control was mostly by hand weeding. In wheat, isoproturon, metribuzin,
or 2,4-D was used for weed control as postemergence 30–35 days after sowing.
All the labor (manual labor + machine labor) and input costs used for tillage,
sowing, irrigation, fertilizer, pesticide, hand weeding, and harvesting were recorded
from each trial. At crop maturity, farmers recorded grain and straw yields from the plot
area and converted these into tons per hectare for analysis. Net income was calculated
by subtracting total cost from gross return. Changes in grain yield, input cost (crop
establishment cost, seed cost, fertilizer and herbicide costs), and net income due to
these alternative tillage and crop establishment methods vis-à-vis the farmers’ practice
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were calculated by a subtractive response of the farmers’ practice from introduced
treatments.
Statistical analysis
The analysis of unbalanced data was performed using a mixed model procedure
with the farmers as replicates and a varying number of treatments in each replicate
(SAS 2001). For year-wise analysis, treatments were considered as fixed effects and
farmers/replicates as random effects. For across-year combined analysis, only those
treatments that were consistent in all three years were included. Also, in combined
analysis, all ZT treatments (ZT-DSR, ZT-DSR-TC, DZT-DSR, and DZT-DSR-TC
in rice and ZT-DSW, ZT-DSW-PR, ZT-DSW-TC, and DZT-DSW in wheat) were
pooled because these treatments were not significantly different from each other in
year-wise analysis and also technically not much different, with minor variations.
For combined analysis, treatments were considered as fixed effects whereas year,
farmer (year), and treatment by year interaction were considered as random effects.
Treatment mean values were separated by a Fisher-protected LSD test at P < 0.05.
An SAS macro was used for displaying letters for multiple comparisons (Spilke et
al 2005). A change from the farmers’ practice analysis was done only for those treatments that were consistent across all three years and these were tested for whether
the change was significant from zero (farmers’ practice) or not. In change analysis,
if a control (farmers’ practice) was missing in any farmer’s field, we did not include
that observation in the analysis.
Capacity building and dissemination of RCTs
Training activities, farmers’ meetings, traveling seminars, and radio and television
programs were organized for capacity building of NARES collaborators in the area of
RCTs and also for dissemination of RCTs on a wider scale. Linkages were established
with farmers’ groups (Kishan Swyam Sahayta Samooh, Pakari; Krishak Sahabhagita
Samooh, Bahuara; Sri Nath Ji Krishi Club, Kakari), agricultural implement manufacturers (Krishi singhal udyog, Plant Care, ASS, Natonal Agro, Dashmesh), seed/
fertilizer/pesticide companies (TDC, NSC, ITC, IFFCO, KRIBHCO, INDOGULF),
seed producers, state departments of agriculture, agricultural universities, research
development and extension agencies, NGOs, and policymakers for the dissemination
of various conservation agriculture–based RCTs.

Results and discussion
Rice
Grain yield. Rice yield in alternative tillage and crop establishment methods was either
equal to or higher than that of conventional puddled transplanted rice (RT1) in all three
years (Table 4). In 2005, all zero-till direct-seeded treatments (RT8, RT9, RT10, and
RT11) and reduced-till (unpuddled) drill-seeded rice (RT3) yielded 16–23% higher
than CT-TPR (RT1). Grain yield of conventional-till puddled drum-seeded rice (RT3)
did not differ from that of puddled transplanted rice (RT1).
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CT-BCR

CT-DrumR

RT-TPR

RT-DSR

Bed-DSR

Bed-TPR

ZT-DSR

ZT-DSR-TC

DZT-DSRTC

DZT-DSR

RT2

RT3

RT4

RT5

RT6

RT7

RT8

RT9

RT10

RT11

4.84 a

4.07 a

4.61 a

4.62 a

3.84 b

3.95 ba

2005

4.92 a

5.02 ab

4.37 ab

4.73 a

4.14 b

(t ha–1)

2006

Grain yield

5.2 a

5.2 a

5.0 a

4.2 ab

4.3 ab

3.9 b

4.1 b

3.5 b

3.7 b

2007

22 c

26 c

22 c

41 b

27 c

57 a

2005

27 c

23 c

22 c

40 b

51 a

2006

22 d

23 d

23 d

43 bc

40 bc

41 c

45 bc

49 b

63 a

2007

Crop establishment
cost

10 bc

8d

11 b

9 bd

9 cd

20 a

2005

13 bc

9 cd

9d

13 b

18 a

2006

2007

21 a

13 b

9c

14 b

18 ab

13 bc

14 b

16 b

12 bc

36 ab

32 b

39 a

32 b

7c

11 c

2005

25 a

30 a

28 a

28 a

15 b

2006

Herbicide cost

(US$ ha–1)

Seed cost

within a column followed by the same letter are not significantly different at the 0.05 level according to Fisher’s protected LSD test.

CT-TPR

RT1

aMeans

Treatment

Treatment
no.

277 a

232 a

246 a

265 a

159 b

95 c

2005

390 a

424 a

344 a

360 a

239 b

2006

2007

500 a

496 ab

496 a

382 bc

431 ac

400 c

392 c

371 c

286 d

Net income

Table 4. Rice grain yield, input costs, and net income under different tillage and crop establishment methods in 2005, 2006, and 2007.

Similar to 2005, reduced-till (RT5) and double ZT (RT 11) drill-seeded rice plots
outyielded (14–19%) CT-TPR (RT1) in 2006 (Table 4). ZT with traffic control had
no effect on grain yield as the grain yields of ZT-DSR with traffic control (RT9 and
RT10) and without traffic control (RT8 and RT11) were not different in either year.
In 2007, consistent with 2005, yields of all ZT-DSR treatments (RT8, RT9, RT10,
and RT11) were higher (35–41%) than those of CT-TPR (RT1) (Table 4). Grain yield
of direct-seeded and transplanted rice on beds (RT6 and RT7) and on reduced-till unpuddled flat land (RT4 and RT5) as well as broadcast rice on puddled soil (RT2) was
on a par with CT-TPR (RT1). The performance of the RT-DSR (RT5) treatment was
poor in 2007 compared with previous years. RT-DSR outyielded CT-TPR in 2005 and
2006 but both treatments had similar yields in 2007 possibly because of poor weed
control.
Combined analysis of three years showed that yield under zero-till direct-seeded
rice was 22% higher than that of the conventional system (RT1) (Table 5). The performance of RT-DSR (RT5) was on a par with ZT-DSR and the conventional system.
Our study demonstrated that the conventional practice of rice production
(CT-TPR), which is water- and labor-intensive, can easily be replaced by improved
tillage and crop establishment methods such as ZT/RT-DSR and Bed-DSR without
compromising yield in rice. Our results are consistent with several studies examining
the effects of some of these tillage and crop establishment methods on rice grain yield.
Bhushan et al (2007) found similar yields in conventionally transplanted (RT1) and
direct-drill-seeded rice after zero-tillage (RT8). Similarly, Hobbs et al (2002), Singh
S et al (2005), Ali et al (2006), De Datta (1986), and Singh et al (2005) reported that
DSR yielded similar to conventional transplanted rice. In contrast, Singh AK et al
(2002) reported lower yield in direct-seeded rice compared with CT-TPR. Most of these
studies observed that equivalent yield was obtained when weeds were controlled effectively. Bhushan et al (2007) in their study found that rice either direct drill seeded or
transplanted on beds had 8–25% lower grain yield than puddled transplanted rice.
In an on-farm study conducted in the northwest IGP, researchers found that rice
grain yield of direct-seeded rice after ZT or reduced-till was either comparable with or
lower than that of puddled transplanted rice (Saharawat et al, this volume). They also
found that rice on beds performed worse than conventional transplanted rice. In our
study, ZT-DSR treatments outperformed the conventional system (RT1). In contrast
to Bhushan et al (2007) and Saharawat et al (this volume), we observed that rice on
beds provided yield equivalent to that of the conventional system (Table 4).
Several explanations could account for the better performance of RT-DSR or ZTDSR (RT5, RT8) and Bed-DSR/TPR (RT6 and RT7) compared with the conventional
system (RT1) in our study (the eastern IGP) vis-à-vis the northwestern IGP. First, the
rainfall in the eastern IGP is much more than in the northwestern IGP (400–750 mm
y–1 versus 1,000–1,500 mm y–1) (Gupta and Seth 2007). Second, soils of the eastern
IGP are generally finer in texture (silt/clay loam) than soils of the northwestern IGP,
where soils are relatively coarser in texture (sandy loam/loam). Finally, yields of conventionally grown rice are lower in the eastern IGP than in the northwestern IGP, where
farmers already have high grain yields. Higher rainfall (ponding of water) coupled
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***
ns
*
ns

*
ns
***
ns

**
ns
***
ns

57 a
9a
54 a
21 a
55 a
22a
P value
ns
ns
ns
ns
***
**
ns
ns

20 a
13 b
11 b

Herbicide
cost

59 a
44 b
23 c

Fertilizer
cost

3.87 bb
4.40 ab
4.72 a

Seed
cost

(US$ ha–1)

Crop
establishment
cost

(t ha–1)

Grain
yield

ns
ns
***
ns

39 a
33 a
30 a

Irrigation
cost

*
ns
*
ns

225 b
340 a
410 a

Net
income

aOnly those treatments were included that were consistent in all three years and all ZT-DSR treatments (RT8, RT9, RT10, and RT11)
were pooled under ZT-DSR. bMeans within a column followed by the same letter are not significantly different at the 0.05 level. Significant at * P <0.05; ** P < 0.01; *** P <0.001. ns = not significant (P >0.10).

CT-TPR
130
RT-DSR
49
ZT-DSR
60
Source of variations
Treatment
Year
Farmer (year)
Treatment by year

RT1
RT5
RT8

No. of
farmers

Technological
options

Treatment
no.

Table 5. Rice grain yield, input use and costs, and net income under conventional puddled transplanted rice,
reduced-till direct-seeded, and zero-till direct-seeded rice (average of 2005, 2006, and 2007).a

with fine-textured soil types might have reduced the occurrence of Fe deficiency in
DSR in the eastern IGP. Naklang et al (1996) reported that DSR can yield similar to
or higher than the transplanting system under favorable conditions.
Production costs and net returns. Crop establishment cost (tillage cost + sowing/
transplanting cost) was always lower in the alternative tillage and crop establishment
methods tested in this study than in the conventional puddled transplanted system
(Table 4). In all three years, crop establishment cost in CT-TPR (RT1) was the highest,
followed by rice on beds (RT6 and RT7) and rice on unpuddled flat land (RT4 and
RT5), and was lowest in zero-till direct-seeded rice treatments (RT8, RT9, RT10, and
RT11). All zero-till direct-seeded rice treatments (RT8, RT9, RT10, and RT11) had
similar crop establishment cost. The seed cost was also lower in all the alternative
tillage and crop establishment methods compared with CT-TPR (Table 4). The cost
of seeds in treatments with direct seeding was 40% (in 2006 and 2007) to 53% (in
2005) lower than in CT-TPR.
The cost of herbicide use was lowest in conventional-till puddled soil established either by direct seeding (RT2 and RT3) or transplanting (RT1). Herbicide cost
increased when direct seeding was done without puddling in both reduced-till and
zero-till conditions (Table 4). Herbicide cost in unpuddled direct-seeded rice treatments was 215% and 85% higher in 2005 and 2006, respectively, than in puddled
transplanted rice.
All the alternative tillage and crop establishment methods had higher net income
compared with conventional puddled transplanted rice in all three years (Table 4). The
increase in net income in ZT-DSR treatments compared with CT-TPR was $137–182,
$105–185, and $210–214 ha–1 in 2005, 2006, and 2007, respectively. In all the years,
similar net income was obtained from different ZT-DSR treatments. In 2006 and 2007,
net income was similar in ZT and RT-DSR; however, in 2007, net income was higher
($96–100 ha–1) in ZT-DSR than in RT-DSR. In 2005, CT-DrumR had $64 ha–1 higher
net income than CT-TPR but lower than ZT-DSR and RT-DSR treatments. In 2007,
net income of rice either direct seeded or transplanted on beds (RT6 and RT7) or on
reduced-till unpuddled flat land (RT4 and RT5) did not differ but was higher than in
CT-TPR. The net income of broadcast rice on puddled soil (RT2) was $85 ha–1 higher
than that of CT-TPR.
In combined analysis of three years, it was found that crop establishment cost
was $36 ha–1 lower in ZT-DSR than in the conventional puddled transplanted system
(Table 5). However, it was about $15 ha–1 lower in RT (unpuddled)-DSR. The fertilizer
cost and irrigation cost of ZT-DSR and RT-DSR did not differ from those of CT-TPR.
The seed cost in RT-DSR and ZT-DSR was lower by $7–9 ha–1. The net income in
ZT-DSR ($185 ha–1) and RT-DSR ($115 ha–1) was higher than in CT-TPR.
This study showed that direct-seeded rice after ZT or reduced tillage or on
puddled soil provided more net income than CT-TPR. Higher income was a combination of higher yield and savings in production cost (crop establishment cost and seed
cost). However, herbicide cost increased in these alternative methods. This suggests
that weed control problems increase with the shift from puddled transplanted rice to
direct-seeded rice (Kumar et al 2008, Johnson and Mortimer 2005). Our results are
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consistent with other findings that also found a lower production cost and higher net
income in direct-seeded rice than in the conventional system (Bhushan et al 2007).
Wheat
Grain yield. As with rice, wheat grain yield in alternative tillage and crop establishment methods tested in this study was either higher than or similar to that of the
conventional system (CT-BCW) (WT1) in all three years except in the surface-seeded
wheat (ZT-BCW) treatment (WT5, in which yield was lower than in CT-BCW [WT1]
in both year 1 and 2) (Table 6). Grain yields in all drill-seeded wheat with ZT (WT6,
WT 7, WT8, and WT9) were similar in all three years.
In year 1 of the study (2005-06), ZT treatments with or without traffic control
(WT6 and WT7) or in paired rows (WT8) and wheat on beds (WT4) increased wheat
grain yield by 0.4 to 0.5 t ha–1 (Table 6). Grain yield of the double ZT treatment (WT9)
and CT-BCW did not vary. Grain yield in ZT-BCW (WT4) was lower (0.6 t ha–1) than
in CT-BCW.
In year 2 (2006-07), grain yield was highest in wheat planted on beds (WT4),
followed by drill-seeded wheat in ZT (WT6, WT7, and WT9) or after reduced-till
(WT2) and was lowest in ZT-BCW (Table 6). Wheat on beds (WT4) produced 2.3
t ha–1 higher grain yield than CT-BCW, whereas ZT-DSW treatments and RT-DSR
yielded 0.4 to 0.6 t ha–1 more than CT-BCW. Wheat grain yield was lower by 0.9 t
ha–1 when wheat was broadcast on a ZT soil surface compared with CT-BCW.
In year 3, grain yield of wheat on beds was 1.5 t ha–1 higher than in CT-BCW
(Table 6). In contrast to years 1 and 2, grain yields in ZT-DSW treatments were similar
to those of the conventional system (CT-BCW) in year 3. Similarly, RT-DSW yielded
equal to Bed-DSW in year 3, whereas, in year 2, Bed-DSW outyielded RT-DSW. Grain
yield of wheat sown using a rotovator (RT-BCW) was not different from that of CTBCW. On average for three years, mean grain yield of wheat planted on beds (WT4)
was 1.4 t ha–1 higher than in CT-BCW but was statistically similar to that of ZT-DSR
(Table 7).
Wheat on beds consistently outyielded CT-BCW (Tables 6, 7). The relatively
poor performance of ZT-DSW in year 3 compared with years 1 and 2 was possibly
due to the lower N application in ZT treatments compared with CT-BCW (128 kg
versus 115 kg N ha–1) (data not shown). The increase in wheat yield in Bed-DSW
and ZT-DSW was likely due in part to timely sowing of the crop. These results are
consistent with previous studies that showed a higher wheat grain yield in ZT and
bed-planted wheat (RWC 2004, Jat et al 2008). Although the yield of surface-seeded
wheat was lower than in other treatments, it provided additional gains to farmers from
the excessively wet fields where surface seeding was the only option. If farmers wait
till soil has workable conditions, it will be too late for wheat planting and land will
remain fallow.
Production cost and net returns. Crop establishment cost was highest in BedDSW and decreased in this order: Bed-DSW > CT-BCW = RT-DSW, RT-BCW (rotovator) > ZT-DSW = ZT-DSW-PR, ZT-DSW-TC, DZT-DSR > ZT-BCW (Table 6).
The cost of crop establishment was $14, $33, and $27 ha–1 higher in Bed-DSW than
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aMeans

WT9

WT8

2.8 b

23 d

3.6 b

58 a
7e
22 d
26 d

44 b

200506

2.8 ab

3.6 b
3.0 b

4.8 a

3.3 b
4.3 b
3.0 b

200708

22 d

5.5 a
2.3 d
3.8 b
3.6 b

3.2 c
3.7 b

(t ha–1)

200607

3.2 a

3.2 a
2.1 c
3.2 a
3.1 a

2.7 b

200506

29 c

76 a
0.6 e
23 c
12 d

43 b
40 b

200607

26 c

25 c
26 c

75 a

48 b
45 b
45 b

200708

Crop establishment cost

41 a

34 b

31 b
40 ab
34 b
21 c

43 a

200506

36 b

31 bc
42 a
34 b
30 c

39 a
31 bc

200607

Seed cost

27 d

34 c
25 d

33 bcd

42 a
38 b
44 a

200708

within a column followed by the same letter are not significantly different at the 0.05 level according to Fisher’s protected LSD test.

CT-BCW
RT-DSW
RT-BSW
(rotovator)
Bed-DSW
ZT-BCW
ZT-DSW
ZT-DSW
(TC)
ZT-DSW
(PR)
DZT-DSW

WT1
WT2
WT3

WT4
WT5
WT6
WT7

Treatment

Treatment
no.

Grain yield

2.0 c

7.0 ab

4.0 bc
0.2 d
6.0 ab
7.0 a

4.0 c

200506

200708

5a

3c
5 abc
4b
5 ab

5b
5 abc

14 a

9 ab
12 abc

8 abc

6c
3c
8 abc

(US$ ha–1)

200607

Herbicide cost

27 c

64 ab

54 b
13 d
60 b
69 a

67 a

200506

52 b

45 bc
49 bc
54 ab
39 c

59 a
57 ab

200607

200708

50 ab

55 b
48 ab

66 ab

63 a
53 ab
53 ab

Fertilizer cost

Table 6. Wheat grain yield, input costs, and net income under different tillage and crop establishment methods in 2005-06, 2006-07, and 2007-08.a

219 bc

331 a

302 ab
144 d
311 a
316 a

206 cd

200506

558 c

801 a
356 d
640 b
638 bc

449 d
658 abc

200607

Net income

433 cd

613 bc
477 bd

781 ab

501 d
791 a
472 cd

200708

Table 7. Wheat grain yield, nitrogen applied, input costs, and net income under conventional
broadcast wheat and drill-seeded wheat on beds and on zero-till land (average of three years).

Treatment
no.

Treatment

Number
of
farmers

Grain
yield

Tillage
cost

Seeding
cost

(t ha–1)
WT1

CT-BCW

WT4

Bed-DSW

WT6

ZT-DSW

Seed
cost

Fertilizer
cost

Herbicide
cost

Net
income

6a

375 b

(US$ ha–1)

152

3.0 ba

44 a

17

4.4 a

38 a

32 A

31 b

53 b

6a

628 a

222

3.5 ab

0b

24 B

33 b

55 b

5a

512 a

1C

42 a

62 a

aMeans within a column followed by the same letter are not significantly different at the 0.05 level according to Fisher’s
protected LSD test.

in CT-BCW in years 1, 2, and 3, respectively. In contrast, the cost of crop establishment in ZT-DSW treatments was $18–22 ha–1 lower in 2005-06, $14–31 ha–1 lower in
2006-07, and $22–23 ha–1 lower in 2007-08 than in CT-BCW. The crop establishment
cost in ZT-BCW ranged from $1 in 2005-06 to $7 ha–1 in 2006-07.
The seed cost was higher in broadcast treatments (CT-BCW [WT1], RT-BCW,
rotovator [WT3], and ZT-BCW [WT5]) than in direct-seeded treatments in all three
years (Table 6). The higher seed cost in broadcast treatments (WT1 and WT3) was
due to the higher seed rate used in these treatments. Emergence of broadcast seeds is
generally lower than in drill-seeded ones; therefore, farmers use a higher seed rate in
broadcast treatments.
The cost of herbicide and fertilizers in different tillage and crop establishment
methods varies across years and was not consistent. This may be because of large
variation in some treatments due to fewer farmers. However, in general, farmers using
ZT-BCW spent less on herbicides and fertilizers than with other treatments (Table
6).
In 2005-06, ZT treatments (WT6, WT7, and WT8) and Bed-DSW (WT4) had
higher net income than CT-DSW (WT1) (Table 6). Surface-seeded wheat (ZT-BCW)
provided net income comparable with that of CT-BCW but $167 ha–1 less than ZT-DSW
(WT6). Net income in double ZT plots was equal to that of CT-BCW plots but lower
than in other ZT treatments. In 2006-07, net income was highest in Bed-DSW plots,
followed by RT-DSR and ZT-DSR treatments. Wheat on beds provided additional net
income of $352 ha–1 compared with CT-BCW, whereas ZT-DSW treatments provided
additional income ranging from $109 to $191 ha–1. In 2007-08, wheat on beds consistently had the highest net income. Both Bed-DSW and RT-DSW provided additional
net income of $280–290 ha–1 compared with CT-BCW. Net income of ZT-DSW was
higher than in CT-BCW, whereas, in ZT-DSW-TC and DZT-DSW, net income was
not different from that of CT-BCW.
In three-year combined analysis, it was found that wheat on beds produced 1.4
t ha–1 higher grain yield than CT-BCW (Table 7). Overall, when all ZT-DSW treatments were combined, grain yield was not different from that of CT-BCW. Seed and
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Table 8. Change in productivity, nitrogen use and input costs, and net income with
the use of different tillage and crop establishment methods compared with the
farmers’ practice (conventional puddled transplanted rice).a

Treatment
no.

Technological
options

Grain
yield

Nitrogen
applied

(t ha–1)

Crop
establishment
cost

Seed
cost

Net
income

(US$ ha–1)

RT5

RT-DSR

0.47 (*)

11 (ns)

–21 (***)

–8 (*)

119 (***)

RT8

ZT-DSR

0.49 (*)

–6 (ns)

–35 (***)

–8 (*)

147 (***)

aIn parentheses, probability of significance from zero (farmers’ practice), significant at * P <0.05;
** P <0.01; *** P <0.001. ns = not significant (P >0.10).

fertilizer costs of ZT-DSW and Bed-DSW were lower than in CT-BCW. Crop establishment cost increased in Bed-DSW by $26 ha–1, whereas it decreased by $20 ha–1
in ZT-DSW compared with CT-BCW. Herbicide cost was not affected by tillage and
crop establishment methods in wheat. Net income was higher in both Bed-DSW and
ZT-DSW than in CT-BCW. Farmers gained additional income of $253 and $137 when
they adopted bed planting and ZT compared with the farmers’ practice (WT1).
As in rice, higher net income in bed-planted wheat was mainly due to higher
yield and also savings in irrigation costs, whereas, in ZT wheat, it was due to a combination of higher yield and lower production costs than in the conventional system.
Many other studies have also reported savings in input costs, more income, and higher
or equal yield in ZT and bed-planted wheat than in conventional wheat (Malik et al
2002, Singh et al 2002, Gupta and Seth 2007).
Changes in productivity, production costs, and net income in rice and
wheat with RCTs vis-à-vis farmers’ practices
Improvements in productivity, reductions in production costs, and increases in net
income that occurred with the introduction of alternative tillage and crop establishment
methods in comparison with farmers’ practices (conventional puddled transplanted
rice) were estimated. In rice, mean grain yields with the use of RT-DSR increased by
0.47 t ha–1, whereas, with the use of ZT-DST, the increase was 0.49 t ha–1 (Table 8).
In contrast, crop establishment cost decreased with the use of RT-DSR and ZT-DSR
by $21 and $35 ha–1, respectively. Seed cost also decreased in RT-DSR and ZT-DSR
by $8 ha–1. However, net income increased by $120 ha–1 with the use of RT-DSR and
by $147 ha–1 with the use of ZT-DSR.
In wheat, the additional gain in yield with the adoption of Bed-DSW was found
to be 1.4 t ha–1, whereas it was 0.66 t ha–1 with ZT-DSW, 0.56 t ha–1 with ZT-DSW-TC,
and 0.62 t ha–1 with DZT-DSW compared with CT-DSW (Table 9). With the adoption
of these tillage and crop establishment methods, crop establishment cost increased
in Bed-DSW by $24 ha–1 and decreased by $21–23 ha–1 in ZT treatments compared
with the conventional practice (WT1). Bed-DSW gave additional income of $261 ha–1
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Table 9. Change in productivity, nitrogen use and input costs, and net income
with the use of different tillage and crop establishment methods compared with
farmers’ practice (conventional tilled broadcast wheat).a

Treatment
no.

Technological
options

Number
of
farmers

Grain yield

(t ha–1)
17

1.42 (***)

Crop
establishment
cost

Net income

(US$ ha–1)

WT4

Bed-DSW

1,090 (**)

11,750 (**)

WT6

ZT-DSW
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0.66 (*)

–1,023 (**)

7,890 (*)

WT7

ZT-DSW-TC

18

0.56 (+)

–991 (**)

7,631 (*)

WT9

DZT-DSW

28

0.62 (+)

–956 (**)

4,837 (ns)

aIn parentheses, probability of significance from zero (farmers’ practice), significant at + P <0.1;
* P <0.05; ** P <0.01; *** P <0.001. ns = not significant (P >0.10).

over the farmers’ practice (WT1). Among ZT treatments, ZT-DSW or ZT-DSW-TC
gave additional income of $170–175 ha–1, whereas DZT-DSW did not increase net
income significantly over the farmers’ practice.
Capacity building and dissemination of RCTs
Farmers’ meetings, training activities, traveling seminars, and cross-site visits were
organized for increasing awareness and for sharing each other’s experience with RCTs.
Four traveling seminars were organized during the study period, in which 7–11 collaborating farmers, extension agents, or scientists visited on-station and on-farm trials
on RCTs in the northwestern IGP (Punjab, Haryana, and western Uttar Pradesh). In
these traveling seminars, farmers and scientists were exposed to new developments
in research on RCTs and new tools/machinery related to RCTs. Another motive of
these seminars was to increase interaction between interregional farmers, so that
farmers gained confidence after interacting with successful farmers who had adopted
conservation agriculture. Training programs were organized for farmers and service
providers on RCTs (DSR, zero-tillage, double-ZT, zero-tilled rice), weed management,
plant protection, use of an LCC for nitrogen management, and boro rice. These training
activities were organized in the following villages: Pur, Ratsar, Khejuri, Sarayan, Bishhar,
Bharovbandh, Prabodhpur, Maniyar, Noorpur, Ahiraula, and Mishrawalia. Programs on
direct-seeded rice, ZT, weed management, bed planting, cropping systems, conservation agriculture, and the importance of timely crop management were also delivered
through television. These programs were also aired on All-India Radio. The details on
training and other activities related to intervention and dissemination carried out at
the sites are presented in Table 10.
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Table 10. Details of training conducted from 2005 to
2008.
Name of training activitya

Number conducted

Zero-tillage
Direct-seeded ZT rice
Double ZT
Boro rice
Weed management in DSR
Second-generation RCTs
Plant protection
RCTs
Double no-till
Weed management in wheat
Weed management in rice
RCTs in rice
Boro rice seedling management
Zero-tillage in wheat
RCTs in R-W system
LCC and RCTs in rice
Plant protection and RCTs
RCTs in wheat
Total

3
4
2
2
1
4
1
2
1
1
1
1
1
2
1
1
1
1
30

aZT = zero-till, DSR = direct-seeded rice, RCTs = resource-conserving technologies, LCC = leaf color chart, R-W = rice-wheat.

Summary and conclusions
Results demonstrated that alternative tillage and crop establishment methods have
potential to increase grain yield and farmers’ income with less production cost in both
rice and wheat crops. Findings of our study show that the conventional production
system of rice and wheat, which is more water-, labor-, and energy-intensive, can
easily be replaced by new alternative methods. Results of this study have shown that
rice grain yield was not affected when either puddling or transplanting or both were
eliminated. CT-BCR/DrumR produced yield equivalent to that of CT-TPR, with savings in transplanting costs. Similarly, rice on beds either drill-seeded or transplanted
also provided yield equivalent to that of CT-TPR but more net income due to savings
in crop establishment costs. ZT-DSR and RT-DSR had higher grain yield and net
income than CT-TPR mainly because of a reduction in production costs, especially
tillage and transplanting costs.
In wheat, Bed-DSW demonstrated consistently higher grain yield and net
income than CT-BCW. Beds are also known for conserving a significant amount of
water (30–50%) in wheat. Other reported benefits of wheat planted on beds are that it
reduces seed rate, conserves rain water, facilitates mechanical weeding, and has less
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lodging. ZT wheat provided higher grain yield with savings in crop establishment cost
($23 ha–1).
Overall, farmers who adopted RT-DSR and ZT-DSR gained additional grain
yield over the farmers’ practice of 0.47 and 0.49 t ha–1, respectively. Due to this gain in
yield and reduction in costs in crop establishment ($21 in RT-DSR and $35 ha–1 in ZTDSR) and seed ($8 ha–1), these methods provided additional income of $119 ha–1 with
RT-DSR and $147 ha–1 with ZT-DSR. Similarly, farmers gained additional grain
yield of 1.42 and 0.66 t ha–1 with the adoption of Bed-DSW and ZT-DSW. These two
technologies also provided additional income of $261 (Bed-DSW) and $175 ha–1
(ZT-DSW) for farmers.
These alternative tillage and crop establishment methods help in timely planting of crops. Direct drill-seeded rice allows early planting of the rice crop compared
with CT-TPR and it also matures 7–15 days earlier than CT-TPR, therefore vacating
the field early, and facilitating timely planting of a succeeding wheat crop. ZT wheat
further reduces the turnaround time between the rice harvest and wheat planting and
therefore facilitates timely wheat planting. Results demonstrated that ZT-DSR or BedDSR in rice and ZT-DSW or Bed-DSW in wheat are potential resource-conserving
technologies that will enhance the double-zero-till system in the eastern IGP.

Future directions
From three years of farmer participatory on-farm validation of various resource-conserving tillage and crop establishment technologies, some of them have been adopted
fast by farmers and are thus ready for wider dissemination, some will require further
testing and fine-tuning before dissemination, and others may need redesign and revalidation by farmers for their suitability for local farming conditions. Technologies
falling under these three groups are indicated below.
Technologies ready for wider dissemination
l Direct-seeded rice
l Zero-till wheat
l Surface seeding in excess soil moisture
l Boro rice in flood-prone/underused lands
Technologies that need pilot testing
and site-specific fine-tuning leading to delivery
l Zero-till direct-seeded rice
l Zero-till wheat after early rice harvest
l Double zero-tillage
l Traffic control
l Permanent bed planting
l Monitoring of insect/pest/weed dynamics/soil microbial activity and yield stability
in permanent no-till system
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l
l
l

Tillage and crop establishment techniques for surface-seeded crops
Boro rice
Real-time nitrogen management

Technologies that need further study or validation
l Direct-seeded ZT rice
l Double no-till
l Bed planting for crop diversification/intensification
l Integrated weed management for ZT rice/double-ZT rice and wheat
l Residue management in relation to conservation agriculture
l Innovative cropping systems for resource management
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Improving food security through
integrated crop and resource
management in the rice-wheat
system in Nepal
A.P. Regmi, J. Tripathi, G.S. Giri, M.R. Bhatta, D.P. Sherchan, K.B. Karki,
B.P. Tripathi, Virender Kumar, and J.K. Ladha

The rice-wheat (RW) system covers an area of about 0.6 million ha in Nepal and
meets approximately 75% of the country’s total food demand. The productivity
and profitability of the RW system in Nepal are low mainly because of poor
resource and crop management practices followed by farmers. Four resourceconserving technologies for rice and three for wheat were evaluated during 2005
to 2007. Integrated crop management (ICM) in conventionally tilled transplanted
rice (CT-TPR) produced the highest grain yield (4.6 t ha–1), followed by CT-TPR,
CT-drum-seeded rice (CT-DrumR), and reduced-tilled direct-seeded rice (RT-DSR)
(3.3–3.4 t ha–1). Both CT-DrumR and RT-DSR had a lower cost of cultivation
than CT-PTR due to savings in cost of nursery raising, uprooting, transplanting,
and puddling. But, weed pressure in these treatments was high and difficult
to manage, particularly in RT-DSR. In wheat, both zero-till drill-seeded wheat
(ZT-DSW) and reduced-till power-operated drill-seeded wheat (RT-DSW PTOS)
produced 30–40% higher yield than conventional tillage and broadcast wheat
(CT-BCW). Land preparation and seeding costs were, however, lower in zero-till
direct-seeded wheat (ZT-DSW) than in reduced-till direct-seeded wheat (RT-DSW
[PTOS]). With ZT-DSW and RT-DSW (PTOS), it was possible to advance wheat
sowing by 2–4 weeks. In addition, zero-till sowing of wheat saved 64% of the
cost involved in land preparation and seeding. Positive N and P balances were
observed in both the ICM approach and conventional practice. The negative K
balance noted in both approaches indicated mining of K in the RW system. On
a systems basis, applying the ICM approach had 64% higher net benefit than
the conventional practice. Farmers can practice ICM to enhance their livelihood
and reduce poverty.

Keywords: direct-seeded rice, integrated crop management, nutrient balance, resourceconserving technologies, rice-wheat system, zero-tillage
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The rice-wheat (RW) rotation is the dominant cropping system in the Indo-Gangetic
Plains and is important for the food security of the region. It is currently practiced
on about 13.5 million ha of prime agricultural land in Bangladesh, India, Nepal, and
Pakistan (Ladha et al 2000). In Nepal, rice and wheat are sequentially grown on about
0.6 million ha, mostly on the Terai plain, and they meet approximately 75% of the
country’s total food demand (NARC 1995). Crops are harvested close to the ground
and straw is removed from the field for animal feed and other uses. Animal droppings
are used as a source of fuel; thus, a limited amount of animal manure is applied to
fields. However, in the hills, most farmers apply a small quantity of farmyard manure
to maintain the fertility of their fields. Farmers generally apply inadequate and imbalanced fertilizer nutrients in the RW system. There is a shortage of agricultural labor
and input prices are increasing steadily. This has led to the formulation of a program
for developing and disseminating technologies that can enhance productivity and resource-use efficiency. The productivity and profitability of the RW system in Nepal are
low (NARC 1995, Hobbs and Morris 1996) mainly because of poor resource and crop
management practices followed by farmers (Regmi and Ladha 2005). Poor soil and
crop management practices followed by farmers include suboptimal (1) land preparation, (2) time and method of seeding/transplanting, (3) age and number of seedlings
and plant density, and (4) insect and weed management (Hobbs and Rajbhandar 1998,
Regmi and Ladha 2005). Since scope is limited to expand new arable land, improving
productivity and increasing cropping intensity by adopting integrated crop management practices will be required to meet the food demand of the growing population.
Crop simulation models have shown yield gaps between maximum attainable yield
and farmers’ practices, exceeding 50% in both rice and wheat at some sites in Nepal
(Ladha et al 2003). Although much on-station and on-farm research involving the
evaluation of different nutrient and crop management strategies has been carried out,
often single technological options have been evaluated once at a time. There is thus
a need to integrate and evaluate different resource-conserving technologies and crop
management factors in an integrated approach to improve the productivity, profitability,
and quality of the RW system. The objectives of this study were therefore to improve
food security and farmers’ livelihoods by introducing resource-conserving technologies and superior crop management practices in the rice-wheat rotation.

Biophysical and socioeconomic profile of the project target area
Geographical location and climate
The study was conducted for three years from June 2005 to April 2007 in 60 farmers’
fields in Rupandehi District (27°29′45″ N, 83°20′02″ E, 120 m above mean sea level)
in the central piedmont (Terai plain) of Nepal, which is an extension of the Indo-Gangetic Plains. Farmers were randomly selected from different socioeconomic status,
covering dominant soil types, different crop productivity levels, and their willingness
to participate in the program. The area has a subtropical climate highly influenced by
southwestern monsoon. Average annual rainfall was 1,687 mm (25-year average). More
than 85% of the rainfall occurred from mid-June to the end of September. November
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was the driest month and light precipitation can be expected in January and February.
The mean monthly temperature of the study area ranged from a minimum of 8.5 °C
in January to 36.2 °C in May. At hill sites, the study was conducted with the Sarada
Batase Village Development Committee (VDC) of Kavre District located between
85º32′30″ to 85º35′00″E longitude and 27º37′30″ to 27º35′00″N latitude. The altitude
of the study area varies from 1,400 to 1,900 m. The landscape is upland terraces and
flat valley bottoms with red silty loam soil. The climate is warm temperate and mean
annual rainfall is 1,540 mm.
Demographic characteristics
Baseline information was collected from 112 farmers, 56 from each of the two VDC
of the Terai sites. Out of 112 farmers, 57% of the farmers were considered as small,
having <1 ha of landholdings, 34% were medium farmers (1–3 ha), and only 9%
were considered as large farmers, having >3.0 ha of cultivated land. About 55% of
the people were literate, 44% were illiterate, and 1% below school age. However,
among the literate, only a few people had an academic degree, whereas others were
barely literate. Family size varied by household category: large households had 10
family members, medium households had 8, and small households had 7. The average
family size was 7.7 members per household. Large farmers usually had joint families,
whereas medium and small farmers had a nucleus family.
Out of 867 family members of 112 households surveyed, 41% were fully engaged
in agriculture and 28% were partly engaged, whereas 31% were students who also
helped with agricultural activities during vacation and/or in leisure periods. In spite
of having different farmers’ membership organizations, only a few educated/leader
farmers were involved in a farmers’ group and VDC. Most household members were
not involved in any organization.
At hill sites, a total of 67 farmers were interviewed, of which 51% were small
farmers (<0.5 ha), 43% were medium (0.5–1 ha), and 6% were large (>1 ha). About
84% of the people were literate and 16% were illiterate; however, 18% among the
literate also had an academic degree. Literacy at hill sites was higher than at Terai sites
and mostly elderly household ladies belonged to the illiterate population. Illiterate
family members were found mostly among small and medium farmers. About 45%
of the family members were fully engaged in agriculture, whereas 55% of family
members partly supported different agricultural activities during peak periods.
Socioeconomic characteristics
At Terai sites, rice was the main source of cash income for 76% of the farmers, followed by wheat (20%), vegetables (4%), and legumes (1%). For the second most
important source of cash income, 76% of the farmers reported wheat, 19% rice, 3%
oilseeds, and 1% each for legumes and vegetables. A higher number of farmers (33%)
reported nonagricultural labor, followed by agricultural labor (21.4%), for other sources
(noncrop) of income.
At hill sites, 63% of the farmers reported potato as an important source of cash
income, 32% rice, and 5% orange. For the second most important source of income,
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41% of the farmers reported rice, 37% potato, 9% orange, 6% wheat, 5% vegetables,
and 2% other crops. Similarly, the most important cash income from other (noncrop)
sources for farmers was from trading (44%), animal and poultry production (17%),
nonagricultural service (14%), and other minor sources (25%).
Soil characteristics
The Terai plains, which are an extension of the IGP, cover 34% of the total cultivated
land and are located at an altitude of 100–200 m. The Terai plains are known as the
food basket of the country, which fulfills about 75% of the country’s total food demand.
The soils are Typic Haplaquepts formed on Himalayan residuum. In general, soils of
medium to heavy texture are found in the project area. The distribution of soil with
light, medium, and heavy texture is 4%, 56%, and 40%, respectively. The pH of surface
(0–15 cm) soil ranged from 5.8 to 7.8, organic carbon from 8.1 to 17.4 g kg–1, Olsen
P from 3 to 15 mg kg–1, and exchangeable K from 30 to 73 mg kg–1.
Small-scale demonstrations were also carried out at hill sites, where 57% of the
respondents had medium-texture soils, 39% light-texture soils, and only 4% heavytexture soils. The landscape is upland terraces and flat valley bottoms with red silty
loam soils.
Farmers’ practices
Rice cultivation. The most popular varieties of rice grown by the farmers were Radha-4
(125 days), Samba masuli (150 days), Sarju-52 (125 days), Sabitri (140 days), Masuli
(155 days), and some Indian hybrid varieties at Terai sites. Among the Indian hybrid
varieties, Loknath 505, Gorakhanth 620, Gorakhanth Gold, and a few others are popular in the area. Most farmers preferred early-maturing varieties such as Radha-4 and
Sarju-52. Farmers at hill sites most commonly grew Tichung (144 days), Khumal-4
(144 days), and Masuli (160 days). Diversity was great in variety adoption at both
research sites. All farmers followed random transplanting to establish the rice crop.
Farmers obtained seeds of rice varieties from different sources. In the Terai, about 39%
of the farmers purchased seeds from agro-chemical traders, about 34% used their own
farm-saved seeds, 24% exchanged seeds with neighbors, <3% bought seeds from the
local market, and a very few farmers also received seeds through agricultural extension. Similarly at hill sites, 64% of the farmers either used their own farm-saved seed
(34%) or obtained seed from neighbors (30%). However, 36% of the farmers obtained
seeds from other sources such as the local market (16%), agricultural extension (10%),
research station (5%), and agro-chemical traders (5%).
For rice, Terai farmers used on average 63 kg N, 14 kg P2O5, and 10 kg K2O ha–1
in the form of urea, diammonium phosphate (DAP), and muriate of potash (MOP),
respectively. Hill farmers usually applied on average 85 kg N, 16 kg P2O5, and 0 kg
K2O ha–1. Additionally, hill farmers (medium and small farmers) applied about 14 t
ha–1of farmyard manure (FYM) before the establishment of rice.
Most of the Terai farmers (69%) used pump sets for irrigation and 19% of the
farmers irrigated their fields by canal and 12% by deep tubewells. The main source
of irrigation for hill farmers was a canal derived from a stream (92%), natural spring
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(2%), or rivulets (1%). Thus, 95% of the lands were commonly irrigated and about
5% were rainfed.
Manual weeding was the general practice in rice for almost 91% of the farmers and only about 2% reported having used butachlor herbicide as a preemergence
application. About 7% of the farmers reported doing no weeding at all, particularly
in lowland fields. At hill sites, 99% of the farmers did manual weeding and 1% used
herbicide. In the Terai, most of the farmers (90%) harvested their rice crop manually
and 85% used a tractor for threshing, 5% used traditional bullock threshing, and about
10% used a combine harvester. At hill sites, all farmers harvested the rice crop manually, whereas, for threshing, 90% of the farmers used a power-operated thresher, 7%
did threshing manually, and 3% used a paddle thresher.
Wheat cultivation. Almost all farmers at Terai and hill sites grew improved
varieties of wheat. The most popular variety in the terai was Bhrikuti (35% of area),
followed by the recently released variety Gautam (25% of area). The remaining 40%
of the area was covered by 8–10 other improved varieties, including some of the Indian
varieties. At hill sites, RR21 was the most popular variety, grown on nearly 60% of
the total area. Varieties BL 2217 and BL 1473 occupied 11% and 8%, respectively,
and the rest of the area (23%) was occupied by other varieties.
All farmers followed the broadcasting method of seeding in wheat. Farmers used
different sources of seed at both sites. The main sources of seed for Terai farmers were
neighbors (33%), agro-chemical traders (31%), and own-farm seed (32%). About 2%
of the farmers obtained wheat seeds from the local market, 1% from extension, and
about 1% procured seeds from India. The seed sources for hill farmers were the local
market (31%), neighbors (25%), agro-chemical traders (18%), 20% own-farm seed,
and 6% from research and agricultural extension agencies.
Terai farmers applied 60 kg N, 15 kg P2O5, and 23 kg K2O ha–1 in wheat using
urea, DAP, and MOP fertilizers. Hill farmers usually applied 100 kg N and 17 kg P2O5
ha–1 but did not apply potassium. In the Terai, farmers generally depend on chemical
fertilizers and they did not use FYM or compost, whereas hill farmers applied about
5 t FYM ha–1.
All farmers irrigated their wheat fields; however, the number of irrigations varied
depending upon the availability of irrigation facilities. A majority of the farmers (80%)
irrigated their wheat once at the critical (crown root initiation) stage, while others applied two irrigations in the Terai. The second irrigation was generally applied at the
booting stage where assured irrigation facilities were available. More than 85% of
the Terai farmers irrigated wheat fields by pump sets mostly from shallow tubewells,
rivers, ponds, and ditches, while about 5% used electricity-operated deep tubewells
and 9% of the farmers had a canal facility for irrigation. Eighty-six percent of the hill
farmers irrigated their wheat fields mostly by stream-derived canals and 14% depended
on winter rain. The number of irrigations was higher in hills than in the Terai, where
48% of the farmers applied once, 20% twice, and 31% of the farmers irrigated their
field thrice and about 1% of the farmers used more than three irrigations.
Terai farmers generally did not weed the wheat crop but about 59% of the
farmers removed weeds manually for animal feed. Only 17% of the farmers used
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Table 1. Different technologies tested in rice and wheat in farmers’
fields during 2004-07 in Nepal.
Treatment

Code

Details

Rice
RT-1

CT-TPR

Conventionally tilled transplanted rice

RT-2

CT-TPR-ICM

Conventionally tilled and transplanted
with ICM approach

RT-3

CT-Drum R

Conventionally tilled, drum-seeded
rice

RT-4

RT-DSR

Reduced-till, direct-seeded rice

WT-1

CT-BCW

Conventionally tilled broadcast wheat

WT-2

RT-DSW (PTOS)

Reduced-till wheat established by
power-till-operated seeder

WT-3

ZT-DSW

Zero-till, drill-seeded wheat

Wheat

chemicals to manage weeds, and 23% of the farmers did not weed wheat plots at all.
In the hills, manual weeding was a common practice, where 98% of the farmers did
weeding manually and 2% did not weed. Compared with rice, weed management is
not a big problem in wheat in both areas.
Most of the farmers (90%) did manual harvesting and only 10% of the farmers used a combine harvester. Mostly, large and medium farmers used a combine.
More than 92% of the farmers used a machine, especially a power-operated thresher,
whereas only 7% used a tractor for threshing. Few small farmers (1%) used animals
for threshing. All farmers used manual harvesting and manual threshing. Most farmers
stored wheat seeds in gunny bags (83%) and the remaining in wooden bins.
Adoption of new technologies
Only a few farmers adopted new tools and technologies in rice such as direct seeding
and the leaf color chart (LCC) for N application. Similarly, in wheat, few farmers
were aware of zero and reduced tillage. The sources of information for new technologies were print media (newspapers and magazines), broadcast media (radio and/or
TV), farmers’ visits to research stations, and also visits of extension personnel from
the Department of Agriculture at both sites. Farmers also shared information among
themselves.

Methodology
After the collection of baseline information from the households, sites were characterized and problems were prioritized. Based on local needs and problems, interventions were made in rice and wheat (Table 1) to enhance farmers’ productivity and
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Table 2. ICM technologies tested at different villages
and in farmers’ fields in Rupandehi.
No. of villages

No. of farmers

Technology
Y1

Y2

Y3

Y1

Y2

Y3

CT-TPR

6

6

6

60

60

60

CT-TPR-ICM

6

6

6

60

60

60

CT-Drum R

4

4

4

10

10

8

RT-DSR

3

3

3

10

8

5

CT-BCW

6

6

6

60

60

60

ZT-DSW

6

6

6

60

60

60

RT-DSW (PTOS)

6

6

6

15

15

10

profitability. The technologies evaluated in different villages are described below and
presented in Table 2.
Rice treatment 1 (RT-1): Conventional-tillage transplanted rice—the farmers’
practice (CT-TPR). The farmers’ practice included (1) four plowings, which included
two dry plowings in May and two other wet plowings (puddling) followed by one
planking and leveling during transplanting (conventional tillage), (2) the use of lowquality seeds (poor germination, partially filled), (3) poor nursery management, (4) the
use of 22–45-day-old seedlings, (5) the use of a higher number (4–20) of seedlings per
hill, (6) inadequate and imbalanced use of fertilizers, and (7) untimely and improper
weed and plant protection measures.
Rice treatment 2 (RT-2): Conventional-tillage transplanted rice with integrated
crop management (CT-TPR-ICM). Integrated crop management on transplanted rice
was demonstrated in farmers’ fields. Components of ICM included (1) an improved
variety (Sabitri), (2) good-quality seed (certified seed), (3) seed treatment with carbendazim (2 g kg–1), (4) improved nursery management, (5) young seedlings (12–15
days old), (6) one to two seedlings per hill, (7) shallow depth of transplanting (2–3
cm), (8) uniform spacing (20 × 20 cm), (9) recommended P (22 kg ha–1) and K (42
kg ha–1), (10) split application of K (basal and at maximum tillering stage), (11) crop
need-based N management using the LCC, (12) integrated weed management (chemical + manual), (13) plant protection measures, and (14) optimal water management.
The tillage practices were similar to those described under RT-1. Nitrogen was applied
using an LCC with a critical value of 4.0 (Balasubramanian et al 2003). The leaf color
chart is a simple and inexpensive tool, which measures leaf color as a proxy for N
content in the leaf. In this technique, a reading is taken at intervals of 7 days from 2
weeks after transplanting until flowering. Nitrogen (20 kg ha–1) was topdressed when
the average reading fell below 4.0, until 50% flowering.
Rice treatment 3 (RT3): Conventional-tillage drum-seeded rice (CT-Drum R).
In this technology, the field was puddled and leveled as in RT1. Pregerminated seeds
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were sown in rows (18 cm apart) using a manually drawn drum seeder. All other crop
and nutrient management practices were the same as for RT2.
Rice treatment 4 (RT4): Reduced-till direct-seeded rice (RT-DSR). After reduced
tillage (two plowings with a four-wheel tractor), seeding was done with the drill attached to a two-wheel tractor followed by planking simultaneously (RT-DSR). All
other crop and nutrient management practices were the same as under RT2.
Wheat treatment 1 (WT1): Conventionally tilled broadcast wheat (CT-BCW).
This is the conventional practice of sowing wheat where four to six plowings are done
followed by two to four cross plankings for land preparation and the seed is broadcast
and mixed with two plowings followed by one cross planking. Farmers used suboptimal
nutrient and crop management practices as in the case of RT1, except for puddling
and transplanting.
Wheat treatment 2 (WT2): Zero-till drill-seeded wheat (ZT-DSW). In this technology, seeding was done in a single pass using a zero-till drill attached to a four-wheel
tractor. No tillage operation was done prior to seeding (ZT-DSW). Optimal practices
involve (1) a suitable variety, (2) good-quality seed, (3) seed treatment with vitavax
200 (2 g kg–1), (4) uniform spacing (18 cm apart in continuous rows), (5) a recommended dose (100 kg ha–1) of N, (6) recommended P and K (22 kg P ha–1 and 42 kg K
ha –1), (7) split application of K (basal and at maximum tillering stage), (8) integrated
weed management (chemical + manual), (9) plant protection measures, and (10) water
management as per need.
Wheat treatment 3 (WT3): Reduced-till wheat established by a power-tilloperated seeder ([RT-DSW] PTOS). In this method, wheat was seeded using a drill
attached to a two-wheel tractor (power tiller) in a single pass in an unplowed field.
Since a rotovator is attached to the drill, it pulverizes the soil in a single pass and
seed is dropped in rows and planked simultaneously. With a power tiller, seeding can
be done in relatively higher soil moisture and thus seeding can be advanced by 2–4
weeks compared with the conventional practice. All other nutrient and crop management practices were the same as in WT2.
Estimation of climatic potential yield
Potential yield is defined as the maximum yield of a variety restricted only by seasonspecific climatic conditions. This assumes that other inputs (nutrient, water, etc.) are
not limiting and cultural management is optimal. Thus, the potential yield of a crop
depends on the temporal variation in CO2 in the atmosphere, solar radiation, maximum
and minimum temperatures during the crop season, and physiological characteristics
of the variety. To simulate potential yield, CERES-RICE 3.5 (98.0) (Singh et al 1998)
and GENERIC-CERES 3.5 (98.0) (Ritchie et al 1998) models were used for rice and
wheat, respectively. Yield gaps are calculated. Yield gap 1 is the difference between
the maximum attainable yield (assumed to be 80% of climatic potential yield) and the
average yield obtained in the ICM approach (TPR-ICM/ZT-DSW) and yield gap 2 is
the difference between the maximum attainable yield and the average yield obtained
in conventional practice (CT-TPR/CT-BCW).
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Economic analysis
Economic analysis was made yearly using the standard price of the commodities in
the study area. The following estimates were made:
TFCR = PNFN + PpFp + PkFk

[1]

GRFR = PRYR – TFCR

[2]

TFCW = PNFN + PpFp + PkFk

[3]

GRFW = PWYW – TFCW

[4]

GRFRW+ (PRYR+PWYW) – (TFCR+TFCW)

[5]

where TFCR is the total fertilizer cost for rice (US$ ha–1), GRFR is gross return above
fertilizer for rice ($ ha–1), YR is rice yield (kg ha–1), PR is the price of rice ($ kg–1),
PN is the price of N fertilizer ($ kg–1 N), Pp is the price of P fertilizer ($ kg–1 P), Pk is
the price of K fertilizer ($ kg ha–1), TFCW is the total fertilizer cost for wheat, GRFW
is the gross return above fertilizer for wheat ($ ha–1), YW is wheat yield (kg ha–1),
PW is the price of wheat ($ kg–1), and GRFRW is the gross return above fertilizer for
RW ($ ha–1).
The net return is the difference between the gross income and the total cost of
production.
Net returns were calculated as follows:
For rice, net return (CT-TPR-ICM) – net return (CT-TPR)

[6]

For wheat, net return (ZT-DSW) – net return (CT-BCW)

[7]

Apparent nutrient balance
Nutrient balance was calculated using different inputs and outputs measured during
the study. Average crop yields were considered for nutrient balance estimation. The
NP and K balance were determined as follows:
N balance = fertilizer N inputs – N uptake in grain + straw
P balance = fertilizer P inputs – P uptake in grain + straw
K balance = fertilizer K inputs – K uptake in grain + straw
Plant uptake of N, P, and K was estimated using the QUEFTS (Quantitative
Evaluation of Tropical Soils) model calibrated for rice (Witt et al 1999) and wheat
(Pathak et al 2003).
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Table 3. Grain yield of rice (t ha–1) using different technologies.a
Treatment

2005

2006

2007

Mean

CT-TPR

3.4 b

3.3 b

3.5 c

3.4 b

CT-TPR-ICM

4.6 a

4.4 a

4.6 a

4.6 a

CT-DrumR

2.6 c

3.6 b

3.9 b

3.4 b

ZT-DSR

3.1 bc

3.1 b

3.6 bc

3.3 b

aMeans in a column followed by the same letters are not
significantly different at P = 0.05.

Statistical analysis
Data were analyzed using the SAS mixed model procedure (SAS 2001) in which treatment was used as a fixed effect and farmer as a random effect. Separation of means
was done using a Fisher-protected t-test at LSD 0.05. SAS macro software was used
for multiple comparisons of means (Spilke et al 2005).

Results and discussion
Rice yields
Grain yields differed significantly among the treatments evaluated (Table 3). On an
average of 3 years, RT-2 had the highest yield (4.6 t ha–1), followed by RT-3 (3.4 t
ha–1), RT4 (3.3 t ha–1), and RT1 (3.4 t ha–1). The higher yield in RT2 was the result
of improved management, especially in terms of plant density, fertilizer, and weed
management (Regmi and Ladha 2005). Excessive weed competition in RT4 reportedly caused a significant reduction in rice grain yield (Singh and Patel 1989, Moody
1982, Dryden and Krishnamoorthy 1977). Although farmers did weeding, it was less
effective because it was delayed.
At hill sites, CT-TPR-ICM (RT-1) had 6.1 t ha–1compared with the 4.8 t ha–1 of
CT-TPR and 4.3 t ha–1 of RT-DSR (PTOS) (Fig. 1). Relatively higher yield in the hills
was due to the fertile soil and better soil management with the use of FYM. Similar to
Terai, high weed pressure was the main problem in RT4. Yields in RT1 and RT4 were
similar but there was a significant savings of labor for seedling pulling and transplanting in RT4 (RT-DSR). However, weed pressure was more in RT3 than in RT1. Also,
there was a risk of scattering seeds if it rained heavily immediately after seeding. Dry
direct-seeded rice (RT4) had a similar yield as RT3 and RT1 but the former required
less labor and also saved water by not puddling. However, in RT4, weed pressure was
very high and it was difficult to manage weeds manually. Effective herbicides were
either not available at the local market or were expensive.
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Grain yield of rice (t ha–1)
7
6
5
4

6.3

5.5

3

4.3

5

RT-DSR

CT-TPR

2
1
0
CT-TPR-ICM

CT-DrumR

Technology
ha–1)

Fig. 1. Grain yield (t
of rice at hill sites, Nepal.
CT-TPR = conventionally tilled transplanted rice, CTTPR-ICM = conventionally tilled and transplanted with
ICM approach, CT-Drum R = conventionally tilled, drumseeded rice, RT-DSR = reduced-till, direct-seeded rice.
Numbers in columns are the height of the column with
respect to the Y-axis.

Table 4. Grain yield of wheat (t ha–1) using different
technologies.a
Treatment
CT-BCW

2005

2006

2007

Mean

1.8 b

1.9 b

2.2 c

2.0 b

ZT-DSW

2.3 a

2.5 a

3.1 b

2.6 a

ZT-DSW (PTOS)

2.6 a

2.5 a

3.2 a

2.8 a

aMeans in a column followed by the same letters are not significantly different at P = 0.05.

Wheat yields
Wheat yields differed significantly in all three years in the Terai (Table 4). Both ZTDSW (WT2) and RT-DSW (PTO) (WT3) produced higher yield than CT-BCW (WT1)
in all three years. Mean grain yields of WT3 and WT2 were 40% and 30% higher
than in WT1, respectively.
At hill sites, WT3 produced 4.9 t ha–1 compared with WT1 (3.6 t ha–1), (Fig. 2).
Higher yields in hills than in the Terai were because of the longer grain-filling duration
and also better soil management due to small landholdings. Relatively lower yields
in Terai in both WT3 and WT2 were due to delayed seeding resulting from excess
residual moisture. Also, these soils have relatively heavier texture and are normally
not suitable for wheat; as a result, they are often left fallow. Our work made it possible
to grow a good crop of wheat with the introduction of ZT-DSW or RT-DSW (PTOS).
Both technologies worked well even with relatively higher soil moisture, which
Improving food security through integrated crop and resource management in the rice-wheat system in Nepal
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Grain yield of rice (t ha–1)
5
4

a

b
4.9

3
2
1
0

3.6

CT-BCW

RT-DSW
(PTOS)

Technology
Fig. 2. Grain yield of wheat (t
ha–1) at hill sites, Nepal. Letter on top of columns followed
by the same letter means not
significantly different at P =
0.05. CT-BCW = conventionally tilled broadcast wheat,
RT-DSW (PTOS) = reduced-till
wheat established by powertill-operated seeder. Numbers
in columns are the height of
the column with respect to
the Y-axis.

otherwise required 2–4 weeks for land preparation. Wheat is sensitive to the time of
seeding. Improper seeding dates (either too early or too late) may have many adverse
consequences. Harrington et al (1993) considered delayed seeding as one of the factors
responsible for low wheat yields in South Asia, including Nepal. In the rice-wheat
system of South Asia, any delay in wheat planting after the end of November results
in a 1–1.5% loss in yield per day (Ortiz-Monasterio 1994). With both technologies,
there was advancement in seeding dates. In addition, with a zero-till drill, there is a
savings (>60%) in land preparation and seeding cost (Fig. 3).
Yield gap
Climatic yield potentials of rice and wheat were simulated to estimate the achievable
yield gaps in the Terai region of Nepal. Potential yield is defined as the maximum
yield of a variety restricted only by season-specific climatic conditions. Yield gap 1
is the difference between the maximum attainable yield (assumed to be 80% of the
climatic potential yield) and the average yield obtained using the ICM approach and
yield gap 2 is defined as the difference between the maximum attainable yield and
the average yield obtained in conventional practices in farmers’ fields. Yield gaps 1
and 2 were 37% and 53% in rice and 53% and 64% in wheat, respectively (Table
5). On a systems basis, yield gap 2 was 58% and yield gap 1 was 43%. This clearly
shows that the potential is great to increase the grain yield of both rice and wheat by
narrowing yield gaps.
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Cost of land preparation
and seeding (US$ ha–1)
80
60
40
20
0

64%
savings
62
22

ZT-DSW CT-BCW
Technology

Fig. 3. Cost of land preparation and
seeding of wheat in Terai, Nepal. ZT-DSW
= zero-till drill-seeded wheat, CT-BCW =
conventionally tilled broadcast wheat.
Numbers in columns are the height of
the column with respect to the Y-axis.

Table 5. Yield gap of rice (t ha–1) in Rupandehi District, Nepal.
Climatic
potential
yield (A)

80% of
climatic
potential
yield (B)

Average
yield in CTTPR-ICM
(C)

Average
yield in
CT-TPR
(D)

Yield
gap 1
(B – C)

Yield
gap 2
(B – D)

Rice

9.1

7.3

4.6

3.4

2.7
(37%)

3.9
(53%)

Wheat

6.8

5.5

2.6

2.0

2.9
(53%)

3.5
(64%)

Crop

Apparent nutrient balance
Nutrient balances (input-output) were calculated on a RW system basis (Table 6).
Although the N balance was positive in both ICM and conventional practices, it was
misleading in the absence of data on N losses. ICM (RT-2) had a 79% higher P balance than conventional practices. However, both ICM and conventional practices had
a negative K (>50 kg ha–1) balance, suggesting the possibility of K mining. Regmi
et al (2002a,b) and Bhandari et al (2002) reported a highly negative K balance in the
rice-wheat system. In Nepal, most farmers either don’t apply or apply a very small
quantity of K to rice. In wheat, most farmers apply a low to moderate rate of K fertilizer. Farmers generally remove straw from the field for animal feed and other purposes,
resulting in removal of a large amount of K. Farmyard manure (FYM) is used for
cooking purposes and a small amount is applied to the field. Thus, recycling of nutrient, particularly K, through straw or FYM is negligible. Considering this situation,
there is an urgent need for more research on K in the RW system.
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Table 6. Effect of different technologies on apparent
NPK balance (kg ha–1) in the rice-wheat system.
Fertilizer
nutrient
applied

Uptake
by crop

Balance

Conventional practice

123

96

27

ICM approach

180

128

52

Conventional practice

29

16

13

ICM approach

44

21

23

Conventional practice

42

106

–64

ICM approach

84

141

–57

Technology

Nitrogen

Phosphorus

Potassium

Net income in rice
(US$ ha–1)
600
500
400
300
200
100
0

56%
higher

344

536

CT-TPR

CT-TPRICM
Technology

Fig. 4. Comparison of net income from rice in Terai. CT-TPR
= conventionally tilled transplanted rice, CT-TPR-ICM =
conventionally tilled and transplanted with ICM approach.
Numbers in columns are the height of the column with respect to the Y-axis.

Net returns
On average, net returns from rice were higher (US$192) than from wheat ($166) following the ICM approach over conventional practices. (Figs. 4 and 5). On a systems
basis, using the ICM approach had a 64% higher net benefit over conventional practices. Although the total cost of fertilizer was higher ($153) than with conventional
practices ($91), the gross return above fertilizer (GRFRW) was higher ($1,176) than
with conventional practices ($906). This indicates that farmers are not getting a good
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Net income in wheat
(US$ ha–1)
400
350
300
250
200
150
100
50
0

75%
higher

386
220

CT-BCW ZT-DSW
Technology

Fig. 5. Comparison of net income from wheat.
CT-BCW = conventionally tilled broadcast
wheat, ZT-DSW = zero-till drill-seeded wheat.
Numbers in columns are the height of the column with respect to the Y-axis.

response from using fertilizer alone; hence, the ICM approach is needed to improve
yield and income to enhance livelihoods and reduce poverty.
Training and technology dissemination
A number of technology dissemination activities were conducted to encourage the
successful adoption of different ICM technologies in the area (Table 7). These activities included orientation and training for farmers and other stakeholders whose roles
are critical in the dissemination process. A total of 361 farmers and other stakeholders
participated in different training programs—50 in the orientation workshop, 48 in
research and extension staff training, 63 in service-provider training for zero-till seed
drills, and 180 farmers in technical training on ICM. Similarly, 220 farmers attended
farmers’ field days conducted in rice and wheat seasons every year to visit and observe
the ongoing demonstrations in 180 farmers’ fields during 3 years of implementation.
Apart from these activities, 1,000 posters and 2,000 leaflets were also published and
distributed to make farmers aware of and increase accessibility to technical knowledge.
Local print and electronic media help were also exploited to obtain news coverage on
important events and spread information.
Impacts
Farmers were impressed with the project activities conducted in the field and were
willing to extend area in coming seasons under ICM. Impact was significantly higher in
wheat than in rice because farmers found these technologies very suitable for planting
wheat on fallow lands and on time. These technologies also provided a net savings of
>60% of land preparation and seeding cost in wheat. With ICM technology, seeding
can also be advanced by 2–4 weeks in some cases, which arrests yield loss due to
late planting. Farmers can improve their income and livelihood by increasing crop
Improving food security through integrated crop and resource management in the rice-wheat system in Nepal
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Table 7. Dissemination tools used during project implementation.

Program

Number

Number of participants/
beneficiaries
Year 1

Year 2

Year 3

–

–

Total

Orientation workshop

1

50

Training of research and
extension staff

3

16

16

16

48

Service providers’ training

3

20

23

20

63

Farmers’ training

6

60

60

60

180

Demonstration
Farmers’ field day

50

180

60

60

60

180

6

60

80

80

220

Poster on ICM and RCTs

1,000

–

1,000

–

1,000

Leaflet on ICM and RCTs

2,000

–

–

2,000

2,000

productivity and input-use efficiency. There is a spillover effect in different parts of
the district and in neighboring districts as well. It is estimated that, if ICM technology
were practiced on about 50% of the irrigated area in the Nepal Terai, rice-wheat production would increase by 1.3 million tons beyond current production of 5.7 million
tons. This would bring additional revenue of $293 million.

Summary and conclusions
Rice-wheat is the predominant cropping system in the Terai and mid-hills (river
basins and valleys) that meets about 75% of the food demand of Nepal. Inadequate
and unbalanced use of nutrients, improper use of limited resources, and poor crop
management are responsible for the low productivity of rice and wheat. Recycling of
nutrients through straw and farmyard manure is negligible because of their alternative
uses. There is a shortage of labor and high cost of production. The yield gap between
improved and farmers’ practices was >50% in wheat and 37% in rice, which also provided the basis for intervention with new technologies on a wider scale in the country.
Integrated crop management and resource-conserving technologies were evaluated
and disseminated in 500 farmers’ fields to reduce the cost of production and increase
the productivity and net profit of the farmers.
ICM technology, which includes the use of quality seeds of suitable improved
varieties, balanced use of nutrients, need-based N management, seed treatment, and the
use of fewer (1–2) and younger (12- to 15-day-old) seedlings per hill, and recommended
plant protection measures in conventional transplanted rice increased productivity
and profitability compared with farmers’ practices in wet- and direct-seeded rice. Dry
direct-seeded rice (RT-DSR), although it has huge potential in terms of reducing the
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cost of cultivation, shortage of labor, and drudgery for rice cultivation, did not perform
well in our study. There is a need to improve DSR technology, including soil and
tillage management, suitable varieties, and nutrient and weed management. Seedling
mortality at early growth stages and weed management are the biggest challenges for
this technology. Similarly, wet direct seeding using a drum seeder needs fine tuning
with regard to the seeding mechanism, weed management, and plant population.
A large area under fallow was successfully brought under wheat cultivation with
the use of RCTs that allowed timely crop planting in fields with excess moisture. Wheat
seeding could be advanced by 2–4 weeks with the adoption of zero-tillage (ZT-DSW
and RT-DSW-PTOS). Small farmers preferred RT-DSW-PTOS, whereas farmers with
large farm holdings liked ZT-DSW. In wheat, RCTs integrated with timely planting,
quality seed, improved variety, seed treatment, nutrient and water management, and
appropriate cropping pattern greatly helped farmers to increase area through acquiring fallow lands for wheat cultivation and significantly improved wheat yield and
income.
On average, farmers’ rice and wheat yields increased by more than 1.8 t ha–1
and their net profit rose by $358 ha–1 y–1 (64%) following ICM and RCTs, which
could be applied in much of the irrigated and favorable rainfed environment of Nepal.
Farmers have largely accepted ICM technology in transplanted rice and RCTs such as
zero-tillage and reduced tillage in wheat. These technologies are ready for wide-scale
dissemination. Since these technologies are machinery-based, adoption will depend on
the availability of machines, which are beyond the capacity of farmers until a favorable policy is developed by the government to encourage import or manufacture of
these machines locally. The adoption of new technologies (ICM and RCTs) in the RW
system helped to improve the food security and livelihood of farmers at both Terai and
hill sites. Due to attractive cash returns from ICM, demand for ZT drills increased in
the third year of the project in both the project area and adjoining villages. A scalingup program of RCTs could be launched all over the Terai and in some parts of the
hills. There is a need to develop an aggressive program with the active participation
of all stakeholders (research, extension, suppliers/importers, local manufacturers,
and policymakers and high-level decision makers) for wider dissemination of ICM
and RCT approaches throughout the Terai plains and mid-hills. If ICM and RCTs are
practiced in the irrigated Terai area of Nepal, total production of RW will increase by
1.3 million t, which will help to reduce poverty and enhance food security in Nepal.
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Validation and delivery of improved
technologies in the rice-wheat
ecosystem in Bangladesh
M. Akhter Hossain Khan, M. Murshedul Alam, M. Israil Hossain, M. Harunur Rashid,
M. Islam Uddin Mollah, M. Abdul Quddus, M. Ismail Bhuiyan Miah, M. Abbas Ali Sikder,
and J.K. Ladha

Rice (Oryza sativa L.)-wheat (Triticum aestivum L.) is an important cropping
system of Bangladesh. The plateauing of the productivity of this system in
recent years is a major concern for attaining food self-sufficiency in the country.
Several on-farm validation and dissemination trials on resource-conserving
technologies (RCTs)—leaf color chart (LCC)–aided N management for rice (LCCN), reduced-till drill-seeded wheat by power tiller–operated seeder [RT-DSW
(PTOS)], conventional-till puddled drum-seeded rice (CT-DrumR), integrated
crop management (ICM) for rice, and crop diversification—were conducted at
Chuadanga, Nashipur, and Gazipur sites, each comprising one or more districts
in Bangladesh, during 2005-08 to improve productivity and increase net returns
of the rice-wheat system. All the RCTs except CT-DrumR proved to be superior
to the farmers’ conventional practice in providing higher yields across seasons
and years. Yield increased by 0.1–0.5 t ha–1, 0.4–1.0 t ha–1, and 0.7–0.8 t
ha–1 for LCC-N, RT-DSW (PTOS), and ICM, respectively. LCC-N also reduced N
fertilizer use by 15–57 kg N ha–1. The yield in CT-DrumR was similar to that of
conventional-till (puddled) transplanted rice (CT-TPR). Increases in net returns
across seasons and years for LCC-N, ICM, and CT-DrumR were US$41–75 ha–1,
$39–106 ha–1, and $54–60 ha–1, respectively. CT-DrumR needs further study
with farmers to refine and improve the technology before large-scale delivery
takes place, but RCTs such as LCC-N, RT-DSW (PTOS), and ICM are ready for
large-scale delivery and dissemination in the country.
Keywords: resource-conserving technologies, rice-wheat, reduced tillage, integrated
crop management
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Fig. 1. Area, production, and yield of wheat in Bangladesh during
1996-97 to 2007-08.

In South Asia, Bangladesh, India, Nepal, and Pakistan have devoted to agriculture
nearly half of their total land area of 402 million hectares to feed and provide livelihoods for 1.8 billion people. The rice-wheat system (RWS) occupies about 13.5 million ha in the Indo-Gangetic Plains of Soth Asia (Ladha et al 2003). In Bangladesh,
the RWS covers about 6% of total crop land (14.2 million ha) and about 85% of the
wheat is grown in sequence with transplanted aman (T. aman) rice, which is grown
from July to December. The intensively cultivated irrigated RWS is fundamental to
employment, income, and livelihoods for hundreds of millions of rural and urban poor
of South Asia. In the past few decades, high growth rates for food grain production
(wheat 3%, rice 2.3%) have kept pace with population growth. But evidence is now
appearing that RWS productivity is plateauing because of a fatigued natural resource
base, inadequate crop care, inefficient use of various inputs, and degraded ecosystems.
Thus, the region’s food security is continuously threatened and the emerging challenges
of post–Green Revolution agriculture pose additional hurdles.
Bangladesh requires 4 million tons of wheat per year but the country produced
1.99 million t of wheat during 1998-99 from 0.88 million ha, with an average yield
of 2.16 t ha–1 (MOA 2005). Despite several attempts being made for improving and
sustaining wheat production in Bangladesh since 1999, wheat area and production
have decreased remarkably and, for the past 3 years, remained almost static at an area
of about 0.4 million ha, with total production of less than 1.0 million t (Fig. 1). Thus,
wheat production from the RWS was not sufficient to meet demand and therefore the
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country had to import a huge quantity of wheat at the cost of valuable foreign currency
every year.
The main reason for decreasing productivity of the system is the low yield of
wheat resulting from (1) late seeding (about 55% of the area) because T. aman rice
occupies land up to the end of November to early December, (2) land preparation
difficulty mainly due to excess soil moisture, (3) poor stand establishment under unfavorable soil physical conditions due to puddling of the previous rice crop, (4) lack
of appropriate varieties for late seeding, (5) irregular and short cool period during
reproductive and grain-filling periods, and (6) sudden temperature rise at the reproductive stage. This situation has made the country’s food situation vulnerable. Farmers
are striving hard to maintain land productivity at a sustainable level by adopting and
adjusting crops in a system, specifically in rice-wheat. Therefore, there is an urgent
need to develop and disseminate technologies that would increase RWS productivity
and improve livelihood to eventually secure national food security.
Four member countries of the Asian Development Bank (ADB), Bangladesh,
India, Nepal, and Pakistan, under the umbrella of the Rice-Wheat Consortium (RWC)
for the Indo-Gangetic Plains (IGP), in partnership with the International Rice Research
Institute (IRRI) and International Maize and Wheat Improvement Center (CIMMYT),
requested assistance from ADB to integrate available resource-conserving technologies (RCTs) for the rice-wheat ecosystem and evaluate them in farmers’ fields. With
this initiative, the project on Enhancing Farmers’ Income and Livelihood through
Integrated Crop and Resource Management in the Rice-Wheat System in South Asia
(RETA 6208) was launched in 2005 in all four countries under the coordination of
IRRI. In Bangladesh, project activities were undertaken to validate and deliver potential RCTs for improving the productivity and net returns of the rice-wheat ecosystem,
with the following specific objectives:
l Integrate, validate, and refine available RCTs for the RWS.
l Disseminate promising RCTs for the rice-wheat ecosystem to 1,500 farmers
in six districts to popularize the technologies for large-scale dissemination by
the Department of Agricultural Extension (DAE) to attain food and nutritional
security for the poor.
l Improve farmers’ income by at least 10% through reduced costs of cultivation
and increased production and resource-use efficiency.
l Promote crop diversification to reduce risks, add value, and improve marketing opportunities.
l Encourage the participation of private entrepreneurs to support and service
farmers.
l Improve the quality of environments in rice-wheat ecologies through judicious use of agro-chemicals.
l Strengthen the capacity of at least 100 extension personnel and at least 2,000
farmers to adapt RCTs by providing training, distributing leaflets, and monitoring technology adoption activities.
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Socioeconomic and biophysical profile of the project’s target area
Target area
Two major rice-wheat ecosystem areas—Chuadanga and Nashipur as main sites and
one rice-rice ecosystem area, Gazipur, as a satellite site—were selected to conduct
project activities. Chuadanga, Nashipur, and Gazipur sites are situated in west-central
(23°35´ to 23°42´N and 88°46´ to 89°01´E), northwestern (25°52´ to 26°02´N and
88o45´ to 89o65´E), and middle (23°75´ to 24°25´N and 90°01´ to 90°51´E) parts of
Bangladesh, respectively (Fig. 2). The Chuadanga area belongs to agroecological zone
11 a (AEZ 11 a) called the High Ganges River Floodplain, with an area of 13,205 km2
comprising Chuadanga, Meherpur, Kushtia, and Jhenaidah districts. The Nashipur area
belongs to agroecological zone 1 (AEZ 1) called Old Himalayan Piedmont Plain, with
an area of 4,008 km2 comprising Dinajpur and Thakurgaon districts. The Gazipur area
belongs to agroecological zone 28 (AEZ 28) called Madhupur Tract, with an area of
4,244 km2 comprising Gazipur and Tangail districts (FAO 1988). The Bangladesh
Rice Research Institute (BRRI), Bangladesh Agricultural Research Institute (BARI),
and Department of Agricultural Extension (DAE) conducted experimental trials at
Chuadanga, Nashipur, and Gazipur sites, respectively, in collaboration with IRRI
(Fig. 2).
Climate
The climate of Chuadanga, Nashipur, and Gazipur areas is subtropical, with extreme
high and low temperatures during summer and winter, respectively. The winter begins
in November (<15 oC), with minimum temperature less than 10 oC in January and
gradually increasing from February onward, with occasional high-temperature peaks
in February. A sudden increase in temperature in February during reproductive and
grain-filling stages is detrimental to wheat. Farmers also experience seedling mortality of winter rice (boro) due to low temperature. The rainfall pattern is erratic and
the total amount is lower than in other parts of the country, with an average annual
rainfall of 1,570 mm, 1,542 mm, and 1,984 mm in Chuadanga, Nashipur, and Gazipur
areas, respectively. Wet months with rainfall >200 mm begin in late June and rainfall
peaks in August. Drought is a regular phenomenon of the regions, particularly during
monsoon rice (T. aman) because of uneven rainfall. Rainfall ceases in October and
the dry period extends up to May, with rainfall <100 mm per month or nil, which
results in lowering of the groundwater level. Farmers irrigate their boro rice (winter
irrigated rice) every day or at 1- to 5-day intervals depending on the area (Bangladesh
Meteorological Department, Agargaon, Dhaka).
Soil and land type
Land types in AEZ 11 (Chuadanga) and AEZ 1 (Nashipur) are characterized by complex
relief patterns comprising broad and narrow floodplain ridges and linear depressions.
The higher parts of ridges are above normal flood level, whereas the lower parts lie
wet or are shallowly flooded (inundated up to 30-cm depth) in the rainy season. AEZ
11 has 43% highland, 32% medium highland, 12% medium lowland, 2% lowland, and
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Fig. 2. Map of Bangladesh showing experimental sites along with implementing institutes.
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11% homestead and water areas. In AEZ 1, the corresponding land-type values are
58%, 34%, 1%, 0%, and 7% (FAO 1988). Land types in AEZ 28 are mainly upland,
with broad valleys having 56% highland, 18% medium highland, 7% medium lowland,
9% lowland, and 10% homestead and water areas.
The soils in Chuadanga vary from clay loam to clay and in some areas silty
clay loam to sandy loam, contain low organic matter (less than 1%), and are calcareous in nature (pH of 7.5–8.1). The soils in Nashipur are loam in texture and contain
low organic matter (less than 1.5%), with a pH of 4.0–6.5. The soils in Gazipur are
clay to clay loam, contain very low organic matter (less than 1%), and have a pH of
4.5–5.6.
Farmer profile
A farmers’ baseline survey was conducted only at Chuadanga and Nashipur sites during 2005 at the beginning of project activities with 60 randomly selected farmers in
Chuadanga and 40 in Nashipur. The data indicated that, at both sites, the farmers’ age
ranged from 15 to 75, with an average of 40, and farming experience ranged from 3
to 50 years, with an average of 25 years. Small farmers having land area of 0.21 to
1.0 ha were predominant at both sites (61% and 30% in Chuadanga and Nashipur,
respectively) and landless farmers having land area of less than 0.02 ha were more
common in Nashipur (22%) than in Chuadanga (5%) (Table 1). In Chuadanga, 57%
of the farmers were literate (37% primary and 20% high-school level). The annual
income of most of the farm families (83%) was less than the national annual average
income of $470. In Nashipur, most of the farmers were illiterate (64%) and the annual
income of most of the farm families (65%) was less than the national annual average
income of $470 (Table 1).
Cropping system
The major cropping systems at both Chuadnga and Nashipur sites were similar and
based on net cropped area these were rice (boro)–rice (T. aman) (45–50%), rice (T.
aman)–wheat (10–12%), rice (T. aman)–maize (10–20%), rice (T. aman)–wheat–jute
(6–10%), and rice (T. aman)–potato–rice (boro) (5–15%).
Production constraints and possible solutions
Farmers in the study areas have reported similar types of constraints related to the
farming systems’ productivity. The major constraints on a priority basis are high production cost (particularly for rice), lack of knowledge on balanced fertilizer use, low
soil fertility, lack of suitable varieties for rice and wheat for good fit in the cropping
systems, and nonavailability of quality seed (Table 2). Farmers also reported other
constraints such as high input price, high irrigation cost, weed infestation, low income,
lack of capital, terminal drought in T. aman rice, low yield, and diseases in rice, all
hindering their efforts to improve their livelihoods through the adoption of new crop
varieties and technologies.
The livelihood of farmers is constrained by low productivity and income, which
are essentially the function of low yield, high cost of production, and low output price.
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Table 1. Distribution of farm families under different farmer categories based on farm size, amount
of education, and national average income at
Chuadanga and Nashipur sites, Bangladesh,
2005.
% of farm families
Farmer category
Chuadangaa
(n = 60)

Nashipura
(n = 40)

Landless (< 0.02 ha)

5

22

Marginal (0.02–0.2 ha)

16

24

Small (0.21–1.0 ha)

61

30

Medium (1.01–3.0 ha)

17

11

Large ( > 3.0 ha)

1

13

43

64

Based on farm size (ha)

Education
Illiterate
Primary (class V)

37

20

High school (class X)

20

16

Based on per capita income (national average,
US$470)
<$470
an

83

65

= number of farmers’ plots.

Table 2. Major constraints of the rice-wheat cropping system with ranking made by farmers at Chuadanga and Nashipur sites, Bangladesh, 2005.
Rank
Major constraints
Chuadanga

Nashipur

High production cost (labor, inputs,
irrigation)

1

1

Lack of knowledge on balanced and
appropriate fertilizer use

2

5

Low soil fertility

3

2

Lack of suitable rice and wheat
varieties

4

3

Lack of quality seeds

5

4
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The high cost of production is caused by high input price, inappropriate resource
management, and high labor cost. So, to improve the livelihood of farmers, the following resource-conserving technological interventions were suggested for reducing
the cost of production, improving input-use efficiency, enhancing crop diversification,
improving crop management through a holistic approach, and minimizing farmers’
knowledge gap on new technologies and thus enhancing their adoption:
l Reduced tillage in wheat as an alternative to conventional tillage
l Direct wet seeding of rice as an alternative to conventional transplanting
l Real-time N fertilizer management for rice with use of a leaf color chart
(LCC)
l Crop diversification
l Integrated crop management in rice and wheat

Materials and methods
Resource-conserving technologies
Leaf color chart. The leaf color chart (LCC) is an easy-to-use, inexpensive, simple,
and environment-friendly technology to monitor the relative greenness of the rice leaf
as an indicator of crop N status (Shukla et al 2004). It is typically a durable plastic
strip about 7 cm wide and 13.5 cm long, containing four panels that range in color
from yellowish green to dark green. We used an LCC-aided real-time N management
approach of site-specific nutrient management recommended for Bangladesh to optimize N fertilizer use in rice (Alam et al 2004). In this approach, farmers monitor the
color of rice leaves at 10-day intervals starting from 15 days after transplanting (DAT)
in T. aman and 21 DAT in the boro season and continue up to booting stage in both
seasons and apply N fertilizer whenever 6 or more than 6 out of 10 LCC readings fall
below 3.5 (the critical value) at the rate of 25 kg N ha–1 split–1 in T. aman and 30 kg
N ha–1 split–1 in the boro season.
Drum seeder. The drum seeder is a simple manually operated implement (made
of plastic) used to sow rice seeds continuously onto puddled soils in rows spaced at
18 cm. Six drums, each 25 cm long and 55 cm in diameter, are connected one after
another on an iron rod having two wheels at the two ends. Each drum can contain
about 2.0 kg of seeds. One person can easily draw the seeder on puddled soil. It has
three seeding options—a single thin row, a single thick row, and a double row—at
rates of 25, 40, and 60 kg seed ha–1, respectively. It facilitates rice seeding in lines as
an alternative to transplanting, which is becoming more and more difficult over time
because of increasing labor scarcity in agriculture due to increasing nonfarm employment opportunities. The field capacity of a drum seeder is 1.0 ha day–1.
Power tiller–operated seeder (PTOS). This machine has a seeding device attached to a power tiller (Chinese hand tractor). The PTOS can till shallow (4–5-cm
depth) land, sow seeds in rows at an adjustable distance, cover seed, and level the field
at the same time in a single pass. It is suitable for sowing wheat, mungbean, maize,
jute, and onion. The field capacity of a PTOS is 0.14 ha h–1.
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Zero-till drill. This is also a machine having a seeding device attached to a
power tiller. The zero-till drill can sow seeds by opening a furrow with a minimum
soil disturbance, and apply fertilizer in the furrow. It is suitable for wheat, mungbean,
and maize. The field capacity of a zero-till drill is 0.15 ha h–1.
Integrated crop management (ICM). In the ICM concept, the best three to four
available technologies for rice production were integrated into a package and evaluated through farmer participatory on-farm trials. The technologies integrated were
identified based on location-specific farmers’ demand determined through farmer
group discussion. In our study, the recommended improved technologies—quality
(certified) seed, healthy and appropriate aged seedlings, site-specific recommended
P, K, S, and Zn based on yield goals and soil nutrient status data available in a fertilizer recommendation guide (BARC 2005), along with N management with the use of
either an LCC or urea supergranules (USG)—were integrated into a package named
ICM–LCC or ICM–USG and evaluated with farmers’ conventional practices.
Experimental sites and seasons
Several on-farm validation and dissemination trials on the aforementioned RCTs and
crop diversification in continuous rice-rice and rice-wheat cropping systems were
conducted at 11 villages in the southwest, 3 villages in the northwest, and 13 villages
in the central parts of Bangladesh for six consecutive seasons during 2005 to 2008 to
reduce the cost of cultivation, increase input-use efficiency, diversify cropping systems,
and minimize the yield gap between farmers’ fields and the research station. The villages were within a radius of 100 km in the southwest, 10 km in the northwest, and
20 km in the central parts of Bangladesh. In all villages of the southwest and central
parts of the country, two rice crops are grown annually in two seasons known as aman
and boro. Aman is the wet season (June-July to November-December), in which transplanted rice is grown under partially irrigated conditions in the study areas. Boro is
the dry season (December-January to April-May), in which transplanted rice is grown
under full irrigated conditions. In all villages of the northwest part of the country, two
crops—aman rice followed by wheat—are grown annually. Each village averaged
about 500 ha of crop land. The total number of farmers’ plots having demonstrations
on each RCT varied from year to year (Table 3). Semidwarf high-yielding rice varieties—BR11 with 145 d duration in aman and BRRI dhan28 with 140 d duration and
BRRI dhan29 with 160 d duration—and high-yielding wheat variety Shatabdi with
105–112 d duration were grown in the trials.
Experimental design and treatments
Dissemination of real-time N management with the use of an LCC. The number of
on-farm demonstrations on real-time N management for rice with the use of an LCC
varied among years and seasons. During aman seasons, the numbers were 147 in
2005, 300 in 2006, and 104 in 2007 for a total of 47 ha. During boro (winter) seasons,
the numbers were 273 in 2006 and 300 in 2007 for a total of 53 ha in 11 villages in
southwest Bangladesh. Each demonstration, having two treatments, was established
in one farmer’s field representing one replication. The two treatments were
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Table 3. On-farm trials on validation and dissemination of different resource-conserving
technologies (RCTs) conducted at different sites of Bangladesh during 2005-08.
Number of farmers’ plots
Name of RCT

Type of
trial

Treatmenta
Aman
2005

Aman
2006

Aman
2007

Boro
2006

Boro
2007

Boro
2008

Chuadanga site representing southwest part of Bangladesh
Leaf color chart
(LCC)-aided
real-time N
management
in rice

Dissemination

Wet seeding of
rice using a
drum seeder

Validation

FP-N

147

300

104

273

300

LCC-N

147

300

104

273

300

CT-TPR
CT-DrumR

30
30

15
15

Nashipur site representing northwest part of Bangladesh
Reduced tillage in
wheat

Validation

CT-BCW
RTDSW(PTOS)

9
9

9
9

44
44

RTDSW(PTOS)
+ RF

9

9

44

ZTDSW(PTOS)
+ RF

9

9

44

129
129
129

221
221
221

Gazipur site representing central part of Bangladesh
Integrated crop
management
(ICM)

Validation

FP
ICM-USG
ICM-LCC

38
38
38

108
108
108

aFP = farmers’ practice; CT-TPR = conventional-till (puddled) transplanted rice; CT-DrumR = conventional-till
(puddled)–drum-seeded rice; CT-BCW = conventional-till broadcast wheat; RT-DSW (PTOS) = reduced-till drillseeded wheat (power tiller–operated seeder); RF = recommended fertilizer management; ZT-DSW (PTOS) = zerotill drill-seeded wheat (power tiller–operated seeder); USG = urea supergranules.
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1. Farmers’ N management practice (FPN): fertilizer N was applied by the
farmers following their practice.
2. LCC-based N fertilizer management (LCCN): fertilizer N was applied with
the use of an LCC.
In both treatments, all fertilizers other than N and crop management were done
by the farmers following their practice. Details of fertilizer management practices are
given in Table 4.
At the beginning of each season, each participating farmer and village-level
extension worker were provided with one LCC unit and one LCC user guideline in
the local language (Bangla) along with training on the use of the LCC. Village-level
extension personnel and project employees monitored the use of the LCC by farmers
and helped them in using it properly through intensive monitoring and follow-up activities. Farmers did all crop management practices, including leaf color measurement
with an LCC following the user guidelines recommended for Bangladesh (Alam et al
2004).
Evaluation of direct wet seeding of rice with the use of a drum seeder. Farmer
participatory on-farm validation trials on direct wet seeding of rice were conducted
in 30 farmers’ plots during aman 2006 and in 15 farmers’ fields during boro 2007 in
Hauli Village of Chuadanga District. Each farmer’s field represented one replication
having two treatments:
1. Conventional-till (puddled) transplanted rice on the day of seeding of conventional-till (puddled)–drum-seeded rice (CT-TPR): Two to three 30-day-old
rice seedlings per hill in aman season and 40-day-old rice seedlings in boro
season were transplanted manually on puddled soils on the day of seeding
conventional-till (puddled)–drum-seeded rice at a spacing of 25 × 15 cm in
aman season and 20 × 15 cm in boro season.
2. Conventional-till (puddled)–drum-seeded rice (CT-DrumR): Sprouted seeds
were sown on puddled soils with the use of a drum seeder in rows spaced
at 18 cm. Seeds were sown through a single thick row of a drum seeder at
40 kg ha–1. Before sowing, seeds were sprouted by soaking for 24 hours in
aman and 48 hours in boro season and incubated for about 36 and 72 hours,
respectively, for proper germination.
Fertilizer and other crop management practices were the same in both treatments and as recommended for Bangladesh (BRRI 2004). In aman, transplanting in
CT-TPR and sowing in CT-DrumR plots were done during 25-29 June 2006 and in
boro, the corresponding dates were 3 to 7 December 2006. In recommended fertilizer
management practices, the fertilizer rates (kg ha–1) for aman rice were 10 P, 30 K, 5
S, and 2 Zn and for boro rice were 15 P, 30 K, 8 S, and 2 Zn. The total amounts of P
as triple superphosphate, K as KCl, S as gypsum, and Zn as zinc sulfate were applied
basally immediately before transplanting rice in both seasons. Nitrogen as urea was
applied with the use of an LCC as recommended for Bangladesh (Alam et al 2004).
In LCC-based N fertilizer management, leaf color measurements were taken by
matching the color of the LCC panels with the color of the youngest fully expanded
leaf from 10 randomly selected healthy plants in a plot. In CT-DrumR, LCC readings
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Table 4. Fertilizer management done by farmers’ following their practice in dissemination of real-time N management with the use of an LCC in trials in aman
and boro seasons during 2005-07.
Amanb
Parametera

2005
(n = 147)

Total N applied
Farmers (%)
100
87
Minimum (kg ha–1)
273
Maximum (kg ha–1)
157
Mean (kg ha–1)
Fraction of total N applied
At basal (0 DAT)
0
(%)
At 0–30 DAT (%)
40
At 31–45 DAT (%)
35
At 46–60 DAT (%)
25
Total P applied
Farmers (%)
92
0
Minimum (kg ha–1)
64
Maximum (kg ha–1)
21
Mean (kg ha–1)
Total K applied
Farmers (%)
87
0
Minimum (kg ha–1)
107
Maximum (kg ha–1)
35
Mean (kg ha–1)
Total S applied
Farmers (%)
45
0
Minimum (kg ha–1)
57
Maximum (kg ha–1)
17
Mean (kg ha–1)
Total Zn applied
Farmers (%)
15
0
Minimum (kg ha–1)
11
Maximum (kg ha–1)
3
Mean (kg ha–1)
aMeans
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2006
(n = 300)

2007
(n = 104)

2006
(n = 273)

2007
(n = 300)

100
71
221
112

100
77
188
134

100
14
284
166

100
51
273
140

0

0

0

0

32
33
35

33
33
34

30
26
44

34
33
33

99
0
42
11

90
0
38
17

99
0
30
13

98
0
46
13

91
0
60
15

91
0
75
34

95
0
44
20

92
0
77
19

45
0
17
6

87
0
27
19

65
0
22
6

52
0
31
6

5
0
17
2

8
0
5
2

45
0
9
2

26
0
17
3

of fertilizer amount are based on farmers applying fertilizer. bn = number of farmers’ plots.
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were taken at 10-day intervals starting from 15 and 25 days after sowing in aman and
boro, respectively, and continued up to booting stage in both seasons. In CT-TPR, LCC
readings were taken at 10-day intervals starting from 15 days after transplanting (DAT)
in aman and 21 DAT in boro and continued up to booting stage in both seasons. Urea
was applied whenever 6 or more out of 10 LCC readings fell below the critical value of
3.0 in CT-DrumR and 3.5 in CT-TPR plots at 25 kg N ha–1 in aman and 30 kg N ha–1 in
boro season. The plots were kept saturated up to the 3-leaf stage, followed by a thin
layer of standing water (about 2 cm) in CT-DrumR plots. Later on, the water level
was increased to 5 cm and irrigation was given after disappearance, which continued
until the hard dough stage. The CT-TPR plots were irrigated with a thin layer of water
immediately after transplanting, followed by irrigation at 5-cm water depth similar
to CT-DrumR. Herbicide was applied one time followed by one hand weeding in all
plots. Pretilachlor at 375 g a.i. ha–1 was applied at 3 and 9 days after seeding (DAS)
in aman and boro seasons, respectively, in CT-drumR and at 500 g a.i. ha–1 at 5 DAT
in CT-TPR in both seasons. Crops were harvested at physiological maturity at 10 cm
above ground level. In aman, CT-DrumR and CT-TPR plots were harvested during
10-15 November and 25-30 October, respectively. In boro, the corresponding harvest
dates were 20-25 April and 7-11 April.
Validation of reduced tillage in wheat with the use of PTOS. Farmer participatory
on-farm validation trials were conducted in nine farmers’ fields in the wheat season of
2006 and 2007 and in 44 farmers’ fields in 2008 in Dinajpur District. Each farmer’s
field represented one replication having all four treatments in 2006 and 2007 and two
treatments (treatments 1 and 3) in 2008. The treatments were
1. Conventional-till broadcast wheat (CT-BCW): Wheat seeds were broadcast
onto conventional dry-tilled soil at a seed rate of 170 kg ha–1. Seeds were
sown on land prepared by a power tiller with 4–5 passes. After sowing of
seeds, land was leveled with two ladderings. Fertilizer and all other crop
management practices were done as per the farmers’ practice.
2. Reduced-till drill-seeded (power tiller–operated seeder) wheat (RT-DSW
(PTOS): Wheat seeds were seeded in rows at 20-cm spacing by a PTOS in
a single pass. Seeds were sown at 120 kg ha–1. Fertilizer and all other crop
management practices were done as per the farmers’ practice.
3. Reduced-till drill-seeded (power tiller–operated seeder) wheat with recommended fertilizer management (RT-DSW (PTOS) + RF: Wheat seeds were
seeded in rows at 20-cm spacing by a PTOS in a single pass. Seeds were
sown at 120 kg ha–1. Fertilizers were applied at the rates recommended by
BARI and all other crop management practices were done as per the farmers’
practice.
4. Zero-till drill-seeded wheat with recommended fertilizer management (ZTDSW + RF): Wheat seeds were seeded in rows at 20-cm spacing by a zerotill drill in a single pass. Seeds were sown at 120 kg ha–1. Fertilizers were
applied at the rates recommended by BARI and all other crop management
practices were done as per the farmers’ practice.
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In recommended fertilizer management practice, the rates of N, P, K, S, and Zn
fertilizer were 120, 35, 65, 20, and 4 kg ha–1, on an elemental basis. In the farmers’
fertilizer management practice, the rates were 50–60, 10–20, and 25–30 kg ha–1 of N,
P, and K. The total amounts of P as triple superphosphate, K as KCl, S as gypsum, and
Zn as zinc sulfate were applied basally immediately before sowing wheat. Nitrogen as
urea was broadcast-applied in two splits—67% of the total amount as basal and 33%
of the total amount as topdress at crown root initiation (CRI) stage (about 21 DAE)
in the recommended fertilizer management practice and the total amount as basal in
the farmers’ fertilizer management practice.
Crop diversification. In the rice-wheat system, farmers kept their land fallow
after the harvest of wheat for about 70–80 days in the prekharif season. We conducted
on-farm trials by growing mungbean during this fallow period to intensify and diversify the cropping system and to increase farmers’ income. Mungbean was established
in 30 farmers’ fields in six villages in Jhenaidah, Meherpur, Kushtia, and Dinajpur
districts during prekharif 2006 and in 13 farmers’ fields in Jhenaidah and Kushtia
districts during prekharif 2007. Recently released short-duration mungbean variety
BARI mung-6 was used in the trial.
Validation of integrated crop management (ICM). The number of farmers’ fields
for the on-farm validation trials on ICM varied among years and seasons. The total
number of farmers’ fields in the aman season was 38 in 2006 and 108 in 2007. In boro
season, this number was 129 in 2007 and 181 in 2008. Each farmer’s field represented
one replication having three treatments. The three treatments were
1. Farmers’ conventional practice (FP): All crop production and fertilizer management practices were done by the farmers following their practice.
2. Integrated crop management along with LCC-aided N application (ICMLCC): Quality (certified) seed, 30- and 35-d-old healthy seedlings in aman
and boro, respectively, site-specific recommended P, K, S, and Zn fertilizer,
and LCC-aided real-time N application were integrated and used by the farmers along with other crop production practices following their practice.
3. Integrated crop management along with N application with the use of USG
(ICM-USG): Same as ICM-LCC except for N fertilizer application. The N
fertilizer as USG was deep-placed within 7–10 DAT at 7–10-cm soil depth
at the rate of one USG of 1.8 g in aman and of 2.7 g in boro in the middle of
4 hills.
In recommended fertilizer management practices, the rates of P, K, S, and Zn
fertilizers for aman were 15, 50, 10, and 2 kg ha–1, respectively, on an elemental basis.
The rates of corresponding nutrients on an elemental basis for boro were 24, 67, 18,
and 2.7 kg ha–1, respectively. In ICM-LCC, N as urea was applied with the use of a
leaf color chart as recommended for Bangladesh (Alam et al 2004). The total amounts
of P as triple superphosphate, K as KCl, S as gypsum, and Zn as zinc sulfate were
applied basally immediately before transplanting rice in both seasons. In the farmers’
fertilizer management practice for aman, only N fertilizer as urea was applied at 90
and 113 kg N ha–1 in 2006 and 2007, respectively, in 2–3 splits at 15–25, 35–40, and
40–60 DAT. In the farmers’ fertilizer management practice for boro, the rates of N, P,
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Table 5. Effects of N management practice on yield and N use
for aman rice during 2005-07.
Grain yield (t ha–1)
N management
practicea

FPN

Total N applied (kg
ha–1)

2005

2006

2007

2005

2006

2007

5.9

5.2

4.8

157

112

134

LCCN

6.4

5.6

5.3

103

105

103

LSD0.05

0.18

0.18

0.03

15

2

15

aFPN = farmers’ N management practice; LCCN = LCC-based N fertilizer
management; mean comparison within a column for each year at 0.05 level
of probability by least significant difference test.

K, S, and Zn fertilizers were 160, 21, 31, 7, and 1 kg ha–1, respectively, in 2007 and
151, 15, 34, 12, and 1 kg ha–1, respectively, in 2008.
Data collection and analysis
Grain yields were obtained from two central 5-m2 harvest areas in each treatment plot
at harvestable maturity. Grain yields are reported at 0.14 g H2O g–1 fresh weight for
rice and at 0.12 g H2O g–1 fresh weight for wheat.
Analysis of variance (ANOVA) was performed with the PROC MIXED procedure of the SAS/STAT software (SAS Institute 1999) to determine the effects of
villages and treatments on yield. Least significant difference and Duncan’s multiple
range test (DMRT) at the 0.05 level of probability were used to examine differences
among treatments. Descriptive statistics such as minimum and maximum values,
means, and standard deviation were used to determine the variability of parameters.
Treatments were evaluated based on added net return relative to the farmers’
practice, which is the difference between added gross return and added cost for a
treatment as compared with the FP. Added gross return equaled additional yield as
rough rice or wheat (yield of treatment – yield of FP) multiplied by the price of yield.
Added cost equaled the sum of costs for differences in labor number multiplied by
wage rate and the costs of additional fertilizer and irrigation in rice and wheat.

Results and discussion
Dissemination of real-time N management with the use of an LCC
Agronomic performance. Fertilizer N management practices affected grain yields and
fertilizer N-use efficiency for transplanted rice in both aman and boro seasons during
2005-07 (Tables 5 and 6). In both seasons of all the years, the use of an LCC for N
management (LCCN) without any other change in farmers’ other crop management
practices increased yields and reduced fertilizer N use compared with FPN. The
increase in yield (0.1–0.5 t ha–1) through use of an LCC for N management resulted
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Table 6. Effects of N management practice on
yield and N use for boro rice during 2006-07.

N management
practicea

FPN

Grain yield (t
ha–1)

Total N applied
(kg ha–1)

2006

2007

2006

2007

7.3

6.1

166

140

LCCN

7.5

6.2

128

124

LSD0.05

0.12

0.03

18

2

aFPN = farmers’ N management practice; LCCN = LCCbased N fertilizer management; mean comparison within a
column for each year at 0.05 level of probability by least
significant difference test.

Table 7. Net effect of LCC-aided real-time N management as compared with farmers’ N management practice (FPN) on yield, N use, cost, and net return for aman
and boro rice during 2005-07.
Amanb

Borob

Parametera
2005
(n = 147)
Yield increase
Farmers’ plot (%)
95
27
Minimum (kg ha–1)
1,804
Maximum (kg ha–1)
551
Mean (kg ha–1)
N savings
Farmers’ plot (%)
99
1.0
Minimum (kg ha–1)
168
Maximum (kg ha–1)
57
Mean (kg ha–1)
Production cost decrease
Farmers’ plot (%)
98
1.0
Minimum (US$ ha–1)
33
Maximum ($ ha–1)
11
Mean ($ ha–1)
Net return increase
Farmers’ plot (%)
92
1.0
Minimum ($ ha–1)
267
Maximum ($ ha–1)
75
Mean ($ ha–1)

2006
(n = 300)

89
1
1,546
442

2007
(n = 104)

93
61
1,528
590

2006
(n = 273)

68
3
1,842
374

2007
(n = 300)

73
9
1,449
265

56
0.3
119
15

99
0.2
118
33

88
0.1
143
51

80
0.1
71
21

34
0.1
25
4

98
0.1
26
6

87
0.1
32
11

73
0.1
14
4

88
0.2
230
66

95
4.0
282
58

82
0.1
279
55

75
0.5
216
41

aAll reported values for the parameters are based on corresponding farmers’ plots having yield increases,
N savings, a cost decrease, and net return increase. bn = number of farmers’ plots.
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from improved timing of fertilizer N application to better match the crop’s needs for
added N rather than increased N fertilizer use (Table 7). In fact, N fertilizer use was
reduced by 15–57 kg ha–1 in the LCCN treatment across seasons and years. Alam et al
(2006) also reported increased rice yield and reduced N use due to use of an LCC for
N management in rice. The yield increases were higher (0.4–0.5 t ha–1) in aman than
in boro (0.1–0.2 t ha–1) because boro is fully irrigated rice in a high-yielding season
when farmers usually take good care of their crops, including better N management.
These findings indicate considerable opportunity to increase farmers’ yields and to
reduce fertilizer N use through use of an LCC for N management in rice without any
other change in fertilizer and crop management practices.
Economic performance of fertilizer N management practices for rice. Use of an
LCC for N management reduced the cost of production in 73–98% of farmers’ fields
across seasons and years, except in aman 2006, when the reduction occurred in 34%
of the farmers’ plots. Although the reduction in fertilizer N ranged from 15 to 57 kg
ha–1, the reduction in cost associated with LCC use was relatively small ($4–11 ha–1)
because LCC-based N management involved additional labor costs for taking LCC
readings and topdressing N fertilizer. The mean increase in net return based on the
farmers’ plots having an increase in net return for use of the LCC for N management
ranged from $41 to $75 ha–1 across seasons and years (Table 7). The increase in net
return virtually resulted from increased grain yield rather than reduced N fertilizer cost.
The high variability associated with added net return for LCCN indicates substantial
field-to-field variation in soil fertility, efficiency of N fertilizer use, and other crop
management practices by farmers across seasons and years.
Thus, LCC-based N management for rice is ready for delivery and dissemination
to farmers in the country, which could increase rice yields and save large amounts of
urea fertilizer nationwide and thus save foreign currency used for importing urea. In
fact, seeing the positive results of the LCC in increased yield and fertilizer N savings,
the government of Bangladesh took on a nationwide program on LCC popularization
and dissemination through the Department of Agricultural Extension (DAE). The DAE
imported 180,000 LCC units and distributed them to farmers all over the country.
Farmers will use these LCC from boro 2008-09. We gave training to 465 officers of
the DAE at district and upazilla levels on LCC use in rice; they will in turn train and
support rice farmers throughout the country in forthcoming seasons.
Validation of direct wet seeding of rice with the use of a drum seeder
Yield performance. The grain yield response to the crop establishment method was
not significant in both aman and boro seasons (Table 8). In aman 2006, CT-DrumR
yielded 5.1 t ha–1, which was similar to that of CT-TPR (5.2 t ha–1) transplanted 35
days after seeding (corresponds to the general recommended transplanting date). In
boro 2007, the yields of CT-DrumR (6.3 t ha–1) and CT-TPR (6.4 t ha–1) were also
similar. Similar yields in transplanted and wet-seeded rice were also reported by others
(Pandey et al 2002, PARC-WRC 2003, Tripathi et al 2003, BRRI 2005).
Net effect of wet seeding by a drum seeder. Although there was no significant
yield difference between CT-TPR and CT-DrumR, the latter yielded slightly higher
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Table 8. Effect of crop establishment methods
on yields of aman and boro rice during 200607.
Grain yield (t ha–1)b

Crop establishment
methoda

Aman 2006

Boro 2007

CT-TPR

5.2

6.4

CT-DrumR

5.1

6.3

ns

ns

aCT-TPR = conventional-till (puddled) transplanted rice;
CT-DrumR = conventional-till (puddled) drum-seeded
rice. bns = not significant.

Table 9. Net effects of conventional-till (puddled) drumseeded rice (CT-DrumR) as compared with conventionaltill (puddled) transplanted rice (CT-TPR) on yield, cost,
and net return for aman and boro rice during 2006-07.
Parametera
Yield increase
Farmers’ plot (%)
Minimum (kg ha–1)
Maximum (kg ha–1)
Mean (kg ha–1)
Labor savings
Farmers’ plot (%)
Minimum (person-days ha–1)
Maximum (person-days ha–1)
Mean (person-days ha–1)
Production cost decrease
Farmers’ plot (%)
Minimum (US$ ha–1)
Maximum ($ ha–1)
Mean ($ ha–1)
Net return increase
Farmers’ plot (%)
Minimum ($ ha–1)
Maximum ($ ha–1)
Mean ($ ha–1)

Aman 2006
(n = 30)b

Boro 2007
(n = 15)b

57
8
537
248

53
197
661
364

100
33
33
33

100
20
35
31

100
36
42
39

53
2
2
2

77
2
120
60

53
21
104
54

aAll reported values for the parameters are based on corresponding
farmers’ plots having yield increases, N savings, a cost decrease, and
net return increase. bn = number of farmers’ plots.
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Table 10. Effect of different establishment methods on wheat yield during 2006-08.
Grain yield (t ha–1)
Establishment methoda
2006

2007

2008b

CT-BCW

1.8

2.6

3.0

RT-DSW (PTOS)

2.2

3.0

RT-DSW (PTOS) + RF

2.8

3.5

ZT-DSW + RF

1.4

3.2

LSD0.05

0.13

0.11

4.0
0.06

aCT-BCW = conventional-till broadcast wheat; RT-DSW
(PTOS) = reduced-till drill-seeded wheat (power tiller–operated seeder); RF = recommended fertilizer; ZT-DSW = zerotill drill-seeded wheat. Mean comparison within a column for
each year at 0.05 level of probability by least significant difference test. bTwo treatments, CT-BCW and RT-DSW (PTOS)
+ RF, were tested in 2008.

in 57% of the farmers’ plots in aman 2006 and in 53% of the farmers’ plots in boro
2007, by 248 kg ha–1 in aman and 364 kg ha–1 in boro (Table 9). In both aman and
boro seasons, CT-DrumR saved labor use in 100% of the plots by 33 person-days ha–1
in aman and 31 person-days ha–1 in boro. In aman, CT-DrumR reduced total input and
operational costs in 100% of the farmers’ plots by $39 ha–1 mainly due to savings in
labor cost. But, in boro, the total input and operational costs in CT-DrumR did not
outweigh the savings in labor cost and thus resulted in a decrease in production cost
in 53% of the farmers’ plots by $2 ha–1 mainly due to increased irrigation cost. Even
though CT-DrumR produced grain yield similar to that of the generally practiced
transplanted rice (CT-TPR), it resulted in a higher net return in 77% of the farmers’
plots by $60 ha–1 in aman and in 53% of the farmers’ plots by $54 ha–1 in boro (Table
9). A lower labor requirement and higher farm-gate price of paddy at earlier harvest
of CT-DrumR were the main reasons for such profitability.
The high variability in yield decrease and added net return was due to substantial
plot-to-plot variation in farmers’ management practices in CT-DrumR. The results
indicated that CT-DrumR technology needs further study with farmers to improve
and refine the technology before large-scale validation and delivery can take place.
Validation of reduced tillage in wheat establishment
with the use of a PTOS
The grain yield response to the crop establishment method in wheat was significant
in all seasons during 2006-08 (Table 10). The use of a PTOS alone for establishing
wheat without any other change in farmers’ crop and fertilizer management practices
increased yield by 0.4 t ha–1 in 2006-07 and 2007-08. Use of N, P, and K at currently
recommended rates along with a PTOS further increased yield by 0.6 t ha–1 in 2006-07
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Table 11. Average agroeconomic productivity of mungbean grown in the fallow period as a
prekharif (premonsoon) crop in between wheat and rice in the existing rice-wheat cropping
system in different villages during 2006-07.
Prekharif, 2006b
Village,

districta
Grain yield
(t ha–1)

Total variable
cost (US$ ha–1)

Gross return
($ ha–1)

Net return
($ ha–1)

Borai, Jhenaidah (n = 6)

2.0 ± 0.3

127 ± 15

1,263 ± 198

1,136 ± 205

Gornorpur, Dinajpur (n = 4)

0.6 ± 0.07

61 ± 9

425 ± 49

364 ± 57

Jolivila, Meherpur ( n = 3)

1.6 ± 0.4

108 ± 5

1,160 ± 287

1,052 ± 283

Patikabari, Kushtia (n = 5)

1.5 ± 0.2

101 ± 18

961 ± 118

860 ± 127

Rampur, Dinajpur (n = 7)

0.7 ± 0.05

71 ± 5

438 ± 35

366 ± 36

Vatga, Dinajpur ( n = 5)

0.8 ± 0.05

108 ± 6

511 ± 31

403 ± 31

Across sites (n = 30)

1.2

773 ± 377

677 ± 360

96 ± 26

Prekharif, 2007b
Patikabari, Kushtia (n = 6)

0.9 ± 0.06

101 ± 1

650 ± 46

549 ± 46

Saduhati, Jhenaidah (n = 7)

1.2 ± 0.06

101 ± 1

867 ± 42

766 ± 41

Across sites (n = 13)

1.0 ± 0.2

101 ± 1

767 ± 120

666 ± 120

an

= number of farmers’ plots. bMeans ± standard deviation (S.D.).

and by 0.5 t ha–1 in 2007-08. The use of zero-till for establishment of wheat along with
the use of N, P, and K at currently recommended rates (ZT-DSW + RF) reduced yield
compared with CT-BCW–farmers’ practice because of uneven germination and weed
problems. Based on the experience in 2006, the zero-till drill was further improved
and, in 2007, ZT-DSW + RF yielded 3.2 t ha–1.
The results in 2006 and 2007 indicated that the PTOS is ready for large-scale
validation and delivery for establishing wheat to increase yield. The use of N, P, and
K at recommended rates along with a PTOS could maximize yield in farmers’ fields.
In 2008, only two treatments—RT-DSW (PTOS) + RF and CT-BCW—were demonstrated in a large number of farmers’ fields. RT-DSW (PTOS) + RF increased yield
from 3.0 t ha–1 in CT- BCW (farmers’ practice) to 4.0 t ha–1. Thus, a PTOS alone or
with N, P, and K at recommended rates has great potential for increasing wheat yields
in farmers’ fields and it is ready for large-scale dissemination in the country.
Crop diversification
Across sites, mungbean (var. BARI mung-6) grown in the fallow period between
wheat and aman rice produced 1.2 and 1.0 t ha–1 grain in the prekharif season of
2006 and 2007, respectively (Table 11). Farmers earned an additional net income of
$677 ha–1 in 2006 and $666 ha–1 in 2007. The results indicated that BARI mung-6
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Table 12. Effect of integrated crop management (ICM) practices on yield; N, P, and K
uses; cost; and net return across seasons and years in aman rice during 2006-07.
Integrated crop
management
practicesa

Yield
(t ha–1)b

Fertilizer use (kg ha–1)b
N
101 a

P

K

Yield
increase
(t ha–1)c

Cost increase
(US$ ha–1)d

Net return
($ ha–1)d

FP

3.6 b

0b

0b

ICM–LCC

4.4 a

88 ab

12.5 a

50 a

0.8 *

76 ns

56 ns

ICM–USG

4.3 a

51 b

12.5 a

50 a

0.7 *

77 ns

39 ns

aFP = farmers’ conventional practice; ICM–LCC = ICM along with LCC-aided N application; ICM–USG = ICM
along with N application with the use of urea supergranules. bMeans within a column having same letters are
not significantly different at 0.05 level of probability. c* = significant at 0.05 level (P <0.05) from FP. dns =
not significant at 0.10 level (P >0.10) from FP.

Table 13. Effect of integrated crop management (ICM) practices on yield; N, P, and K
uses; cost; and net return across seasons and years in boro rice during 2007-08.
Integrated crop
management
practicesa

Yield
(t ha–1)b

Fertilizer use (kg
ha–1)b
N

P

K

Yield
increase
(t ha–1)c

Cost
increase
(US$ ha–1)d

Net return
($ ha–1)c

FP

6.3 b

153 a

19 a

34 b

ICM–LCC

7.1 a

104 b

23 a

67 a

0.8 +

49 ns

106 *

ICM–USG

7.0 a

77 c

23 a

67 a

0.7 *

53 ns

78 +

aFP = farmers’ conventional practice; ICM–LCC = ICM along with LCC-aided N application; ICM–USG =
ICM along with N application with the use of urea supergranules. bMeans within a column having same
letters are not significantly different at 0.05 level of probability. c* = significant at 0.05 level (P <0.05)
from FP; + = significant at 0.10 level (P < 0.10) from FP. dns = not significant at 0.10 level (P >0.10)
from FP.

could be a best fit in the existing rice-wheat system and this could increase farmers’
income substantially.
Validation of integrated crop management
Integrated crop and resource management along with either LCC-aided N management (ICM–LCC) or N management with the use of urea supergranules (ICM–USG)
increased grain yields of rice across seasons and years (Tables 12 and 13). The yield
increases were similar in ICM–LCC and ICM–USG (0.8 and 0.7 t ha–1, respectively)
in both aman and boro seasons. Farmers applied more N fertilizer than required but
no P and K in aman and lower P and K in boro season. Although the cost of production in both ICM–LCC and ICM–USG compared with FP increased by $76–77 ha–1
in aman and by $49–53 ha–1 in boro season, the increases were not significant and
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Table 14. Number of training events, workshops, field day, field
visits, and telecasts organized along with number of participants
during 2005-07.
Event (type)

Events
(no.)

Participants
(no.)

Training for DAE personnel on LCC, PTOS,
and drum seeder use

8

1,450

Training for farmers on LCC, PTOS, and
drum seeder use

7

615

Field day at crop harvest

5

800

Workshop on review results and planning
of activities

2

50

Field vists by administrators, policymakers,
scientists, and DAE officers

3

40

Telecasting of field performance of different
technologies demonstrated

2

–

were similar to each other (Tables 12 and 13). The increased cost of production in
ICM was mainly due to increased P and K use compared with FP. The increases in net
return in ICM along with both LCC and USG were not significantly different from FP
in aman ($39–56 ha–1) but higher in boro by $106 ha–1 with ICM–LCC and $78 ha–1
with ICM–USG. The results indicated that ICM has potential to increase rice yield
substantially and farmers’ net returns. ICM is ready for large-scale validation before
delivery and dissemination can take place in the country.
Training and communication
Training on the use of resource-conserving technologies such as the LCC, drum seeder,
and PTOS; field days; workshops; field visits; and telecasts of the field performance of
different technologies were organized. In total, 1,450 farmers and 615 DAE personnel
were trained and 5 field days, 2 workshops, 3 field visits by administrators, policymakers, scientists, and DAE personnel, and 2 telecasts by Bangladesh Television (BTV)
were organized (Table 14).

Conclusions
The benefits of using an LCC for managing fertilizer N for rice, a PTOS for establishing wheat, ICM for rice, and the introduction of mungbean in the rice-wheat system
were successfully validated and demonstrated in farmers’ fields. All the technologies
have great potential to increase crop yields and farmers’ net income. LCC-aided N
management alone without any other change in farmers’ other fertilizer and crop
management practices increased yield by 0.1–0.5 t ha–1 and net return by $41–75 ha–1
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across seasons and years. Similarly, crop diversification and intensification of the ricewheat system with short-duration mungbean increased net income by $666–677 ha–1.
Use of a PTOS for establishment of wheat alone also increased yield by 0.5–0.6 t ha–1
and, along with recommended N, P, and K, the increase was 1.0 t ha–1. The increase
in grain yield and net return using ICM for rice was 0.7–0.8 t ha–1 and $39–106 ha–1,
respectively. Technologies such as LCC-aided N management, a reduced-till drill
seeder for wheat–PTOS, mungbean cultivar BARI mung-6, and ICM package for rice
are ready for delivery and dissemination in the country. Conventional-till (puddled)
drum-seeded rice (CT-DrumR) for wet seeding requires further study with farmers
to refine and improve the technology before large-scale validation and delivery can
take place.
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Laser-assisted precision land leveling:
a potential technology for resource
conservation in irrigated intensive
production systems of the IndoGangetic Plains
M.L. Jat, Raj Gupta, P. Ramasundaram, M.K. Gathala, H.S. Sidhu, Samar Singh, Ravi G. Singh,
Y.S. Saharawat, V. Kumar, P. Chandna, and J.K. Ladha
Precision agriculture–based resource-conserving technologies (RCTs) in their
version of laser-assisted land leveling, introduced at the farm level in the
Indo-Gangetic Plains of India in 2001, could examine the many issues of the
intensive irrigated rice-wheat system. We attempted to study the potential
benefits and impact of laser-assisted precision land leveling (PLL) in various
crops and cropping systems under different agroecologies through on-station
and researcher-managed on-farm trials. In on-station trials, PLL improved RW
system productivity by 7% and saved irrigation water by 12% and profitability by
US$113–175 ha–1 compared with traditional land leveling (TLL). Under on-farm
trials conducted in the northwestern IGP, we found that PLL enhanced RW system
productivity by 10%, 11%, and 19% with water savings of 23%, 25%, and 30%
in western Uttar Pradesh, Punjab, and Haryana, respectively. In the eastern IGP,
the savings in irrigation costs in different crops in laser-leveled fields compared
with traditional leveling ranged from $20 to $30 ha–1. The increase in farm
profitability under laser land leveling was nearly $200–300 ha–1 year–1. Impact
studies revealed that laser-leveling technology has been adopted on nearly
200,000 ha in the IGP, which saved electricity for $6 and $13 million in the
RW system of Punjab and western Uttar Pradesh, respectively, with a significant
increase in crop yields and savings in irrigation water. These studies suggest
that, to sustain the intensive irrigated systems in general and the RW system
of the IGP in particular, the integration of laser-assisted precision land leveling
with other RCTs could be a viable option. However, the long-term effects of these
alternative technologies need to be studied under varying agroecologies.

Stagnating productivity growth and declining input-use efficiency under the current
production practices in intensive irrigated farming of the Indo-Gangetic Plains (IGP)
coupled with the diminishing availability of water for agriculture is a major concern
for food security in South Asia (Ladha et al 2003, Gupta and Seth 2007, Gupta et al
2003). Improving resource-use efficiency and crop productivity is of utmost importance in the IGP, where water is the most limiting input for productivity in most of
the rice-growing regions of the IGP (Gupta and Sayre 2007).
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Laser-assisted precision land leveling (PLL) has the potential to improve resource-use efficiency in the surface-irrigated system of the IGP. Precision land leveling
is a process of smoothening the land surface within + 2 cm of its average micro-elevation using a laser-equipped drag scrapper. Surface irrigation either through flood or
check basin methods is the major irrigation practice of the majority of growers in this
region. Light-textured soils under undulating topography lead to uneven distribution
of water, which limits water and nutrient availability to crop plants. Undulated crop
fields when flood-irrigated lead to spatial variability in the field and therefore in crop
performance, owing to nutrient leaching under excessive water at lower elevations
and the inadequate availability of irrigation water at higher elevations (Jat et al 2003).
In this respect, Hill et al (1991) rated the development of laser technology for precision land leveling as second only to the breeding of high-yielding crop varieties for
meeting the challenges of crop production and resource-use efficiency. Improvement
in operational efficiency (Rickman 2002, Rajput et al 2004), weed control efficiency
(Jat et al 2004), water-use efficiency (Sattar et al 2003, Rajput and Patel 2005, Jat et al
2006), nutrient-use efficiency (Chaudhary et al 2002), crop productivity and economic
returns (Chaudhary et al 2002, Rickman 2002, Jat et al 2006), and environmental
benefits (Jat et al 2006) have been reported as a result of precision land leveling when
compared with the traditional practice of land leveling.
In recent years, conservation agriculture (CA)–based resource-conserving
technologies (RCTs) are being advocated in South Asia for improving resource-use
efficiency, especially water-use efficiency (WUE), farm profitability, and energy savings in intensive irrigated farming systems. However, the literature indicates that the
performance of different RCTs varied among farmers mainly due to the variability in
crop establishment, which has a direct bearing on the levelness of the field, particularly
under no-till conditions (Jat et al 2006). In the IGP, traditionally leveled fields have
frequent dikes and ditches within the fields and field slopes vary from 1° to 5° across
the region (Jat et al 2006). Recent studies indicated interactive effects of land leveling
and CA–based RCTs across the IGP (Jat et al 2008, unpublished). Coupling laser-assisted precision land leveling and CA–based RCTs has shown tremendous potential
not only for enhancing overall resource-use efficiency but also for accelerating the
adoption of conservation agriculture in the IGP. In this paper, we attempted to summarize (1) the potential benefits of laser land-leveling technology as studied through
on-station and farmer participatory on-farm trials across the IGP, and (2) the adoption
and impact of laser-leveling technology in the IGP of India.

Materials and methods
On-station trials
Experimental site and treatment description. A field study was conducted on a sandy
loam soil (Typic Ustochrept) at the Project Directorate for Cropping Systems Research,
Modipuram, (29o4′N, 77o46′E, 237 m above mean sea level), India (satellite site of
a project funded by the Asian Development Bank), from 2005 to 2007 to assess the
interactive effect of land leveling and tillage and crop establishment (TCE) techniques
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in the RW system on crop yield and water productivity. The experimental design was
a split-plot with three replications. The main plots consisted of two land-leveling
treatments: (1) laser-assisted precision land leveling (PLL) and (2) traditional land
leveling (TLL). Subplot treatments for rice and wheat consisted of four tillage and
crop establishment (TCE) methods: (a) TCE1: conventional puddling for transplanted
rice and conventional tillage for wheat (CT-TPR/CT-DSW), (b) TCE2: zero-till direct
seeding for rice and zero-till wheat (ZT-DSR/ZT-DSW), (c) TCE3: conventional tillage
for direct-seeded rice and conventional tillage for wheat (CT-DSR/CT-DSW), and (d)
TCE4: raised beds (67.5 cm furrow to furrow) with no-tillage for direct-seeded rice
and wheat on permanent beds (Bed-DSR/Bed-DSW).
The size of the main plots was 40 m × 10 m and of the subplots was 8 m × 10
m. Both rice and wheat were managed using recommended practices.
Crop yield determination. At maturity, rice and wheat were harvested manually
at 10 cm above ground level. Grain and straw yields were determined from an area
of 70.2 m2 in flat beds and 69.7 m2 in raised beds located in the center of each plot.
Grain moisture was determined immediately after weighing. Grain yields of rice and
wheat were reported at 14% and 12% moisture content, respectively.
Water application and water productivity measurements. Irrigation water was
applied using polyvinyl chloride pipes of 15-cm diameter and the amount of water
applied to each plot was measured using a water meter (Dasmesh Co., India). The
quantity of water applied and the depth of irrigation were computed using the following equations:
Quantity of water applied (L) = F × t

[1]

Depth of water applied (mm) = (L/A)/1,000

[2]

where F is flow rate (L s–1), t is time (s) taken during each irrigation, and A is the area
of the plot (m2).
Rainfall data were recorded using a rain gauge and the total rainfall received
during the crop seasons is given in Table 1. The total amount of water (input water)
applied was computed as the sum of water received through irrigations and rainfall (I
+ R). Water productivity (WPI+R) (kg grains m–3 of water) was computed as follows
(Humphreys et al 2006):
WPI+R = grain yield (kg ha–1)/[irrigation water applied (m–3)
+ rainfall received by the crop (m3)] ha–1

[3]

On-farm participatory trials
Numerous farmer participatory trials in the rice-wheat system of the western and
eastern IGP were conducted to evaluate the performance of laser land leveling. In
the former, Punjab, Haryana, and western Uttar Pradesh and in the latter Bihar were
covered. Table 2 provides the details of trials and various measurements made.
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Table 1. Effect of land leveling and tillage and crop establishment (TCE) techniques on yield
(t ha–1), total water application, and input water productivity (kg grain m–3 input watera) of
the rice-wheat (RW) cropping system.

RW system yield
(t ha–1)
Land leveling

Laser

Mean
Traditional

TCE

Input (irrigation +
rain) water productivity (kg grain m–3
water)

200506

200607

200506

200607

200506

200607

CT-TPR/CT-DSW

11.9 a

12.5 a

217 c

215 b

0.39 ab

0.46 bc

ZT- DSR/ZTDSW

11.6 ab

11.8 ab

190 e

171 e

0.41 a

0.52 a

RT-DSR/CTDSW

11.4 ab

11.2 ab

198 d

183 d

0.40 ba

0.47 ab

Bed DSR/BedDSW

10.1 bc

8.5 c

172 f

152 f

0.38 bac

0.41 d

10.99

194

180

0.40

0.46

CT-TPR/CT-DSW

11.24

11.1 ab

11.8 ab

249 a

234 a

0.33 d

0.41 d

ZT- DSR/ZTDSW

11.2 ab

10.7 b

226 b

203 c

0.35 bcd

0.41 d

RT-DSR/CTDSW

11.0
abc

10.7 b

232 b

202 c

0.34 cd

0.41 cd

7.7 c

195 de

176 e

0.34 d

0.33 e

226

204

0.34

0.39

0.017

0.003

Bed DSR/BedDSW
Mean

Total water
(irrigation + rain)
application (cm
ha–1)

10.71

9.58 c
10.23

ANOVA
Leveling
TCE
Leveling × TCE

ns

0.010

0.002

0.003

0.017

<0.001

<0.001

<0.001

ns

0.002

ns

ns

ns

0.004

ns

ns

aCalculated on the basis of irrigation water + rainfall during the crop season, rice (2005) = 81.5 cm, wheat (200506) = 8.2 cm, RW system (2005-06) = 89.7 cm, rice (2006) = 45 cm, wheat (2006-07) = 11.5 cm, RW system
(2006-07) = 56.4 cm. ns = nonsignificant.

Impact assessment
An impact study to quantify the benefits was conducted in the two districts (Meerut
and Ghaziabad) of western Uttar Pradesh, and 55 adopter-farmers were surveyed. The
average education of the adopters was 9.9 years. Based on an analysis of the survey
schedule data collected from the adopters and nonadopters, the farm-level benefits of
the laser-leveling technology were computed. To compute the regional-level benefits,
a survey of 30 custom service providers was conducted in Meerut and Ghaziabad districts. The economics of custom services and estimates of the approximate area under
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Table 2. Status of precision land leveling in on-farm participatory trials conducted in the IndoGangetic Plains.
Observation recorded
State

Punjab

Districts
covered

No. of
trials

Years

3

22

2006-07

Area
change

Time
taken

Water
savings

Water
cost

Yield
change

Net
return

×

×

√

×

√

√

Haryana

4

92

2005-06

√

√

√

×

√

√

Western Uttar
Pradesh

4

64

2005-07

×

×

√

×

√

√

Bihar

8

52

2006-07

×

×

×

√

×

×

laser leveling and the benefits accrued to the region were worked out using standard
rates of inputs and outputs.

Results and discussion
On-station trial
Crop yield and water productivity. System productivity (rice + wheat) was not influenced by land leveling in year 1 (2005-06); however, in year 2 (2006-07), laser land
leveling improved system productivity by 7% compared with traditional land leveling
(Table 2). Different tillage and crop establishment (TCE) methods influenced total
system productivity in both years. In both years, system productivity under the double
zero-till system (ZT-DSR/ZT-DSW) under laser-assisted precision land leveling (PLL)
and traditional land leveling (TLL) was similar to that under the conventional tillage
method (CT-TPR/CT-DSW) but was 16–38% higher than under the permanent bed
system (Bed-DSR/Bed-DSW). Results demonstrate that the effects of PLL on system
productivity were not observed in the initial year of the study but it improved system
productivity in the second year compared with the TLL. This suggests the importance
of studying the interactive effects of land leveling and tillage/establishment techniques
in a systems’ perspective to evaluate the full benefits of a technology. Our results were
consistent with previous studies showing the effects of PLL on improvement of crop
yield (Chaudhary et al 2002, Rickman 2002, Jat et al 2006).
Total water application. Overall water savings for the entire system were 14%
higher under PLL than under TLL in both years (Table 2). The amount of water application varied significantly among different TCE methods in both PLL and TLL
plots. Among TCE methods, total water application in the two years was lowest in
the permanent-bed system (1,525 to 1,720 mm in PLL and 1,758 to 1,954 mm in
TLL), followed by double zero-till (1,708 to 1,903 mm in PLL and 2,034 to 2,262
mm in TLL), and the maximum water application occurred in the conventional system
(2,146 to 2,173 mm in PLL and 2,344 to 2,494 mm in TLL). The effects of different
TCE methods on water savings did not vary with type of leveling in year 1. In year 2,
Laser-assisted precision land leveling: a potential technology for resource conservation in irrigated . . .
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compared with other TCE methods, water savings in double ZT plots increased from
13% in TLL to 20% in PLL plots. The study demonstrated that water application in
the RW system was 12–14% lower in PLL than in TLL (Table 1). These results are in
general agreement with those of Choudhary et al (2002), Rajput et al (2004), and Jat
et al (2006), who have reported 15–20% water savings in PLL compared with TLL.
The improvement in water application when shifted from TLL to PLL was highest in double zero-till and raised-bed plots and lowest in conventional-till plots (Table
2). In raised beds, water is applied in furrows, wherein, during the process of creation
of beds and furrows, the shovel of the furrow opener presses the soil at the bottom
of the furrow, which facilitates faster movement of water in the furrows compared
with flat-land layouts. Zero-till plots are less disturbed than conventional-till plots;
therefore, leveling of fields is maintained longer in zero-till plots. Data also indicate
that the effects of laser leveling on water savings are likely to remain for a longer
period in double zero-till plots and permanent-bed systems than in conventional-till
plots.
Water productivity. The mean RW system input water productivity was significantly higher in laser-leveled plots (0.40 and 0.46 kg grain m–3 water in 2005-06 and
2006-07, respectively) than in traditionally leveled plots (0.34 and 0.39 kg grain m–3
water during years 1 and 2, respectively) (Table 1). In year 1, input water productivity of the RW system was not affected by TCE, whereas it was influenced by TCE
methods in year 2 (P = 0.002). The permanent-bed system (Bed-DSR/Bed-DSW) had
the lowest water productivity (0.37 kg grain m–3) and water productivity of the other
TCE methods was similar, ranging from 0.43 to 0.46 kg grain m–3. Sayre and Moreno
Ramos (1997), Bhushan et al (2007), and Jat et al (2008) reported that wheat on raised
beds has an advantage in using less water, but, in terms of water productivity, this is
off-set by lower yield.
On-farm farmers’ participatory trials
Western Indo-Gangetic Plains, Punjab. Results have shown a 5–15% increase in
rice yield under laser-assisted precision land leveling compared with traditional land
leveling, with an average yield increase of 11% across the sites during the first year
of land leveling (Table 3). Further, average irrigation water savings due to precision
land leveling across the sites was 25%, with an average cut and fill of 10 to 14 cm.
This 25% water savings translates into savings of 40 cm of irrigation water as rice
production in Punjab requires nearly 160 of cm water, which is almost equivalent to
the total water required for growing a wheat crop.
Haryana. The time taken for laser leveling varied from field to field because of
variation in field slope and topography. The time taken ranged from 3.4 to 27.7 hours
ha–1, with an average of 7.2 ± 3.4 hours ha–1 (Table 4). The increase in area under
cultivation due to laser leveling varied from 1.5% to 6%, with an average increase of
3.2% ± 1.2%. Laser leveling had a significant advantage in RW system productivity
(Fig. 1), which varied from 14% to 30%, with an average of 19.27% ± 4.32%, with
irrigation water savings ranging from 22% to 40% (mean 30.1% ± 4.53%). Estimates
revealed that the farmers’ net income increased by nearly $200–300 ha–1 annum–1
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Table 3. Comparative rice yields and irrigation water savings under laser and traditional
land leveling, Punjab, India.
Rice grain yield (t ha–1)

Sites

Average yield
increase under
laser leveling (%)

Savings in irrigation
water under laser
leveling over
traditional leveling (%)
26.2

Laser leveling

Traditional
leveling

Site 1a

8.78 ± 0.33

7.73 ± 0.21

13.60

2a

8.30 ± 0.46

7.53 ± 0.39

10.30

–

Site 3a

7.60 ± 0.21

7.00 ± 0.25

8.57

25.0

Site 4b

8.14 ± 0.44

7.72 ± 0.38

5.44

24.1

Site 5c

7.77 ± 0.35

7.28 ± 0.40

6.70

–

6d

8.43 ± 0.40

7.35 ± 0.35

10.82

25.1

Site

Site

Mean across sites

14.6

–

aBased

on replicated (3) trials. bAverage of 11 farmers. cAverage of 3 farmers. dAverage of 5 farmers. ± standard deviation, – = no data available.

Table 4. Land leveling and crop establishment effects on average rice grain yield, irrigation
water application, and water productivity in western Uttar Pradesh, India.

Land leveling

Laser
Traditional
Mean

Grain yield (t ha–1)

Irrigation water
application (m3 ha–1)

Water
productivity (kg
grain m–3 water)

2005a

2006b

2005a

2005a

CT-DSR

5.25 ab

4.90 a

11,200 d

9,067 d

0.50 a

0.54 a

CT-TPR

5.41 a

4.94 a

13,718 c

10,150 ab

0.39 b

0.49 b

CT-DSR

5.10 b

4.18 bc

12,471 b

9,400 c

0.41 b

0.45 b

CT-TPR

4.98 bc

4.49 b

15,056 a

11,171 a

0.33 c

0.40 c

5.19

4.63

13,111

0.41

0.47

Crop
establishment

2006b

9,947

2006b

a17

trials. b15 trials. Within a column, means followed by the same letter are not significantly different at the 0.05
level of probability by Duncan’s multiple range test.

through the adoption of laser land-leveling technology compared with conventional
practices.
Western Uttar Pradesh. In both years, rice yields in both CT-DSR and CT-TPR
increased with laser land leveling compared with traditional land leveling (Table 4).
Laser land leveling increased rice grain yield by 6% and 12% compared with traditional
land-leveling practices in years 1 and 2, respectively.
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Fig. 1. Comparative benefits of laser leveling over traditional
practices under farmer participatory field trials in the rice-wheat
system in Haryana, India (data are averages for 92 on-farm
trials).

The average water savings in rice under laser leveling compared with traditional
leveling were 9.5% in 2005 and 6.6% in 2006 (Table 4). Further, it was recorded that
the water savings due to laser leveling compared with traditional leveling were more
in CT-TPR (1,338 and 1,021 m3 ha–1 in 2005 and 2006, respectively) than in CT-DSR
(with 1,271 and 333 m3 ha–1 in 2005 and 2006, respectively). A marked improvement
in water productivity of rice was recorded with laser land leveling compared with
traditional leveling irrespective of crop establishment techniques; however, in year
1, the improvement was much more under CT-DSR than under CT-TPR, but in year
2 it was similar under both establishment techniques (Table 4).
Results of 64 participatory field trials on the comparative performance of laser
and traditional land leveling in the RW system conducted in Ghaziabad and Meerut
districts of Uttar Pradesh demonstrated that more than 54 farmers saved about 5–10
ha-cm of water in wheat and 10–15 ha-cm of water in puddled transplanted rice, with
average water savings of 6 and 12 ha-cm, respectively (Fig. 2).
Eastern Indo-Gangetic Plains. Land leveling is a big issue in the Eastern Gangetic Plains, more particularly in north Bihar, where fields are uneven and irrigation
water is lifted mainly by diesel-operated pumps. Farmers normally do leveling by
tractor-drawn levelers/boards or by bullocks using wooden planks, wherein, even after
the best efforts and heavy investments in traditional leveling, 8–15 cm deviation in
field level exists, which leads to poor yields, low water productivity, and poor profitability. Keeping in view the importance of laser land leveling, systematic work on
laser-assisted precision land leveling began during November 2006 with support of
three laser units by the RWC for farmers for custom services. In our study, we found
that, on average, it took 10–12 hours to level 1 ha of land using a laser-equipped drag
230

Jat et al

Savings in irrigation water (ha-cm)
16
14
12
10
8
6
4
2
Rice

Wheat

Fig. 2. On-farm assessment of water
savings with laser leveling compared
with traditional leveling in the ricewheat cropping system in western
Uttar Pradesh, India (data are averages for 64 on-farm trials).

scrapper that costs $90–135 ha–1 depending on soil type, cut and fill, and length of
the field. In these trials, various parameters were studied but, more precisely, savings
in irrigation cost in different crops were monitored in various districts of Bihar. The
savings in cost of irrigation water recorded across the state in rice, wheat, maize, and
potato were $21, $26, $24, and $30 ha–1, respectively. Crop-wise analysis showed
that savings in irrigation cost under laser leveling compared with traditional leveling ranged from $11 to $32 ha–1 in rice, $14 to $44 ha–1 in wheat, $14 to $35 ha–1
in maize, and $27 to $32 ha–1 in potato (Table 5). In addition, farmers also observed
better germination and crop stand of crops after precision land leveling, which resulted
in higher productivity.
Adoption and impact of laser land leveling
Laser-assisted precision land leveling is a new technology in India introduced at the
farm level during 2001 in Ghaziabad, western Uttar Pradesh. Efforts are being made
to accelerate the adoption of this technology as an entry point for conservation agriculture–based resource-conserving technologies for realizing the potential benefits of
RCTs at the farm level. Being a technology requiring an investment, initial progress was
very slow, but large-scale demonstrations and promoting custom services has resulted
in fast progress during the past three years (Fig. 3) and nearly 925 farmers are now
rendering custom services on laser technology in the Indo-Gangetic Plains of India,
mainly concentrating in western IGP. The adoption of laser-leveling technology is fast
accelerating and we estimate that nearly 0.2 million ha have been brought under this
technology in the IGP. The diffusion of laser land leveling appears in Figure 4.
Farm-level benefits. The average holding size of adopters was 2.87 ha, whereas
the average area under laser leveling was 1.10 ha. Among different crops in the study
area, the maximum area under laser leveling was in rice (1.71 ha), followed by wheat
(1.10 ha) and sugarcane (0.52 ha). The average time required for laser leveling of 1 ha
was 11 hours depending on the size, slope, and shape of the field and the average rent
Laser-assisted precision land leveling: a potential technology for resource conservation in irrigated . . .
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Table 5. Savings in irrigation costs in different crops under laser land leveling compared
with traditional leveling in different districts of Bihar, India.
Savings in cost of irrigation (US$ ha–1)
Districts
Ricea
Vaishali

Wheat

–

Madhepura
Samastipur

Maize

44 ± 4 (7)

18 (1)

–

Potato

–

–

–

32 (1)

–

14 ± 5 (7)

–

27 (1)

22 ± 9 (5)

22 ± 8 (11)

14 ± 4 (4)

–

Jamui

–

22 ± 9 (3)

Purnea

32 ± 5 (3)

Begusarai

Patna
East Champaran
Mean across state

–

–

–

35 ± 6 (3)

–

–

–

22 ± 4 (2)

–

11 ± 3 (2)

18 ± 7 (10)

–

–

20.8 ± 8.8 (11)

25.5 ± 12.9 (38)

23.7 ± 10.6 (9)

29.5 ± 3.5 (2)

aNumbers in parentheses indicate number of participatory field trials.
± Standard deviation. – = no data available.
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Fig. 3. Growth of laser leveler custom service providers in Indo-Gangetic
Plains of India.
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Fig. 4. Diffusion of laser land leveling in the Indo-Gangetic Plains of India.

was $8.60 h–1. Postleveling, the time saved per irrigation ranged between 1 hour and
30 minutes in rice to 1 hour and 45 minutes in wheat, and the corresponding savings
in electricity were 2.28 and 4.06 units. The approximate savings in irrigation water at
the farm level ranged from 20% to 33% and electricity charges from $13.20 in rice to
$8.30 ha–1 in wheat. Adopters reported that laser leveling done once remained intact
for 3 years depending on the type of equipment used for cultivation and the direction
of the plowing.
Partial budgeting worked out for this three-year period for wheat showed that the
additional cost of $158 ha–1 primarily included initial leveling expenses of $108 ha–1,
the remainder comprising interest on capital invested ($20 ha–1), additional harvest
costs (due to yield increase), and additional farmyard manure needed for compensating the topsoil loss ($12 ha–1). The additional aggregate paddy yield due to PLL over
the 3 years was 1,403 kg ha–1, which at $178.60 t–1 worked out to $250.50 ha–1. The
yield increase is linked to various factors, including more uniform plot irrigation,
improved nutrient- and water-use efficiency, and added net area sown when the bunds
and channels are dismantled. Other benefits such as reduced seed rate and fertilizer
rate and savings in time, water, and electricity were not quantified. Thus, there was a
net gain of $92.70 ha–1 over a three-year cycle for a single crop (rice) and the benefit
would have been more if the entire system had been considered.
The adopters by and large were large farmers despite custom hiring of equipment being available. This suggests that, in addition to the high investment cost,
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holding size is an influential factor in the deployment of the technology. Hence, to
segregate the technology effect from the farmer effect (size of holding), the yield and
cost of the non-laser-leveled and laser-leveled fields of adopters and of nonadopters
were compared. The interactions reveal that the technology is not scale-neutral; still,
the benefit after discounting for the size effect remained at 60%, which is due only
to the technology effect. Holding size is an important factor in the adoption of laser
leveling. Unlike other technologies for which affordability of the ownership of the
equipment (which can be overcome by using custom hiring services) by small holdings is an economic constraint, farm size matters for achieving operational efficiency
(technical/operational constraint) for the technology to manifest its full potential.
Alternatively, efforts should be made to design and develop laser-leveling technology
more appropriate for smaller plot sizes (e.g., units that can be mounted onto smaller
tractors).
Regional-level benefits. The laser-leveling units increased from one in 2001 to
nearly 400 units in western Uttar Pradesh and nearly 925 units in the Indian IGP by
2008. Farmers, who mostly own these units, also act as custom service providers for
others on a rent basis.
The analysis of survey data revealed that, on average, one laser leveler costs
about $9,524 and a 50-HP tractor costs about $11,190, amounting to a total cost of the
tractor plus unit of $20,714. It takes around 12.5 hours to level a 1-ha plot, a tractor
consumes nearly 3 liters of diesel h–1, and hiring charges on average are $10.40 h–1.
One unit on average can cover 1.07 ha in a day. The life of the technology is 3.5 years
depending on the type of machine and implements used for subsequent land preparation
operations. The average age of the units was 4.5 years and the approximate period of
engagement in a year was 110 days. Based on the age of the machine, number of days
engaged in a year, and area covered day–1, the total area laser-leveled in western Uttar
Pradesh is estimated to be nearly 90,000 ha over the past eight years (Table 6).
The cost of the operation of one new laser unit was calculated to amount to
$10,414, comprising fuel ($6,343 year–1); driver’s wages and bonus ($395 year–1);
maintenance, repair, insurance, and miscellaneous ($1,087 year–1); and interest on
investment excluding depreciation ($2,589 year–1). The gross revenue for the period
of engagement was $14,414 year–1 and the net revenue was $4,030 year–1. In addition,
this provides employment to rural youth for nearly 300 person-days annum–1. The
hiring charges remained the same irrespective of crop and area under different crops
cultivated in laser-leveled land, and savings in irrigation time were derived from the
survey data. The savings in irrigation time and water calculated were verified with
those of experimental plot results before calculation. The benefits estimated for wheat
and rice discussed above were less than those of vegetables and sugarcane. However,
for ease of quantification, the entire area was assumed to be under rice-wheat. The
estimated water savings per ha were 2,001 m3 and 1,750 m3, respectively, for rice and
wheat, with corresponding electricity savings of 139.06 and 86.82 units worth $13.20
and $8.30 ha–1 (the cost of electricity was reckoned at INR 4.00 unit–1 for computation
purposes though the tariff in vogue is a flat rate as per the horsepower of the pump
set and, in most cases, its diesel run consumes 5 liters h–1 for a 7.5-HP pump set).
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Table 6. Estimation of area under laser leveling in western Uttar
Pradesh, India.

Year

No. of
units

Age

Area covered
(ha day–1)

Days
engaged
year–1

Area
covered
(ha)

Cumulative
area (ha)

2001

1

8

1.00

105

840

840

2002

3

7

1.07

110

2,467

3,307

2003

4

6

0.80

120

2,304

5,611

2004

8

5

1.20

100

4,800

10,411

2005

22

4

1.07

120

11,278

21,690

2006

7

3

1.07

110

2,467

24,157

2007

160

2

1.07

115

39,302

63,459

2008

200

1

1.07

115

24,564

88,023

Table 7. Estimated benefit from laser leveling for the rice-wheat system in western Uttar Pradesh, India.a
Item

Rice

Additional production over eight years (million tons)

0.37

Value of additional production (US$ million)
Water savings for the region at 1,750 m3 ha–1 (million m3)

0.34

54

68

2,805

2,692

Electricity savings at 86.82 units ha–1 (million units)
Value of electricity saved (US$ million)
aBased

Wheat

137.75

23.94

13.1

2.3

on estimated area of 0.90 lakh ha during eight years (2001-08).

For western Uttar Pradesh as a whole, the estimated additional production, savings
in water, and savings in electricity in rice and wheat are 0.37 and 0.34 million tons,
2,805 and 2,692 million m3, and $13.1 million and $2.3 million, respectively (Table
7).
Laser land levelers are estimated to have covered nearly 700,000 ha in Punjab.
In addition to a yield increase of 100–150 kg ha–1crop–1, laser leveling has generated
business of more than $3 million and created jobs of around 50,000 person-days for
rural youth. Further, laser leveling reduced electricity consumption by tubewells to the
tune of 25–30%, which has a commercial value of $6 million for the past two years
in Punjab State (H.S. Sidhu, 2008, personal communication).
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Conclusions and future needs
Over the past decade, researchers in association with farmers have been trying to
solve the problems of declining farm profitability, depleting water resources, and
other related concerns by developing, evaluating, and refining various RCTs for the
irrigated intensive cropping systems of the IGP of India. Recently, laser-assisted land
leveling has shown promise for better crop establishment, water savings, energy savings, and higher farm profitability. Our study in the RW system across the IGP showed
that laser land leveling increased farm income by $145–300 ha–1 year–1 through improving system productivity (7–20%) and saving irrigation water use by 12–30% in
rice and by 10–25% in wheat. In addition, custom services on laser leveling provide
employment for nearly 300 person-days year–1 with net income of $4,030 per laser
unit per year. Laser-assisted precision land leveling is a promising option to sustain
irrigated intensive RW and other cropping systems on a long-term basis. Studies on
the integration of precision land leveling with RCTs for evaluating their long-term
impacts on yield, energy savings, groundwater table, groundwater pollution, and soil
health are strongly recommended under different agroecologies for their large-scale
adoption in the IGP in India.
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Crop establishment, tillage, and water
management effects on crop and water
productivity in the rice-wheat rotation
in Nepal
S.N. Mandal, A.P. Regmi, J.K. Ladha, and T.P. Tuong

Rice receives a large amount of water during land preparation and the growing
period, causing poor crop water productivity and lower net benefits. In wheat,
excessive tillage operations delay its sowing, resulting in low yields and net
returns. Dry seeding of rice and reduced tillage in wheat can be expected to
reduce water inputs and tillage costs compared with the conventional system
of rice-wheat cultivation. A 4-year study was conducted at Bhairahawa, Nepal,
to evaluate alternative tillage, crop establishment, and irrigation water management in the rice-wheat system in terms of crop and water productivity and net
benefits. Puddled transplanted rice with continuous flooding (PTR-CF) produced
7.6% and 12.1% higher rice yields than direct-seeded rice on a flat layout
(DSR-F) and on raised beds (DSR-B), respectively. About 75% more irrigation
water and higher labor for land preparation and transplanting compared with
DSR-F and DSR-B caused lower water productivity and net benefits in PTR-CF.
Wheat yields in conventional and reduced-tillage practices were similar. On a
rice-wheat system basis, PTR-CF followed by conventional-till wheat had higher
yields on account of higher irrigation water application of 59.4%; however, it had
lower irrigation water productivity by 54.5% compared with DSR-F, followed by
reduced-till wheat. The mean net returns were similar for PTR-CF and DSR-F.
Keywords: irrigation water productivity, net benefits, rice-wheat system, intermittent
irrigation, crop establishment methods, tillage
The rice-wheat (RW) system is one of the largest and most important agricultural production systems in Asia, occupying about 18 million ha, of which 13.5 million ha are
in the Indo-Gangetic Plains (IGP) of India, Pakistan, Bangladesh, and Nepal (Ladha
et al 2000). This system provides livelihoods for 1.8 billion people (FAO 1999). The
South Asian population still increases around 2% annually, land and water resources
available for rice and wheat cultivation are declining rapidly, and farmers are losing
interest in RW farming because of decreasing profits. Increasing the yield per unit
of inputs used, especially land, water, fertilizer, and labor, is a must to produce more
food (Balasubramanian et al 2003). Improvement of water-use efficiency in rice
Crop establishment, tillage, and water management effects on crop and water productivity . . .
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production is becoming very important with the increasing demand for irrigation
water and increasing costs of the development of new water resources for irrigation
(Tabbal et al 2002).
In the IGP and other parts of Asia, water is becoming scarce. Per capita available
water declined in many Asian countries by 40–60% between 1955 and 1999 (Gleik
1993). Agriculture’s share of freshwater supplies has declined by 8–10% because of
increasing competition from the urban and industrial sectors (Seckler et al 1998, Tuong
and Bhuiyan 1994). In Asia, rice is grown during the wet (monsoon) season from June
to October. Conventionally, rice is established by transplanting after puddling, which
requires a relatively large amount of water during land preparation (commonly called
puddling), leading to poor water-use efficiency, and ways to increase this efficiency in
the RW system are needed. One way to reduce water demand is to grow direct-seeded
rice (DSR) instead of the conventional puddled transplanted rice because direct seeding
avoids water application for puddling and maintains submerged soil conditions, and
thus reduces the overall water demand (Bhuiyan et al 1995, Van et al 2001, Cabangon
et al 2002). Dry seeding of rice offers a good opportunity for conserving irrigation
water by using premonsoon rainfall more efficiently for crop establishment and the
early stage of crop growth (Tuong 1999). Intermittent irrigation (alternate wetting
and drying) in DSR or transplanted rice is another way of saving water. In studies
carried out in the Philippines, 40–70% less water use than in the traditional practice
of continuous standing water without a significant yield loss has been reported (Tabbal et al 1992). Another way to save water is to grow rice on raised beds. Borrel et
al (1997) observed that the raised-bed system saved 16–43% water compared with
transplanted rice after soil puddling, though at the expense of yield.
Wheat is grown during the dry (winter) season as an upland crop from November
to April. Late planting of wheat is a major problem in most RW areas of South Asia
(Fujisaka et al 1994). Any delay in wheat seeding date after the end of November
may cause a linear decline in yield of 1–1.5% day–1 (Ortiz-Monasterio et al 1994,
Randhawa et al 1981). The sowing of wheat is delayed due to the late harvest of rice
and extensive tillage for field preparation by farmers. Excessive tillage also results in
a high cost of cultivation (Gupta et al 2002, Harrington et al 1993). A short turnaround
time between rice and wheat is required to prevent delayed wheat planting, which
results in yield loss. Research has shown that wheat can be grown on flat or raised beds
using no-tillage (surface seeding and zero-till) or reduced-tillage (Gupta et al 2003).
Our research was conducted to evaluate the effects of various crop establishment and
tillage methods on crop yields, irrigation water productivity, and net benefits in the
RW system in the Terai region of Nepal.

Materials and methods
Experimental site
A field experiment was conducted during 2004 to 2008 at the research farm of the
National Wheat Research Program (NWRP), Bhairahawa, Nepal. The site is located in
the central piedmont of Nepal at 120 m above mean sea level at 27°32′N and 83°28′E.
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Fig. 1. Pattern of monthly rainfall during JuneNovember (2004-07).

The soils are Typic Haplaquepts (calcareous) formed on Himalayan residuum. Soil
(0–15 cm) texture is silt loam (sand 120 g kg–1, silt 670 g kg–1, and clay 210 g kg–1),
with organic matter of 21 g kg–1, Olsen-P 6.3 mg kg–1, ammonium-extractable K 55.8
mg kg–1, pH (1:1 soil:water suspension) 8.0, EC (saturation extract) 1.4 dS m–1, CEC
31 cmol kg–1, and bulk density 1.6 Mg m–3. The area has a subtropical climate highly
influenced by the southwestern monsoon. Average annual rainfall is around 1,687 mm.
More than 85% of the annual rainfall occurs from mid-June to the end of September.
November and December are the driest months and light precipitation can be expected
in January and February, accounting for less than 15% of the total. The mean monthly
temperature ranges from a minimum of 8.5 oC in January to a maximum of 36.2 oC in
May. The source of irrigation water for the study area is groundwater pumped from
200-m-deep tubewells.
Figure 1 presents the pattern of monthly rainfall received during the experimental
period. The total amount of rainfall during monsoon (July to October) was highest
(1,909 mm) in 2005, followed by 1,660 mm in 2007, 1,400 mm in 2004, and the minimum (1,102 mm) was received in 2006. On average, 609 mm and 334 mm of rainfall
were received in July and August, respectively. During the time of rice seeding, even
a smaller amount of rainfall is of great use for the farmers. About 22% and 36% of
the total rainfall was received during early June in 2004 and 2006, respectively. Early
monsoon rainfall is quite useful for the establishment of dry-seeded rice.

Experimental design and treatments
The experiment compared four crop establishments and irrigation management as
main treatments in a randomized complete block design (12 m × 10 m) in rice and
two tillage methods as subtreatments in the following wheat in a split-plot (12 m × 5
m) design with four replications (Table 1).
For transplanted rice, Savitri (an improved rice cultivar) seeds at 50 kg seed ha–1
were soaked in water for 24 hours on 15 to 19 June in 2004 to 2007. After that, the
seed was wrapped in a jute sack and put in the shade for about 24 hours. The nursery
Crop establishment, tillage, and water management effects on crop and water productivity . . .
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Table 1. Treatment details for rice and wheat.
Rice (main plot)
Treatment code

Wheat (subplot)

Treatment description

Treatment code

Treatment description

PTR-CF

Puddled transplanted rice
with continuous flooding
(conventional)

CTW

Conventional tillage
(irrigation at 40–50 kPa
at 15-cm depth)

PTR-IF

Puddled transplanted rice
with intermittent flooding
(irrigation at soil moisture potential, SMP, of
10 kPa at 15-cm depth)

MTW

Minimum tillage (irrigation
at 40–50 kPa at 15-cm
depth)

DSR-F

Direct-seeded rice on flat
layout (irrigation at SMP
of 10 kPa at 15-cm
depth)

DSR-B

Direct-seeded rice on
raised beds (irrigation at
SMP of 10 kPa at 15-cm
depth)

soil was moistened and plowed with four passes using a power tiller. Forty-six grams
of N per bed (8 m × 6 m) were applied at both sowing and 1 week after germination.
Water depth was maintained at 2 cm after germination. The puddled transplanted
plots (PTR) received four dry tillages followed by planking prior to puddling with a
2-wheel tractor. Twenty-seven-day-old rice seedlings were transplanted on 12 July
in 2004 and on 16 July in 2005 to 2007. One to two seedlings were planted manually
with a spacing of 20 cm × 20 cm. In PTR-CF, plots were flooded to a depth of 5 cm.
Subsequent irrigations were applied whenever the minimum level in the plots reached
a depth of 2 cm. In PTR-IF plots, irrigations were applied when soil moisture potential
(SMP) at 15 cm reached 10 kPa and the water level was kept at 5-cm depth.
In DSR-F and DSR-B treatments, plots were prepared after a light preirrigation with two tillage operations using a 2-wheel tractor. The soil was pulverized after
breaking clods manually using a wooden hammer. Rice seeds (80 kg ha–1) were sown
in lines with a spacing of 20 cm × 20 cm. Direct dry seeding of rice (DSR) was done
to coincide with the date of the seedbed nursery for transplanting. The plots were
continuously flooded to a depth of 5 cm for 4 d after seed germination to control
weeds. From the 5th day onward, the plots were irrigated when the SMP at 15-cm
depth reached 10 kPa and this continued until the water in the plots reached a depth of
5 cm above the soil surface. In the DSR-B treatment, the main plot was divided into 8
beds of 1.25 m width (100 cm wide, 20 cm high, with a furrow width of 25 cm). After
germination, plots were flooded in the furrows up to a depth of 2 cm above the bed
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for 4 d and subsequent irrigations were applied as in the case of DSR-F. In DSR-B
plots, a tensiometer was placed in the center of the bed.
After the harvest of rice, each of the main plots was divided into two subplots:
(1) conventional tillage (CTW) and (2) reduced tillage (MTW). In MTW, tillage and
wheat seeding were combined into one operation using a power-tiller-operated seeder
(PTOS). Wheat (cultivar Bhrikuti) was sown in rows at a spacing of 20 cm using a seed
rate of 120 kg ha–1 on 1 November in 2004-05, on 15 November in 2005-06, on 19
December in 2006-07, and on 19 December in 2007-08. In CTW, plots were plowed
for 7 days, with one pass each, followed by planking to prepare a fine seedbed. Sowing of wheat in CTW was delayed by 1 week because of multiple tillage operations.
In DSR-B, beds were reshaped manually before seeding. Wheat in all treatments was
irrigated when the SMP at 15-cm depth reached 45 to 50 kPa. All wheat plots received
a basal application of 25 kg N (as urea), 50 kg P (as diammonium phosphate), and
25 kg K (as muriate of potash) ha–1 at sowing. The remaining amount of N (50 kg
ha–1) was applied in two equal splits after the first and second irrigation. In rice, all
treatments received recommended doses of chemical fertilizers, with a basal fertilizer
application (50 kg N, 50 kg P, and 50 kg K ha–1) at the time of transplanting/seeding.
The remaining 50 kg N ha–1 was applied in two splits at 30 d and 60 d after transplanting/seeding. In rice, insecticides (cypermethrin and vagra) were sprayed at 2 mL L–1 of
water (1,000 mL ha–1) when insect infestation was observed. Weeds were controlled
manually by hand weeding. Weeds in rice were controlled by 2–3 hand weedings.
In wheat, 2-4-D was applied at 500 g a.i. ha–1 before seeding to keep plots free from
broadleaf weeds.
Water application and productivity
Irrigation water was applied using 5-cm-diameter pipes and the amount of water applied to each plot was measured using a flow meter. The quantity of water applied and
the depth of irrigation were computed using the following equation:
Depth of water applied (mm) = ((I/1,000)/A)/1,000

[1]

where I is the amount of irrigation water (L) applied to each plot during each irrigation
and A is the area of the plot (m2).
Rainfall data were recorded using a standard rain gauge installed within the
meteorological station (150 m away from the experimental site). The total amount of
water applied was computed as the sum of water received through irrigations and effective rainfall considering 80% of the total precipitation during the cropping season.
Irrigation water productivity (WPI) was computed as the ratio of average grain yield
in kg ha–1 to irrigation water applied in mm.
Observations
At maturity, rice and wheat were harvested manually at about 15 cm above the ground
level. Grain yields were determined using crop-cut sampling in two diagonally opposite corners of each plot. The subsamples from an area of 1 m2 were taken randomly
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at five places from each treatment. Grain was adjusted to 140 g kg–1 and 120 g kg–1
moisture content for rice and wheat, respectively, and is reported in kg ha–1. Plant
density, number of effective tillers m–2, and number and weight of filled and unfilled
grains panicle–1 from ten randomly selected panicles were collected. The weight of
grains from the selected panicles was used to compute 1,000-grain weight (data not
shown).
The rice equivalent yield (REY in t ha–1) in the rice-wheat system was calculated
using the following formula:
REY =

{(rice yield in t ha–1) + (wheat yield in t ha–1 * price of wheat in US$ t–1)}
Price of rice in US$ t–1

Economic analysis
The cost of various cultivation operations (land preparation, seedling, production,
transplanting, irrigation, weeding, plant protection, harvesting, threshing, and winnowing) was calculated. Establishment cost includes the expenses charged for a tractor
($2.80 h–1) and cost of labor ($1.40 day–1). The expenditure on irrigation included the
total number of labor days required for operating an electric pump, cost of electricity,
and other associated costs. Weeding cost was calculated on the basis of the number
of labor days required for manual weeding. The cost of inputs, such as seeds of rice
($425 t–1), wheat ($397 t–1), fertilizer ($226 t–1), and insecticides was calculated on
the basis of the local market price during the time of planting. Gross income and net
returns were calculated on the basis of the market price for rice ($113 t–1) and wheat
($212 t–1) during the time of harvesting.
Statistical analysis
The data on yield and yield parameters of rice and wheat, water application, water
productivity, and economics were analyzed using a standard randomized complete
block design (RCBD) for one-way analysis of variance (ANOVA) in rice and a spilt-plot
design in wheat using CropStat version 6.1 (IRRI 2007). A linear orthogonal contrast
test of treatments was used at the P < 0.05 level of probability to test the differences
between the treatment means. Least significant differences (LSD) between two means
were calculated for comparisons.

Results
Grain yield
Rice. Table 2 presents the analysis of variance of grain yield, amount of irrigation water
applied, and irrigation water productivity of rice, wheat, and the system as affected by
tillage and crop establishment over 4 years. Rice yield was significantly affected by
different rice establishment methods during 4 years but the interaction between year
and rice establishment was not significant. Irrigation water and water productivity
were highly significant in each establishment and each year.
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Table 2. Analysis of variance for grain yield, amount of irrigation water applied, and water
productivity of rice, wheat, and the rice-wheat system as affected by rice establishment
(RE), subtreatment (WE), and time (Y).a
Y
RE		Source of Variation
RE × WE
Variable
			 Y × RE WE
Y × WE
		
Rice							
Grain yield
n.s.
**
n.s.
–
–
–
Irrigation
**
**
**
–
–
–
Water productivity
**
**
**
–
–
–
Wheat							
Grain yield
**
*
n.s.
n.s.
**
n.s.
Irrigation
**
**
n.s.
n.s.
**
n.s.
Water productivity
**
**
n.s.
n.s.
**
n.s.
Rice + wheat							
Grain yield (rice equivalent)
**
**
*
n.s.
n.s.
n.s.
Irrigation
**
**
**
n.s.
n.s.
n.s.
Water productivity
**
*
n.s.
n.s.
n.s.
n.s.
a*

Y × RE × WE

_
–
–
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

= significant at 5% level, ** = significant at 1% level, n.s. = not significant.

Table 3. Average grain yield from various establishment methods of rice
during 2004-07.
Rice yielda (t ha–1)

Treatment
code

2004

2005

2006

2007

Rice
establishment
means

PTR-CF

6.5 ab

6.7 a

6.5 a

6.5 a

6.6 a

PTR-IF

5.7 c

6.2 b

6.2 ab

6.1 ab

6.1 b

DSR-F

6.6 a

6.2 b

5.9 bc

5.8 b

6.1 b

DSR-B

6.0 bc

6.0 b

5.6 c

5.6 b

5.8 b

aWithin

a column, means followed by the same letter are not significantly different at
the 5% level.

In 2004, transplanted rice (PTR-CF) and DSR on a flat layout (DSR-F) yielded
higher than PTR-IF because of good occurrence of premonsoon precipitation (Table
3). Dry-seeded rice on beds (DSR-B) and puddled transplanted rice with intermittent
flooding (PTR-IF) had similar but lower yields compared with DSR-F. In 2005, PTRCF had 0.5 to 0.7 t ha–1 higher yield than the other methods of rice establishment,
which among each other remained unchanged. In 2006, PTR-CF and PTR-IF had
similar yields and produced higher yield than DSR-B. In 2007, grain yield was similar
under PTR-IF, DSR-F, and DSR-B. Average grain yields in PTR-CF were 7.6–12.1%
higher than with PTR-IF, DSR-F, and DSR-B.
Wheat. Wheat yield was not influenced by the previous rice treatments except
during 2004-05, which was lower in conventional tillage (CTW) after PTR-CF than
after DSR-B (Table 4). Pooled analysis over 4 years showed that wheat yield after
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3.4 ab

3.8 a

DSR-F

DSR-B

3.8 a

3.5 a

3.7 a

3.4 a

MTW

2004-05

3.8 a

3.5 bc

3.7 ab

3.3 c

Mean

3.1 a

3.0 a

2.7 a

2.8 a

CTW

2.8 a

2.9 a

2.7 a

2.9 a

MTW

2005-06

3.0 a

2.9 a

2.7 a

2.8 a

Mean

3.0 a

2.8 a

2.9 a

2.7 a

CTW

2.5 a

2.8 a

2.5 a

2.6 a

MTW

2006-07

2.8 a

2.8 a

2.7 a

2.6 a

Mean

a column, means followed by the same letter are not significantly different at the 5% level.

3.6 ab

aWithin

3.2 b

PTR-IF

CTW

PTR-CF

Treatment
code

2.1 a

1.9 a

1.9 a

1.9 a

CTW

2.4 a

2.1 a

2.2 a

2.2 a

MTW

2007-08

2.3 a

2.0 a

2.1 a

2.1 a

Mean

3.0 a

2.8 b

2.8 b

2.7 b

CTW

2.9 a

2.8 a

2.8 a

2.8 a

MTW

CE × T
means

Table 4. Grain yield of wheat as affected by crop establishment in rice (RE) and tillage in wheat during 2004-08 (t ha–1).a

3.0 a

2.8 b

2.8 b

2.7 b

RE
means

DSR-B was 7–10% higher than after the other methods of rice establishment. Average
wheat yields were similar under CTW and MTW, irrespective of the previous rice
treatments. On average, wheat yield in the first year was 3.6 t ha–1, which decreased
with time to 2.1 t ha–1 in the fourth year.
Rice-wheat system productivity. Rice equivalent yields were significantly affected by crop establishment methods in rice, though tillage in wheat had no effect
and interaction was nonsignificant (Table 5). The trends for different rice establishment treatments differed with the year. For example, in 2004-05, DSR-F and DSR-B
treatments yielded more than PTR-IF but produced similar yields in the other three
years. PTR-CF outyielded PTR-IF in 2005-06, DSR-B in 2006-07, and DSR (F/B) in
2007-08.
Irrigation water application and productivity
Irrigation water applied (Table 6) and water productivity (Table 7) in rice were significantly affected by year and crop establishment methods. Alternate wetting and
drying in transplanted rice (PTR-IF) and DSR in flat and raised beds (DSR-F and
DSR-B) saved a larger amount of irrigation water compared with continuous flooding (PTR-CF). The PTR-CF treatment received 36–82% (mean 63%) more irrigation
water than PTR-IF, and 54–90% more (mean 72%) compared with DSR-F and DSR-B
in different years. On average, about 8% of the total amount of irrigation water application in PTR-CF was used for land preparation. Irrigation water productivity was
58.7% and 51.3% higher in DSR-B and DSR-F than in PTR-CF in 2004, whereas
DSR-F had 89% and 74% higher water productivity in 2005 and 2007, respectively
(Table 7). In 2006, WPi was 72.9% higher in PTR-IF than in PTR-CF. On average
over 4 years, PTR-CF had 70.8%, 76.1%, and 75% lower WPi than PTR-IF, DSR-F,
and DSR-B, respectively.
Like rice, irrigation water applied (Table 8) and irrigation water productivity
(Table 9) of wheat were affected by both year and crop establishment, with nonsignificant interaction. The amount of irrigation water application was similar under
conventional and reduced tillage (CT and MT) in all years but the interaction was
significant (Table 2). Wheat received 79.5%, 51.8%, 17.0%, and 12.9% lower irrigation
water compared with the respective rice establishment. While WPi was not influenced
by rice establishment during 2005-08, DSR-B had significantly lower WPi than the
other establishment treatments in 2004. On average for 4 years, WPi in wheat was
0–5% lower in DSR-B than in the other rice establishment (RE) treatments.
A significant interaction effect of rice establishment × time was noted on total
irrigation water applied but the interaction effects were nonsignificant in the case
of wheat (Table 2). The total amount of water applied in the rice-wheat system was
52.5–59.6% higher in PTR-CF than in PTR-IF, DSR-F, and DSR-B during all 4 years
of study (Table 10). Transplanted rice with AWD (PTR-IF) consumed 14–15% more
water than DSR-F and DSR-B during the same periods. The total amount of irrigation water applied was lower under DSR-F/B in 2004-06 and 2007-08, but PTR-IF
consumed the lowest amount of irrigation water during 2006-07.
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11.8 a

11.8 a

DSR-F

DSR-B

11.8 a

11.9 a

11.3 a

11.7 a

MTW

2004-05

11.8 a

11.9 a

11.2 b

11.5 ab

Mean

10.1 a

10.0 a

9.8 a

10.3 a

CTW

9.7 a

10.0 a

9.8 a

10.5 a

MTW

2005-06

9.9 ab

10.0 ab

9.8 b

10.4 a

Mean

9.1 a

9.2 a

9.6 a

9.7 a

CTW

8.5 a

9.2 a

9.2 a

9.5 a

MTW

2006-07

a column, means followed by the same letter are not significantly different at the 5% level.

11.1 a

PTR-IF

aWithin

11.4 a

CTW

PTR-CF

Treatment
code

8.8 b

9.2 ab

9.4 ab

9.6 a

Mean

7.7 a

7.7 a

8.1 a

8.4 a

CTW

8.1 ab

7.9 a

8.3 ab

8.7 a

MTW

2007-08

7.9 b

7.8 b

8.2 ab

8.5 a

Mean

9.6 b

9.7 b

9.6 b

10.0 a

RE means

Table 5. Rice equivalent yield (t ha–1) in the rice-wheat system as affected by crop establishment in rice (RE) and tillage in wheat
during 2004-08.a

Table 6. Average irrigation water application in various establishment
methods of rice (RE) during 2004-07.a

Treatment code

Irrigation (mm)
2004

2005

2006

2007

RE
means

PTR-CF

337 a

372 a

253 a

331 a

347 a

PTR-IF

214 b

67 b

66 c

128 b

141 b

DSR-F

154 c

38 c

83 b

76 c

88 c

DSR-B
Seasonal rainfall

135 d

39 c

84 b

84 c

85 c

1,399.8

1,909.4

1,102.4

1,660.4

1,518.0

aWithin

a column, means followed by the same letter are not significantly different at
the 5% level.

Table 7. Irrigation water productivity in different crop establishment methods of rice (RE) (kg ha–1 mm–1).a
Treatment code

2004

2005

2006

2007

RE means

PTR-CF

1.9 c

1.8 c

2.6 c

2.0 c

2.1 a

PTR-IF

2.7 bc

9.4 b

9.6 a

4.8 b

7.2 b

DSR-F

3.9 ab

16.3 a

7.2 b

7.7 a

8.8 c

DSR-B

4.6 a

15.7 a

6.7 b

6.7 a

8.4 c

aWithin a column, means followed by the same letter are not significantly different at the 5% level.

Irrigation water productivity of the RW system showed a significant interaction
effect between year and RE (Table 11). The WPi was lower in PTR-CF than in the
other treatments in 2004-05 but it was not influenced by different RE treatments in the
other years of the study. The WPi was similar under MTW and CTW. The mean WPi
was 42.9%, 54.5%, and 48.1% higher under PTR-IF, DSR-F, and DSR-B compared
with PTR-CF, respectively.
Economic analysis
Cost of production. The establishment cost of rice was higher in DSR-F/B than in
PTR-CF and PTR-IF during 2004 (Table 12). Direct-seeded rice on a flat layout (DSRF) had the lowest cost during 2005-07 compared with the other RE treatments. The
mean cost of RE was also lower under DSR-F. Irrigation cost was $27–52 higher for
PTR-CF compared with the other methods in 2004-06. In 2007, PTR-CF and PTR-IF
had a similar irrigation cost, which was $46–53 higher than in DSR-F/B. The mean
Crop establishment, tillage, and water management effects on crop and water productivity . . .
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74 a
76 a
75 a

DSR-F

DSR-B

72 a

77 a

73 a

70 a

Mean

72 a

78 a

71 a

70 a

CTW

12.7

73 a

69 a

62 a

66 a

MTW

2006-07

72 a

73 a

66 a

68 a

Mean

72 a

66 a

60 a

66 a

CTW

54.6

72 a

69 a

66 a

74 a

MTW

2006-07

72 a

67 a

63 a

70 a

Mean

4.8 a

4.1 a

DSR-F

DSR-B

4.4 a

5.2 a

5.3 a

5.1 a

MTW

2004

5.2 b

5.0 a

5.1 a

4.9 a

Mean

4.3 a

3.8 b

3.9 b

4.1 a

CTW

3.9 ab

4.3 b

4.4 a

4.5 a

MTW

2005

4.1 a

4.1 a

4.1 a

4.3 a

Mean

4.3a

4.3 ab

4.9 a

4.1 a

CTW

3.7 ab

4.1 b

3.9 bc

3.6 bc

MTW

2006

a column, means followed by the same letter are not significantly different at the 5% level.

4.9 a

PTR-IF

aWithin

4.8 a

CTW

PTR-CF

Treatment
code

4.0 a

4.2 a

4.4 a

3.9 a

Mean

79 a

72 a

66 a

72 a

CTW

2.7 b

2.7 c

3.0 c

2.6 b

CTW

a column, means followed by the same letter are not significantly different at the 5% level.

74.4

69 a

77 a

71 a

68 a

MTW

2004-05

Table 9. Irrigation water productivity in each tillage practice in wheat (kg ha–1 mm–1).a

aWithin

Seasonal
rainfall

72 a

PTR-IF

CTW

PTR-CF

Treatment
code

3.1 b

2.8 c

3.1 c

2.8 c

MTW

2007

0.0

81 a

76 a

73 a

78 a

MTW

80 a

74 a

69 a

75 a

Mean

2.9 a

2.8 a

3.0 a

2.7 a

Mean

2007-08

3.8 b

4.0 a

4.2 a

4.0 a

RE
means

34.4

74 a

73 a

68 a

71 a

RE
means

Table 8. Amount of irrigation water (mm) application in wheat as influenced by crop establishment in previous rice and tillage in wheat.a
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288 b

229 c

210 c

PTR-IF

DSR-F

DSR-B

204 d

231 c

285 b

405 a

MTW

2004-05

207 c

230 c

286 b

407 a

Mean

110 c

116 c

138 b

442 a

CTW

112 bc

107 c

129 b

438 a

MTW

2005-06

111 c

112 c

133 b

440 a

Mean

156 b

148 b

126 c

319 a

CTW

156 b

151 bc

132 c

328 a

MTW

2006-07

156 b

150 b

129 c

323 a

Mean

163 c

148 c

194 b

403 a

CTW

165 c

151 c

201 b

409 a

MTW

2007-08

164 c

150 c

197 b

406 a

Mean

160 c

160 c

187 b

393 a

CTW

159 c

160 c

187 b

395 a

MTW

RE × WE means

159 c

160 c

187 b

394 a

RE means

28.3 ab

30.1 a

DSR-F

DSR-B

17.5 a

28.9 a

20.8 a

15.2 a

MTW

2004-05

23.8 ab

28.6 a

20.5 ab

15.0 b

Mean

9.1 a

8.6 a

7.1 a

2.3 a

CTW

8.7 a

9.4 a

7.6 a

2.4 a

MTW

2005-06

8.9 a

9.0 a

7.4 a

2.4 a

Mean

5.9 a

6.2 a

7.7 a

3.0 a

CTW

5.5 a

6.1 a

7.1 a

2.9 a

MTW

2006-07

a column, means followed by the same letter are not significantly different at the 5% level.

20.3 ab

PTR-IF

aWithin

14.8 b

CTW

PTR-CF

Treatment
code

5.7 a

6.2 a

7.4 a

3.0 a

Mean

4.8 a

5.2 a

4.1 a

2.1 a

CTW

4.9 a

5.2 a

4.2 a

2.1 a

MTW

2007-08

4.9 a

5.2 a

4.2 a

2.1 a

Mean

10.8 a

12.3 a

9.8 a

5.6 b

RE
means

Table 11. Irrigation water productivity in each tillage practice in the rice-wheat system during 2004-07 (kg
ha–1 mm–1).a

a column, means followed by the same letter are not significantly different at the 5% level.

409 a

PTR-CF

aWithin

CTW

Treatment
code

Table 10. Amount of irrigation water applied (mm) in the rice-wheat system as affected by crop establishment in rice (RE) and tillage in
wheat.a
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DSR-B

28 c

31 c

24 b

76 a

IC

2004

93 a

93 a

93 a

62 a

WC

272 d

213 c

270 b

264 a

EC

47 a

50 a

44 a

77 a

IC

2005

102 b

102 b

102 b

71 a

WC

301 c

248 b

290 a

290 a

EC

28 c

31 c

24 b

76 a

IC

2006

106 b

106 b

106 b

71 a

WC

355 a

297 b

354 a

354 a

EC

32 c

25 b

78 a

78 a

IC

2007

120 c

115 b

80 a

80 a

WC

277 a

263 b

286 a

284 a

EC

29 c

30 c

38 b

78 a

IC

95 c

71 a

WC

105 b

104 b

4-year mean

409 b

394 c

417 b

439 a

4-year
prod.
cost

a column, means followed by the same letter are not significantly different at the 5% level. EC = establishment cost, IC = irrigation cost, WC = weeding cost.

237 b

DSR-F

aWithin

230 a

237 b

PTR-IF

230 a

EC

PTR-CF

Treatment
code

Table 12. Cost of production in each establishment method in the rice crop (US$ ha–1).a

cost of irrigation was $45–49 higher for PTR-CF than with the other methods of RE,
whereas PTR-IF and DSR-F had a similar cost. The weeding cost was similar for all
establishment methods in 2004. The weeding cost was lower for PTR-CF than for the
other RE methods during 2005 and 2006. In 2007, PTR-CF and PTR-IF had a similar
weeding cost, which was lower by $35–40 than DSR-F/B. The 4-year mean input
cost (RE including nursery raising, irrigation, and weeding) was similar for PTR-IF
and DSR-B, but lower than in PTR-CF. DSR-F had the lowest input cost, which was
$15–45 lower than in other establishment treatments.
Rice establishment (RE) and wheat establishment (WE) had a significant interaction effect on the total cost of wheat production during different years (Table 13).
The mean cost of wheat production was lower for MTW than for CTW. The cost of
wheat production under CTW was not influenced by the RE method in all the years.
Under MTW, a lower cost was involved for DSR-F/B than for PTR-CF/IF. The 4-year
mean cost of production was $37 higher for PTR-CF/IF than for DSR-F/B.
Net returns. The economic analysis of various establishment methods showed
that the net returns from rice were higher in DSR-F in years 1 and 2, whereas, despite
the higher irrigation cost, PTR-CF had higher net returns in years 3 and 4 compared
with the other RE methods (Table 14). The 4-year mean of net returns in rice showed
that PTR-CF and DSR-F had similar net returns, which were $51–56 higher than PTRIF and $103–108 higher than DSR-B. Net returns in wheat were higher for PTR-IF in
2004 and for DSR-F in 2005 and 2006 compared with other RE methods (Table 14).
The net returns were similar under the four RE methods in 2007-08.
On a RW system basis, DSR-F provided higher net returns (averaged over tillage
tratments) of $746 in 2004-05 and $829 in 2005-06, while PTR-CF had higher net
returns of $883 in 2006-07 and $719 in 2007-08 (Table 15). An interaction between
rice establishment (RE) and wheat establishment (WE) revealed that CTW under
PTR-CF had lower net returns than MTW. The 4-year mean of net returns from the
rice-wheat system were similar in DSR-F ($770) and in PTR-CF ($761) compared
with PTR-IF ($715) and DSR-B ($660).

Discussion
The mean grain yields in rice were higher in PTR-CF (7.6–12.1%) than in PTR-IF
and DSR-F/B. In 2006 and 2007, PTR-CF and PTR-IF had higher grain yields than
the remaining RE methods. DSR-F had lower yields in 2005, 2006, and 2007 than
in 2004 because the distribution of premonsoon and early-monsoon rainfall was
uniform, which helped to enhance the emergence of seeds and vegetative growth of
rice. However, the uneven distribution of early-monsoon rainfall and alternate wetting-and-drying irrigation during 2005, 2006, and 2007 caused soil moisture stress
during vegetative growth and flowering, which are critical growth stages for any crop
to obtain sufficient irrigation water. Moisture stress at panicle initiation and flowering stages could lead to yield losses because of a reduction in the number of grains
per panicle and spikelet sterility (Lu et al 2001, Nieuwenhuis et al 2002, Belder et al
2002). Irrigation water application and water productivity in rice were affected each
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389 a

389 a

DSR-F

DSR-B

342 a

342 a

274 b

273 b

MTW

2004-05

366 a

366 a

332 b

331 b

Mean

417 a

417 a

418 a

417 a

CTW

341 c

341 c

267 b

264 a

MTW

2005-06

379 a

379 a

343 b

341 b

Mean

397 a

397 a

398 a

397 a

CTW

325 b

325 b

254 a

252 a

MTW

2006-07

361 a

361 a

326 b

325 b

Mean

406 a

406 a

408 a

406 a

CTW

333 a

333 a

260 b

258 b

MTW

2007-08

370 b

370 b

334 a

332 a

Mean

402 a

402 a

404 a

402 a

CTW

335 b

335 b

264 a

262 a

MTW

RE × WE
means

369 c

369 c

334 b

332 a

RE
means

DSR-F
DSR-B

480 d

561 c

505 b

557 a

2005

484 c

589 b

601 b

636 a

2006

Rice

426 c

517 b

518 b

579 a

2007

2004
274 b
334 a
298 b
326 a

4-year
mean
534 a
478 b
529 a
426 c

231 b

268 a

216 c

249 d

2005

219 b

264 a

246 b

247 b

2006

Wheat

a column, means followed by the same letter are not significantly different at the 5% level.

448 c
315 d

PTR-IF

aWithin

364 a
288 b

PTR-CF

2004

Treatment
code

157 a

136 a

151 a

140 a

2007

233 a

241 a

237 a

227 a

4-year
mean

Table 14. Net returns from various establishment methods in rice and wheat crops (US$ ha–1).a

a column, means followed by the same letter are not significantly different at the 5% level.

390 a

PTR-IF

aWithin

389 a

CTW

PTR-CF

Treatment
code

Table 13. Cost of production in each tillage practice in the wheat crop (US$ ha–1).a
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DSR-B

665 d

812 c

689 b

714 a

MTW

641 d

746 c

623 b

638 a

Mean

704 b

765 a

646 c

720 b

CTW

719 c

894 a

797 b

892 a

MTW

2005-06

711 c

829 a

721 c

806 b

Mean

719 d

781 c

816 b

831 a

CTW

688 d

925 c

878 b

934 a

MTW

2006-07

a column, means followed by the same letter are not significantly different at the 5% level.

679 c

617 d

DSR-F

aWithin

562 a

556 b

PRR-IF

CTW

PTR-CF

Treatment code

2004-05

703 c

853 b

847 b

883 a

Mean

500 c

569 b

572 b

611 a

CTW

665 d

737 c

766 b

827 a

MTW

2007-08

583 c

653 b

669 b

719 a

Mean

635 b

698 a

647 b

681 a

CTW

684 c

842 a

782 b

842 a

MTW

RE × WE
means

Table 15. Net returns from the rice-wheat system as affected by crop establishment in rice and tillage in wheat (US$ ha–1).a

660 b

770 a

715 ab

761 a

RE
means

year by rice establishment method. Both PTR-CF and PTR-IF were transplanted after
conventional puddling, and the latter had lower irrigation water application (59.4%)
than the former because of alternate wetting-and-drying irrigation (intermittent irrigation). Dry-seeded rice in flat layouts and raised beds (DSR-F/B) resulted in a savings
in irrigation water in comparison with PTR-CF. Early seeding of rice using dry-seeded
rice establishment (DSR-F/B) helped the plant use premonsoon and early-monsoon
rains effectively during seed emergence and vegetative growth; consequently, a savings of more than 74.6–75.5% in irrigation water resulted. The pattern of monthly
rainfall showed that 17% of the total monsoon rainfall occurred during June, which is
necessary for dry-seeded rice and the early stage of vegetative growth (Tuong 1999).
In spite of higher grain yields, PTR-CF had lower WPi than PTR-IF (70.8%), DSR-F
(76.1%), and DSR-B (75.0%), indicating a potential for increasing WPi with direct
seeding. Even though monsoon rainfall was higher, PTR-CF received more water
because of frequent irrigations to maintain continuous standing water to a depth of 5
cm. On a system basis, DSR-F had the highest water productivity and it was 54.5%
higher than that of PTR-CF.
On average, wheat yield in the first year was the highest (3.6 t ha–1), which
decreased with time to 2.1 t ha–1 in the fourth year. This was related to the time of
seeding. For unavoidable reasons of excess moisture, seeding was delayed in later
years. This confirms an earlier finding that wheat incurs a yield loss if planted after
the optimal time of 15 November.
An interaction between year (Y) and rice establishment (RE) in the wheat season showed nonsignificant results and revealed that the establishment method of the
previous rice had no effect on grain yield, water application, and water productivity in
wheat. Ladha et al (2003) also found that, on a short-term basis, the previous method
of rice establishment had not much effect on the performance of wheat cultivation.
Irrigation water and water productivity were not significant in wheat during 2004. On
a rice-wheat system basis, water productivity was higher in 2004, but was not affected
in 2005, 2006, and 2007. Water productivity was decreasing every year because of
the decreasing trend of wheat yield, though irrigation water application was almost
equal in all the years.
Economic analysis showed a higher cost of production required as establishment
costs (land preparation, seeding, and transplanting) in PTR-CF and PTR-IF. Irrigation
cost was higher in PTR-CF than in PTR-IF (51.3%), DSR-F (61.5%), and DSR-B
(62.8%) because of frequent irrigation water application to maintain continuous standing water in the plots. However, PTR-CF required lower labor costs for weeding than
PTR-IF (25.3%), DSR-F (31.7%), and DSR-B (32.4%) because of low weed pressure
due to continuous submergence. The rice on raised beds (DSR-B) had lower net returns
because of lower yields, probably due to certain unknown biotic and abiotic stresses
when the crop was planted on raised beds.
In general, rice establishment after reduced tillage in wheat had higher net returns
compared with conventional tillage. The entire scenario revealed that conventional
puddling–transplanted rice–continuous standing water (PTR-CF) in the rice-wheat
system contributed only 3.0% higher yield, but had lower water productivity because
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of the higher irrigation water requirement compared with dry-seeded rice on a flat
layout (DSR-F). PTR-CF had net returns similar to those of DSR-F.

Conclusions
Conventional tillage, crop establishment, and water management practices in rice and
wheat required a large amount of irrigation water and labor. In the present scenario
of water scarcity and shortages of labor in the agricultural sector, it is timely that we
seek water-wise and cost-effective alternatives for rice establishment. Our 4-year
study showed that dry-seeded rice on a flat layout with intermittent irrigation in rice
improved irrigation water productivity because of lower water application during land
preparation and various stages of crop growth. Higher net returns were achieved in
dry-seeded rice in a flat layout–reduced-till wheat system due to the savings in labor
and tillage costs from higher efficiency in land preparation and transplanting. The
lower water productivity in conventional practices compared with alternative tillage
and crop establishment practices implies that farmers currently apply substantially
more irrigation water than the crop really requires. A savings in water in dry-seeded
rice establishment was achieved due to the avoidance of conventional puddling for rice
and by adopting intermittent irrigation practices during land preparation and various
growth stages without much loss in yield.
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Integrated weed management: a key
to success for direct-seeded rice in the
Indo-Gangetic Plains
Samar Singh, R.S. Chhokar, Ravi Gopal, J.K. Ladha, R.K. Gupta,
Virender Kumar, and Megh Singh

Water scarcity, labor shortage, escalating fuel prices, and soil fertility problems
are causing increasing interest in shifting from puddled and transplanted rice
(the traditional system) to direct-seeded rice (DSR). Weed control is a serious
challenge to the success of DSR. Therefore, the development of an effective
weed management program for DSR is needed. Field studies conducted at
research stations and in farmers’ fields in the Indo-Gangetic Plains (western
Uttar Pradesh, Haryana, and Bihar states of India) from 2002 to 2008 showed
that complex weed flora caused yield losses in DSR of 65–92%. Studies revealed that for the success of DSR weeds can be managed by integrated weed
management (IWM) approaches, which include stale seedbed techniques, the
use of competitive varieties, water management, the use of weed-free seed,
hand weeding, mulching, co-culture of Sesbania, and the application of recommended herbicides. Competitive cultivars of rice (Basmati group) effectively
smothered weeds compared with short-stature high-yielding varieties. Stale
seedbed techniques and straw mulching were found to be effective in reducing
the density of grassy and broadleaf weeds. Brown manuring (broadcasting of
Sesbania along with rice seeding and killing Sesbania, by spraying 2,4-D around
30 days after seeding) or mulching reduced weed density by 37–42% compared with a sole rice crop. Rice yield was greater when Sesbania was seeded
0 and 5 days after rice seeding compared with 10 days after rice seeding and
a sole rice crop. Some herbicides found effective in DSR are pendimethalin,
cyhalofop-butyl, fenoxaprop-ethyl, propanil, bispyribac, penoxsulam, triclopyr,
carfentrazone, halosulfuron, bensulfuron, azimsulfuron, quinclorac, clomazone,
2,4-D, chlorimuron + metsulfuron, and molinate. The integration of herbicides
with one hand weeding around 45 days after seeding was effective in reducing
weeds and improving yield. For season-long and broad-spectrum sustainable
weed management, an integration of different herbicides and weed control
measures is needed as part of an IWM strategy. Continuous monitoring of weed
flora is needed to identify shifts in weed flora due to a shift from conventional
puddled transplanted rice to DSR and to focus on the emerging problematic new
weed species that are even more difficult to control and that are competitive
in nature, such as weedy rice.
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Rice (Oryza sativa L.) is the most important staple food crop in the Indo-Gangetic
Plains (IGP), where rice is grown in rotation with wheat. This rice-wheat cropping
system, occupying 24 million hectares of productive area in South Asia and China, is
very important for food security (Ladha et al 2003). The sustainability of this cropping
system is now at risk as the yields of both rice and wheat are either declining (Padre and
Ladha 2004) or are static and total factor productivity is declining. Hobbs et al (2002)
described the emerging issues of sustainability due to cropping intensification. These
include the need to improve water-use efficiency, soil structure, and weed management
against the backdrop of increasing labor and water scarcity in the agricultural sector.
There is increasing interest in shifting from conventional puddled transplanted rice
(CPTR) to direct-seeded rice (DSR) due to the shortage of labor and water, adverse
effect of puddling on soil health, and rising fuel prices. There is now evidence that
water scarcity prevails in rice-growing areas of the IGP (Tuong et al 2005). Pandey
and Velasco (2002) argued that low wage rates and an adequate water supply favor
transplanting, whereas direct seeding is likely to increase in circumstances of labor
scarcity and high wages and low water availability. An alternative to puddling and
transplanting could be direct seeding, which requires less water, labor, and capital input
initially. In addition, DSR matures earlier (by 7–10 days) than transplanted rice, allowing timely planting of a succeeding wheat crop (Giri 1998, Singh et al 2006). DSR, by
eliminating puddling and continuous submergence of fields, reduces the overall water
use needed for rice culture. Other benefits of DSR include faster and easier planting,
improvement of soil health, higher tolerance of water deficit, less methane emission,
and often higher profit in areas with an assured water supply.
Weed control is a major limitation to the success of DSR (Johnson and Mortimer
2005, Rao et al 2007, Singh et al 2006). Many studies have reported the potential
for DSR as a replacement for transplanted rice, if weeds are controlled effectively
(Singh et al 2001, 2007, Singh 2005). The risk of crop yield loss due to competition
from weeds by all seeding methods is higher than for transplanted rice because of the
absence of a size differential between the crop and weeds and the suppressive effect
of standing water on weed growth at crop establishment (Rao et al 2007). Therefore,
the major challenge for farmers in DSR is effective weed management as failure to
eliminate weeds may result in very low or no yield (Singh et al 2008, Moody and
Mukhopadhyay 1982, Moody 1983). Keeping in view the importance of effective weed
management for the success of DSR, field studies took place from 2002 to 2008 at the
research farm of Sardar Vallab Bai Patel University of Agriculture and Technology
(SVBPUA&T), Meerut, Uttar Pradesh (UP), India, and in farmers’ fields in western
UP, Haryana, and Bihar states of India under an Asian Development Bank (ADB)
project. Results of this project are summarized in this paper. This review paper aims
to report our observations on (1) the change in weed dynamics under different rice
establishment methods, (2) the different components of integrated weed management,
and (3) future research needs and strategies for weed management in DSR.
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Types of direct-seeded rice
Under the adb project, studies were conducted on wet-seeded rice and dry-seeded
rice.
Wet-seeded rice (WSR)
In this system, sprouted rice seeds with a radicle length of 1 to 3 cm are broadcast or
placed with a drum seeder under puddled or unpuddled conditions in 2–5 cm of standing
water. At the time of broadcasting, soil should be settled to be solid enough to hold seed
on or near the surface. If seed is planted deeper than 1 cm, seedling emergence will
be reduced. WSR is more commonly practiced in irrigated areas. WSR reduces labor
costs and possibly saves water use. For this technique, fields should be well leveled,
with a drainage facility. Heavy rainfall at planting time or standing water for a few
days in poorly drained soil can result in poor crop establishment. The availability of
herbicides for weed control has made this technology more popular. The seed rate in
drum-seeded rice varies from 30 to 40 kg ha–1, whereas, in the broadcasting method,
25–30 kg ha–1 is sufficient. In WSR, puddling can be avoided without any adverse
effect on rice yield. In farmers’ fields, it has been observed that mortality of sprouted
seeds is higher under puddled conditions than under unpuddled conditions.
Dry-seeded rice (DSR)
In dry direct seeding, rice is grown like any other upland crop with seed placed in the
soil by a seed-cum-fertilizer drill with or without preparatory tillage. This method
avoids puddling, so the soil structure is retained, with potential long-term yield benefits for the succeeding crop. In dry DSR, 25–30 kg ha–1 of seed is drilled at a depth
of 2–3 cm in a row space of 20 cm with the help of a seed-cum-fertilizer drill. One or
two light irrigations are required for crop germination and, after that, depending on
the weather conditions, irrigation can be given at an interval of 4–7 days to keep the
soil moist. The detailed agronomic and crop management practices were published
as Production Technology of DSR by Gupta et al (2006).
Weed flora dynamics
The results of experiments have shown that the composition of weed flora varies with
rice crop establishment method. The weed species observed in experimental plots in
western UP are listed in Table 1. In addition, other weed species found in DSR fields
in the IGP are Eleusine indica (L.) Gaertn., Panicum repens L., Digitaria sanguinalis
(L.) Scop., Eragrostis tenela (L.) R. Br. ex Roem. & Schult., Oryza sativa L. (weedy
rice), Commelina diffusa Burn. f., Celosia argentea L., Alternanthera sessilis (L.) R.
Br. ex Roem. & Schult., Marsilea quadrifolia L., Monochoria vaginalis (Burn. f.)
Presl, Sphenoclea zeylanica Gaertn., Physalis minima L., Ammannia baccifera L.,
Fimbristylis miliacea (L.) Vahl, Echinochloa spp., Leptochloa chinensis (L.) Nees.,
and Caesulia axillaris Roxb. are more problematic in lowland ecosystems. In upland
ecosystems, Brachiaria sp., Dactyloctenium aegyptium (L.) Willd., Physalis minima,
and Cucumis sp. are troublesome weed species. In dry years, Commelina benghalensis
L., Digera muricata (L.) Mart., Dactyloctenium aegyptium, Cyperus difformis L., and
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Table 1. Major weeds observed under different rice establishment methods
in experimental and on-farm trials conducted in western Uttar Pradesh and
Bihar states of India.
Weed species
Grasses
Brachiaria spp.
Dactyloctenium aegyptium
Echinochloa colona
Eragrostis japonica
Leptochloa chinensis
Sorghum halepense
Broadleaf weeds
Ageratum conyzoides
Ammania auriculata
Commelina benghalensis
Corchorus spp.
Eclipta prostrata
Euphorbia microphylla
Ludwigia spp.
Parthenium hysterophorus
Trianthema portulacastrum
Sedges
Cyperus difformis
Fimbristylis quinquangularis

PTRa

DSR

Weed species

PTR

DSR

–
x
x
x
x
–

x
x
x
x
x
x

Cynodon dactylon
Digitaria ciliaris
Echinochloa crus-galli
Ischaemum rugosum
Paspalum distichum
Sacharum spontaneum

–
–
x
–
x
–

x
x
x
x
x
x

–
–
x
–
x
–
–
–
–

x
x
x
x
x
x
x
x
x

Amaranthus viridis
Caesulia axillaris
Convolvulus arvensis
Digera muricata
Euphorbia hirta
Lindernia crustaceae.
Phyllanthus fraternus
Portulaca oleracea

–
x
–
–
–
x
–
–

x
x
x
x
x
x
x
x

x
x

x
x

Cyperus iria
Scirpus supinus

x
x

x
x

aPTR = Puddled transplanted rice, DSR = direct-seeded rice, x = present, – =
absent.

Fimbristylis miliacea are commonly seen. Studies conducted at Meerut under the ADB
project revealed that relatively more weed species were found in DSR than in CTPR
(Table 1). In the first year, the number of grassy and broadleaf weed species was 6 and
4, respectively, in CPTR, while these values in DSR were 12 and 17, respectively. In
the second year, the number of grassy and broadleaf weeds increased more in DSR
than in CPTR. The number of sedge species was similar under both crop establishment
techniques. In a 2-year study, total weed dry weight and total weed density were found
in this order: CPTR< DDSR on flat land < DDSR on furrow-irrigated raised beds at
all stages of crop growth (Singh et al 2008). They also reported that the proportion
of grassy weed weight was higher than other weeds in all rice establishment systems
and Echinochloa crus-galli continued to be the major weed species in both DSR and
CPTR. In the IGP, Singh et al (2005) observed a shift in weed flora in response to a
shift from CPTR to DSR. After 4 seasons of rice cropping, at 56 days after planting,
Echinochloa colona and Commelina diffusa were dominant in DSR, whereas Cyperus
iria and E. colona were more dominant in transplanted rice. Yaduraju and Mishra (2005)
reported that sedges such as Cyperus iria and C. difformis were common under both
wet- and dry-seeded conditions, whereas C. rotundus was found dominant in WSR
and Ischaemum rugosum in DSR.
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Table 2. Emergence of weeds and rice grain yield influenced by different rice establishment methods in Bihar.
2006
Treatment

2007
Yield
(t ha–1)

Grassy
weeds

Broadleaf
weeds
(no. m–2)

Sedges

10.5
(111)

3.28

4.4
(20)

1.9
(4)

1
(0)

4.68

12.0
(144)

18.7
(365)

2.56

5.3
(31)

2.6
(8)

3.5
(4)

4.58

15.6
(247)

5.8
(44)

8.2
(96)

3.38

7.9
(67)

2.3
(8)

2.9
(7)

3.01

UPWSR

18.7
(367)

7.8
(61)

19.8
(396)

3.21

10.1
(113)

3.1
(9)

3.2
(11)

2.33

UPTPR

13.1
(180)

9.1
(81)

19.8
(197)

4.16

3.7
(21)

2.3
(5)

5.8
(46)

3.74

CPTR

14.7
(220)

10.2
(109)

9.2
(128)

4.18

5.4
(29)

4.5
(21)

5.7
(43)

4.28

5.6

4.3

9.7

0.36

4.7

3.0

4.5

0.17

Grassy
weeds

Broadleaf
weeds
(no. m–2)

Sedges

ZTR-SBa

7.5
(48)a

11.3
(135)

CDR

11.2
(129)

WSR

LSD at 5%

Yield
(t ha–1)

aOriginal values of weed density given in parentheses ( ) were transformed using formula (√x+1) to reduce the
variability. aZTR-SB = zero-tillage rice with stale seedbed technique, CDR = conventionally drilled rice, WSR =
puddled wet-seeded rice, UPWSR = unpuddled wet-seeded rice, UPTPR = transplanting in zero-till conditions,
CPTR = conventional puddled transplanted rice.

A study conducted in Bihar during 2006 and 2007 investigating emergence
behavior of weeds under different rice crop establishment methods showed that grass,
broadleaf, and sedge densities were similar in zero-till stale bed DSR (ZTR-SB) and
conventionally tilled DSR (CDR) in both years (Table 2). In 2006, grass density in
ZTR-SB was lower than in CPTR and puddled wet-seeded rice; however, broadleaf
and sedge density did not differ. In 2007, weeds in all the treatments were lower
mainly because of very high rainfall during the crop season (double than normal). In
contrast to the first year, ZTR-SB and CPTR were similar in grass weed density but
sedge density was lower in ZTR-SB than in CPTR in the second year. In both years,
unpuddled wet-seeded rice (UPWSR) had the highest grass density. Wet seeding in the
absence of puddling facilitated early weed germination before rice germination, which
resulted in more competition from weeds and an adverse effect on yield. In the first
year, yield in DSR was lower than in transplanted rice; however, in the second year,
rice yield was similar in the different crop establishment methods except in UPWSR.
This may be due to the high rainfall during year 2 (2007).
Cyperus rotundus and Cynodon dactylon are major perennial weeds under DSR
in the eastern IGP. It has been observed that infestation of these weeds is aggravated
Integrated weed management: a key to success for direct-seeded rice in the Indo-Gangetic Plains

265

by premonsoon showers, which are common in some years. In DSR, if these weeds
are present before rice sowing, it becomes difficult to control them.
Weed competition and yield loss in DSR
In DSR, weeds emerge with the rice and offer stiff competition for growth factors
and thus reduce grain yield. Losses in yield depend on weed type, density, and duration of competition; rice cultivars; and other cultural management factors. The critical period of weed competition in DSR was reported to be 15–45 DAS (Singh et al
1999, Yaduraju and Mishra 2004). To achieve the highest potential yield, the crop
should be kept weed-free during this period. Similarly, the critical period of cropweed competition in DSR was identified to be 28 DAS (Tiwari and Singh 1991) to
45 DAS (Naidu and Bhan 1980). Yield losses from uncontrolled weed growth in DSR
are much higher than in transplanted rice. This is because transplanted seedlings have
a competitive advantage over newly emerged weeds compared with newly emerged
rice seedlings in DSR. In addition, in transplanted rice, early weeds are controlled
by flooding, which is not the case in DSR. A study conducted under the ADB project
showed that yield losses in DSR due to weeds ranged from 65% to 92% (Singh et al
2006, 2007, 2008). Depending on the type of weed flora, their intensity, and duration
of competition, yield losses in DSR range from 50% to 91% (Choubey et al 2001,
Moorthy and Saha 2002). Aerobic soil conditions and dry-tillage practices, besides
alternate wetting-and-drying conditions, are conducive for germination and growth
of highly competitive weeds.
Integrated weed management practices
In DSR, productivity largely depends on effective weed management strategies that
can be achieved through integrated weed management (IWM) practices (Rao et al
2007). Broadly integrated weed management involves the combination of a number
of weed control options to achieve the most favorable economic, sociological, and
ecological outcomes for managing the weeds. Long-term management of weed flora
without excessive reliance on a single method is a key feature of IWM. It is based on
a logical approach, system understanding, and planning and implementing a control
program, which is often site-specific. It also includes monitoring of performance
against specific criteria and critical analysis of outcomes. The results of research work
conducted on certain components of IWM practices, including preventive measures
(stale seedbed technique, tillage, competitive cultivars, water management, use of
weed-free seed, intercropping, and mulching) and active control techniques (manual
and mechanical weeding and herbicides), are described below.
Stale seedbed technique
In this technique, weeds are forced to germinate by applying irrigation and killing
them with nonselective herbicides or tillage before seeding. On average, this reduced
the weed population by 53% compared with plots in which this technique was not
followed in the trials in farmers’ fields (Singh 2007). Renu et al (2000) observed that
the use of paraquat in a stale seedbed was more effective than mechanical weeding
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in dry-seeded rice. Application of glyphosate before planting rice can reduce labor
input for weeding by 30–60% (Roder et al 2001).
Tillage practices
Land preparation plays an important role in DSR and could be an effective way of
controlling weeds, thereby minimizing cost and maximizing profit (Ram 2000). Deep
summer plowings rather than conventional tillage decreased weed dry weight at harvest
by 16–53% and increased grain yield by 47–56% (Sharma 1997). Singh et al (2005)
have shown that different tillage practices in wheat selectively alter the relative abundance of grass and sedge weeds in succeeding rice crops. Hach et al (2000) confirmed
that wet tillage in contrast to dry tillage reduced the density of weed seedling populations to a great extent but noticed increased infestations of Echinochloa crus-galli and
Paspalum distichum in the absence of tillage. Bhagat et al (1999) reported that two
plowings at the time of land preparation significantly reduced broadleaf weed density
compared with one plowing but further increasing tillage frequency did not affect the
number of weed species significantly. Singh et al (2005) reported that in drill-seeded
zero-till Commelina diffusa and Cyperus rotundus became dominant weed species.
Ischaemum rugosum, Leptochloa chinensis, and Eragrostis japonica predominated
in conventional tillage but the abundance of Paspalum species and Cyperus rotundus
decreased. Piggin et al (2001) reported that Echinochloa colona and Ludwigia octovalvis increased in abundance in zero-tillage and dry-seeded plots. Detailed studies
for analyzing and understanding such environment-weed interactions are needed.
Competitive cultivars
Harnessing competitiveness as a preventive weed control measure for DSR can be
achieved by focusing on both early vigor and traits that influence competitiveness
throughout the growth cycle. Adoption of weed-competitive genotypes is regarded as
an effective tool for integrated weed management in DSR (Rao et al 2007). Results
of trials conducted at SVBPUA&T, Meerut, showed that competitive cultivars of
rice related to Basmati or evolved Basmati groups effectively smothered weeds and
on average reduced the dry weight of weeds by 49% compared with short-statured
high-yielding varieties (Table 3). The competitive ability was attributed to early vigor,
quicker initial canopy coverage, and the taller and faster growing nature of varieties
in the Basmati group. Similarly, lower weed populations and weed dry weights were
recorded with SBR 34-69-1, Kalaguni (Hussain and Gogoi 1996), Jagannath (Singh
and Reddy 1984), cultivars Vaidehi and Barh Avarodhi (Singh and Singh 2001), and
RR 51-1, RR 20-158, and Vandna (Mishra 1997). Differences between rice cultivars
in their competitiveness with weeds have also been reported in other parts of Asia
(Caton et al 2003, Garrity et al 1992, Zhao et al 2006).
Seed rate and seed purity
A generally higher seed rate (even up to 150 kg ha–1) is used in DSR to help to control weeds and to compensate for poor stand establishment. A thin plant population
promotes weed growth. However, if proper weed control was achieved, no differIntegrated weed management: a key to success for direct-seeded rice in the Indo-Gangetic Plains
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Table 3. Effect of different rice cultivars on weed dry
weight under different rice establishment methods.a
Weed dry weight (g m–2) at 45
DAS
Varieties

Basmati-type varieties
N-10 B
Type-3
Vallabh basmati-8
Pusa basmati-1
Sugandha-3
Sugandha-2
IR55-423
Dwarf varieties
CT-6510-24-1-R
IR64
IR36
Aditya
LSD (P = 0.05)
aDAS

DSR in zerotillage

DSR on raised
beds

2002

2003

2002

2003

4.3
6.3
8.0
9.0
8.5
10.4
11.4

5.4
7.4
9.6
11.1
11.3
12.2
10.9

12.6
13.0
19.5
19.9
19.3
22.1
22.1

10.2
11.8
16.9
16.7
18.5
19.6
20.7

16.3
19.2
19.2
31.0
6.3

17.8
21.7
20.5
33.8
6.8

24.9
32.5
26.6
46.4
3.1

23.7
29.6
26.2
44.6
4.0

= days after sowing, DSR = direct-seeded rice.

ences in grain yield were observed with seed rates of 30 to 100 kg ha–1. Further, it
is necessary to use clean seed and it is an important strategy to control losses. Rice
seed contaminated with weed seeds can introduce new weed species. Preventing the
introduction of new weed species in a field is easier than controlling them after their
establishment.
Water management
Water management is the most important cultural practice for weed management in
DSR (Caton et al 2002). Many weeds are unable to germinate under flooded conditions. After proper crop establishment or after the application of herbicides, standing
water for a few days can greatly help in weed management. The efficacy of some of
the herbicides is also improved with standing water. Hach et al (1997) concluded that
increased flooding depth enhanced the efficacy of early postemergence pyrazosulfuron
ethyl (20 g ha–1). Bhagat et al (1999) concluded that, irrespective of herbicide application, continuous shallow water ponding up to panicle initiation was effective in
reducing weed diversity, density, and biomass compared with saturated soil maintained
throughout the life cycle of the crop. Balasubramanian and Krisharajan (2001) likewise
recorded lower weed growth with continuous submergence in WSR.
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Table 4. Effect of sowing time of intercropped Sesbania on weed density and grain yield of directseeded rice.
Weed density
at 60 DAS
(no. m–2)

Grain yield
(t ha–1)

Sole crop of rice

68

4.98

Sesbania sown at 0
days after rice seeding

39

5.54

Sesbania sown at 5
days after rice seeding

52

5.31

Sesbania sown at 10
days after rice seeding

65

4.86

LSD (P = 0.5%)

11

0.27

Treatment

Sesbania co-culture (brown manuring)
Traditionally, farmers grow green-manure crops before rice culture and incorporate
them by puddling before transplanting rice seedlings. This means an additional need for
irrigation water for the Sesbania crop and fuel for incorporating it. Since there is little
water in the reservoirs during peak summers, farmers have not been able to take full
advantage of green manuring in the rice-growing season. “Brown manuring” practice
involves seeding of rice and Sesbania together and then controlling the Sesbania crop
after 25–30 days with 2,4-D ester at 0.40–0.50 kg ha–1. Sesbania surface mulches
decompose very fast to supply N. This is helpful in areas where soil crust formation
is a problem for the emergence of rice seedlings. It also provides inoculums for the
microbes active on the surface-retained residues that help in degradation of the residues. Results of a study conducted at SVBPUA&T, Meerut, indicated that on average
plots of Sesbania intercropping caused a 37% reduction in total weed dry weight at
75 DAS and increased the grain yield and net income of DSR by 15% compared with
the plots where no intercropping was done (Singh et al 2007). In this study, Sesbania
proved to be effective as a mulch in weed suppression and in increasing rice yield.
The beneficial effect in yield may be primarily due to weed suppression. Sesbania,
in addition to controlling weeds, can also fix large amounts of N (Ladha et al 2000).
Angadi et al (1993) observed the greatest DSR yield with mixed cropping of rice and
Sesbania aculeata. The results of trials conducted in farmers’ fields in Haryana during
2004 to find the optimum sowing time for Sesbania with rice indicated that co-culturing of Sesbania with rice significantly increased the yield of DSR and reduced the
density of weeds over a sole crop of rice when Sesbania was sown as an intercrop
at 0 or 5 days after rice seeding (Table 4). A greater reduction in weed density was
recorded when Sesbania and rice seeding were done simultaneously than when sowing Sesbania at 5 days after rice seeding. Concern is increasing about soil organic
matter depletion and environmental pollution due to the burning of crop residues in
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intensive rice-wheat systems due to the limited return of organic matter. The Sesbania
option also provides an alternative to crop residue. When wheat straw is not readily
available, farmers can opt for growing Sesbania with DSR up to 30 DAS. The use of
green-manure intercrops having bio-herbicidal characteristics or weed-smothering
capability would have the additional benefits of adding biomass to soil (Singh et al
2007). Intercropping with cowpea (fodder) and green gram (seed) lowered populations
and dry matter accumulation of weeds (Hussain and Gogoi 1996).
Mulching
Mulches normally reduce light penetration to the ground and serve as physical barriers
to weed emergence. In addition, they also moderate the soil temperature, conserve
moisture, and add organic matter and nutrients to the soil during decomposition. Results of a trial showed that, when averaged over two years, mulching of wheat residue
reduced the total dry weight of weeds by 42% and increased the grain yield of DSR
and net income by 20% over no mulching (Singh et al 2007). It is always beneficial
to use crop residues (mungbean, cowpea, boro rice, and wheat residue) as mulches
wherever they are available. The practice of zero-till seeding allows the retention of
previous crop residues in the field as mulch, which is known to be a good tool for weed
management. The multicrop new-generation zero-till seed-cum-fertilizer drills/planters with disk-type openers, turbo Happy Seeder, and rotary-disc drill allow seeding
into loose residues. In combine-harvested areas, crop residues must be spread evenly
before planting for uniform crop establishment.
Manual weeding
Manual removal of weeds in DSR is a costly affair as it requires four to six weedings
to obtain high yields of rice. In studies under the ADB project, a labor requirement of
100–120 person-days ha–1 to keep fields of DSR weed-free for the whole season has
been reported (Singh et al 2006, 2007). Singh (2005) observed labor inputs of 56–152
person-days ha–1 for two weedings in DSR. Most upland and aerobic rice growers in
Asia mechanically remove weeds from their crops two or three times per season, investing up to 190 person-days ha–1 in hand weeding (Roder 2001). The labor requirement
for weeding is a major impediment to the adoption of water-saving aerobic rice, and
to increasing the productivity of aerobic rice–based cropping systems. Commonly,
weeding is delayed or canceled due to poor weather conditions, a lack of labor, or
expensive labor costs. Other problems with manual weeding include damage to the
rice crop when weeders move through the field, and mistaken removal of rice instead
of weeds because of difficulty in distinguishing some of the grassy weeds from rice
at the initial stages. In DSR, one to two manual weedings are necessary at later stages
to remove the weeds that escape in other weed control methods and to check further
weed seed production in the field.
Mechanical methods
Under upland conditions, weeds in DSR can be controlled by tools such as a khurpi
or hand hoe/blade hoe/wheel hoe. In line-sown crops, rotary weeders or cono weed270
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ers are also effective in controlling weeds. Mechanical weeding (20 DAS) followed
by hand weeding (35 DAS) resulted in significantly lower weed dry weight (Nair et
al 2002). A dryland weeder (with a straight-line peg arrangement) has shown excellent performance across a range of soil types with varying soil moisture levels and
weed intensity, providing a labor savings of approximately 57% compared with hand
weeding (Subudhi 2004).
Chemical weed control
High labor costs as well as labor scarcity, unfavorable weather conditions, and morphological similarity of some weeds (Echinochloa colona and E. crus-galli) to rice have
made chemical methods more popular than hand weeding. Herbicides are considered
to be an alternative/supplement to hand weeding (Singh et al 2006). The important
findings of research work on the evaluation of herbicides for managing weeds in DSR
conducted under the ADB project during 2002-08 are explained below.
Preemergence application of pretilachlor + safener at 500 g ha–1 or pendimethalin
at 1.0 kg ha–1 followed by one hand weeding effectively controlled weeds and proved
effective in increasing yields of DSR, resulting in higher net income (Singh et al
2007). Pendimethalin has some adverse effect on rice germination when it comes
in direct contact with seed in open slits of a zero-till-sown field or WSR. Results of
field experiments conducted by Yadav and Yadav (2007) reported 70% phytotoxicity
on rice seedlings by a sand mix application of pendimethalin at 1.5 kg ha–1 applied
7–8 DAS. Damage increased further with a spray application of pendimethalin under
both puddled and unpuddled conditions. Pretilachlor required stagnation of water for
a few days for its full efficacy. The rate of pretilachlor + safener can be reduced from
the recommended rate and still achieve adequate control of weeds by flooding the
field continuously with 2 cm of water (Janiya and Johnson 2005). For the control of
broadleaf weeds in DSR, 2,4-D at 500 g ha–1 or chlorimuron + metsulfuron at 2 + 2
(4) g ha–1, bensulfuron at 60 g ha–1, and ethoxysulfuron at 18 g ha–1 were found to be
effective when applied 21 DAS (Singh et al 2006).
Combinations of compatible herbicides or sequential application are needed for
broad-spectrum weed control. A tank mixture of fenoxaprop-ethyl + ethoxysulfuron
at 50 + 18 g ha–1 effectively controlled both grass and broadleaf weeds when applied
as postemergence (18–21 DAS) in DSR (Singh et al 2006). A tank mix of propanil
+ triclopyr at 1,750 + 500 g ha–1 has been found to be effective against mixed weed
flora, including sedges such as Cyperus iria, C. difformis, and Fimbristylis sp. But
a tank-mix application of fenoxaprop-ethyl or cyhalofop-butyl with chlorimuron +
metsulfuron or 2,4-D showed an antagonistic effect. Zhang et al (2005) also reported
an antagonistic effect of fenoxaprop activity on Echinochloa spp. when applied in
combination with bensulfuron, carfentrazone, halosulfuron, and triclopyr; however,
propanil plus molinate and bentazone was compatible with fenoxaprop-ethyl at 0.075
kg ha–1 for control of Echinochloa spp. Application of fenoxaprop-ethyl at 50–60 g ha–1
or cyhalofop-butyl at 120 g ha–1 can be used postemergence for the control of grassy
weeds. Cyhalofop-butyl controls Echinochloa colona and E. crus-galli effectively
but has only a marginal efficacy against some of the other grasses. Fenoxaprop-ethyl
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has a narrow range of selectivity. However, its selectivity in rice has improved with
the new formulation “Rice Star” (fenoxaprop-ethyl + safener). For late applications,
foliar-applied herbicide mixtures are recommended using bispyribac-sodium, cyhalofop-butyl, fenoxaprop-ethyl, and pyribenzozim with propanil, bentazon, azimsulfuron,
or ethoxysulfuron (Kim and Ha 2005, Kim et al 2001).
The sequential applications of preemergence herbicides such as pendimethalin
at 1,000 g ha–1 or pretilachlor with safener at 500 g ha–1 followed by (fb) 2,4-D at
500 g ha–1 or chlorimuron + metsulfuron at 2 + 2 (4) g ha–1 applied 21 DAS and postemergence application of cyhalofop-butyl at 120 g ha–1 or propanil at 1,750 g ha–1
applied 14 DAS fb triclopyr at 500 g ha–1 applied 28 DAS were found to be effective
in controlling mixed weed flora and resulted in higher grain yields and gross returns
of DSR (Singh et al 2006). Angiras and Attri (2002) also reported that application of
cyhalofop-butyl fb 2,4-D was effective against mixed populations.
For the control of sedges, including Cyperus rotundus and broadleaf weeds, a
postemergence application of azimsulfuron at 25–30 g ha–1 was effective in directseeded rice (R. Gopal, CIMMYT, India, Begusarai, Bihar, personal communication on
8 August 2008). The application of bispyribac at 25 g ha–1 + 0.2% NIS and penoxsulam
at 25 g ha–1 + 0.2% NIS provided effective control of Echinochloa crus-galli and E.
colona. However, these two herbicides were not effective against Dactyloctenium
aegyptium and Leptochloa chinensis, although these two weeds can be effectively
controlled with the application of fenoxaprop-ethyl + safener at 60 g ha–1 (R. Chhokar, Directorate of Wheat Research, Karnal, India, personal communication on 2
Sept. 2008). Bispyribac applied with fenoxaprop-ethyl and cyhlofop-butyl showed
an antagonistic effect.
The efficacy of different herbicides depends on the conditions in which they are
applied. Foliar-active herbicides such as bentazon, 2,4-D, and triclopyr require draining
of water before application for better contact of the herbicide with leaves. Molinate
needs to be applied in water as an application on drained fields would result in its loss
by volatility. Sulfonylureas work best when applied into water, with floodwater acting as a carrier for their even distribution. Herbicides reported to be effective against
different types of weeds in DSR are summarized in Table 5.

Future strategies
Weeds are dynamic and they change as situations change. Weed infestations are a
major threat to rice yields and further expansion of DSR in the IGP. The sustainability
of rice production by direct seeding will therefore critically depend on effective weed
management strategies. In the long term for the implementation of economically viable weed management programs in DSR, an understanding of the major problematic
weeds and their physiology in different agroecological zones, the extent of yield losses
caused by them, and information on farmers’ resource base and knowledge are needed.
The identification of need-based and location-specific technological options to enable farmers to use them as components of IWM will be helpful in developing sound
weed management technologies in DSR. Research work on developing rice varieties
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Table 5. Herbicides reported to be effective against different types of weeds in
direct-seeded rice.a

Herbicide

Glyphosate
Paraquat
Pendimethalin in DSR
Pretilachlor + safener in WSR
Molinate
Cyhalofop-butyl
2,4-D
Metsulfuron + chlorimuron
Fenoxaprop-ethyl + safener
Azimsulfuron
Bispyribac sodium
Bensulfuron methyl
Triclopyr
Penoxsulam
Ethoxysulfuron
Propanil
Carfentrazone
Clomazone
Halosulfuron
Quinclorac

Dose (g ha–1)

0.5–1%
0.5%
1,000
500
3,000–4,000
120
500
4
50–60
25–30
25–30
60
500
30–35
18
2,250–3,000
20–25
300–600
30–40
250–350

Application
time

Preseeding
Preseeding
PE
PE
PE
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post

Class of weed
controlled
Grassy

BL

Sedge

+
+
+
+
+
+
–
–
+
–
+
–
–
+
–
+
–
+
–
+

+
+
+
+
+
–
+
+
–
+
+
+
+
+
+
–
+
+
+
+

+
+
–
–
–
–
+
+
–
+
+
+
+
+
+
+
–
+
–

aPE

= preemergence, Post = postemergence, BL = broadleaf weeds, + = effective, – = noneffective.

having early vigor and vegetative growth for strong weed competitiveness combined
with high yield potential will certainly boost the adoption of these technologies in the
future. Crop rotation and a judicious use of chemicals supplemented with other weed
control techniques will prevent the development of resistance and adverse effects on
the environment and human health. Chemical weed control methods are knowledge-intensive in DSR; hence, effective technology transfer is needed. Continuous monitoring
to identify the emergence of new weed species and weeds that are difficult to control
such as weedy rice is also necessary for a sustainable weed management system in
DSR. Increasing the area of direct seeding will probably result in the rise of weedy
rice to the top ranks of the most troublesome weeds in rice production in the IGP in
the future. Integrated weed management strategies that include a rotation of rice with
other crops, the development of herbicide-resistant varieties, planting seed free of
weed seeds, stale seedbed techniques, minimum or no tillage, mulching, co-culturing
of cover crops such as Sesbania for 30–35 days for a smothering effect, rotation of
herbicides and destruction of escaped weeds by roguing, mechanical and chemical
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means, water management, and biological methods should be adopted for the control
of difficult-to-control weeds before they become a threat to DSR.
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Statistical tools for farmers’
participatory trials for conservation
agriculture
Rajender Parsad, Jose Crossa, V.K. Gupta, Raj K. Gupta, J.K. Ladha,
and Raman K. Anitha

The Rice-Wheat Consortium (RWC) for the Indo-Gangetic Plains generally evaluates different resource-conserving technologies (RCTs) in a farmers’ participatory
mode. It is a key challenge to analyze unbalanced data (due to variations in the
number of replications of different RCTs, the use of different varieties, farmers’
preferences for testing different options, etc.) generated from these trials using proper statistical tools so as to draw meaningful and valid conclusions. To
achieve this, data collection and data preparation are of paramount importance.
An additional problem with the analysis of data generated from these trials is
that different researchers use different terms for similar practices. We reiterated
the use of uniform terminology for RCTs and experimental variables and a common data entry format, including specified units. The usefulness of the linear
mixed effects model has also been emphasized to analyze the data generated
from these trials by taking farmer effects or field effects as random and RCT
effects (henceforth called treatments) as fixed. To identify the best performance
of any treatment in a given environment, one can make all possible pair-wise
treatment comparisons using adjusted means/best linear unbiased predictors
of treatments. The procedure of analyzing groups of experiments can be used
to study the interaction of treatments with crop varieties, years, soil types, and
land leveling, etc. In the case of crossover interactions, the site regression
biplot technique has been suggested to identify subsets of treatments to be
recommended for specific environments. All the techniques developed/suggested
have been illustrated with examples.
Keywords: linear mixed effects model, site regression biplot, groups of experiments
The Rice-Wheat Consortium (RWC) has been conducting farmers’ participatory
trials (FPTs) in the Indo-Gangetic Plains on conservation agriculture platforms.
Farmers select and manage different resource-conserving technologies (RCTs) and
researchers have only an advisory role in the selection of treatments. The main objective of these trials is to demonstrate the benefits of RCTs such as zero-tillage, the
furrow-irrigated raised-bed planting system, fresh beds, reduced tillage, etc., over
Statistical tools for farmers’ participatory trials for conservation agriculture
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conventional practices (see Ladha et al, this volume, for a detailed list of technologies). The participating farmers are given full control over the selection of a subset
of RCTs (cultivars, fertilizer rates, timing, mulching, etc.) to be tested in their fields
with a view to assess farmer innovations and acceptability. They are also given the
freedom to modify the treatments such as reduced tillage and full conventional tillage,
number of irrigations, agro-chemicals used, residue management options, the use of
various versions of agro-machines, etc., as per their choice to suit their needs and
resources. The number of treatments may become as large as the number of participating farmers. To analyze data from these trials, first, farmers can be considered as a
blocking factor. Since only a subset of treatments is applied in one farmer’s field, we
may consider it as an incomplete block design and the data may be analyzed as per
the procedure of incomplete block designs. Because of a large number of treatments,
the overall design may become disconnected and it may not be feasible to make all
possible pair-wise treatment comparisons. Therefore, to analyze the data from these
trials and make inferences about the efficacy of treatments from this type of process
is a challenging task.
Further, FPTs are conducted over different regions and over years. The RCT
options may have an interaction with regions and/or years. The objective is to identify
the RCT options that are suitable over regions/years. The variety to be used is usually
the prerogative of the participatory farmer and the goal is to identify the variety that
is most suitable for a given RCT (e.g., direct-seeded rice or transplanted rice). FPTs
may also have different soil types or land leveling. The aim is to study the interaction
between treatments and varieties/soil types/land leveling.
If we consider varieties, soil types, years, regions, land leveling, etc., as environments and RCT options as treatments, we can investigate treatment × environment
interactions. If there is no treatment × environment interaction, the best RCT option may
be identified by averaging over environments. If a treatment × environment interaction
is present, we first have to identify whether the interaction is a crossover (treatment
ranks change from one environment to another) or noncrossover type (in which a
treatment difference changes in magnitude but not in direction among environments).
In noncrossover interactions, treatments that are superior in one environment maintain
their superiority in other environments. If there is a crossover interaction, the subsets
of treatments are to be recommended only for specific environments. Therefore, it is
important to test for crossover interactions. In the case of crossover interactions, one
way to identify the subsets of treatments for a particular environment is to use the
technique of biplots obtained from the site regression model (Crossa and Cornelius
1997). The key bottleneck in FPTs is the use of proper statistical tools/techniques to
draw statistically valid conclusions. To remove this bottleneck, guidelines for designing and analyzing these trials have been developed through close collaboration and
interaction among the Indian Agricultural Statistics Research Institute, New Delhi,
the RWC, and its convening centers, CIMMYT and IRRI.
The guidelines for data collection and data preparation are discussed in the next
section. The statistical analysis of data generated from FPTs using a linear mixed
effects model is described later and illustrated through real-life examples. The pro280
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cedure of studying treatment × environment interactions and identifying a subset of
treatments for a subset of environments is described in the section on analysis of data
over regions/years. Some tips for planning FPTs in the future are given in the section
on designing future trials.The conclusions and some researchable issues are given in
the final section.

Data management
For any statistical analysis, data collection and data preparation are of paramount
importance. The parameters or variables on which the data are to be collected should
be uniform across regions and years. In the initial stages of discussions, in most data
sets, only grain yield was provided. Since RCTs help in saving on fuel and other inputs,
Parsad et al (2006b) suggested that data on all possible inputs, their costs, number and
volume of irrigation water, and returns over variable costs should also be collected
and made available. The data on these variables will provide additional information in
accounting for resource conservation. In many cases, different varieties (basmati and
nonbasmati type in rice) are used by the farmers. Basmati-type varieties may fetch a
higher price per unit of produce. Further, their input requirements may be different.
Therefore, returns over variable costs (obtained after subtracting the cost of inputs,
including labor, from the gross returns) are one of the important variables. Since the
data across regions/years are to be analyzed at the end of the day, it was suggested that
the centers should enter data in a common format, including units in MS Excel.
In many cases, the same treatment was used with different notations. For example, transplanted rice is used as FP (farmers’ practice), TPR (transplanted rice), and
CT (conventional tillage) in different data sets. When analyzing the data, there is a
chance that these may be misinterpreted as different treatments. To avoid such problems, Parsad et al (2006b) suggested using uniform terminology for all the treatments,
soil types, soil amounts, and other parameters. As a consequence, some initiatives
went in this direction: the RWC published a technical bulletin on Production Technology for Direct-Seeded Rice in 2006 and Ladha et al (this voulume) standardized the
terminology of various versions of commonly used RCTs and provided abbreviations
with brief descriptions. A lot more is required in this direction.
The data can be entered in Excel sheet columns in the following order: serial
number, year, season, district, village, farmer name, farmer identification (we may
give a unique identity to a farmer, if the same farmer is continuing for more than one
year, then farmer_id should be the same), field identification (assign a unique field
identification number to a field across years based on its latitude and longitude),
latitude, longitude, plot size (ha), soil type, field level, crop, treatment (RCT option),
variety and its duration (early, medium, late maturing), date of sowing/transplanting,
date of harvest, grain yield (t/ha), straw yield (t/ha), 1,000-grain weight, number of
earheads per square meter, number of grains per earhead, weed density before spray
of herbicide, weed density 10 days after spray of herbicides, nitrogen (kg/ha), P2O5
(kg/ha), K2O (kg/ha), name of (presowing, preemergence, and postsowing) herbicides,
cost of herbicide (Rs./ha), irrigation source, number and depth of irrigation (cm), irStatistical tools for farmers’ participatory trials for conservation agriculture
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rigation volume (cubic meters), irrigation cost (Rs./ha), soil parameters (soil nitrogen,
soil organic carbon, soil pH, soil electrical conductivity), and costs (Rs./ha) of labor,
fertilizer, tillage, pesticide, gross returns, returns over variable costs, etc.
Further, transcription errors may occur while data recording or preparation of
data files is being done. Therefore, we suggest making use of the “AutoFilter” option
available under the “Data” menu in MS Excel for checking any discrepancies. A boxplot can also be used for checking discrepancies in the data as well as describing the
behavior of the data.

Linear mixed effects model
Farmer participatory trials are conducted by farmers located in many villages spread
over more than one district. Sometimes, more than one field, located far apart, is
used by the farmers to test their options in these trials. Therefore, we may consider
the farmer as a block if only one field of that farmer is used. If there is more than one
field of the farmer, then the fields of that farmer may be taken as a blocking factor.
If only a subset of treatments is applied in a farmer’s field, we may consider that an
incomplete block design was used and the data can be analyzed as per the procedure
of incomplete block designs. Since the blocks (farmers or fields) have been selected
randomly, block (farmer or field) effects should be taken as random. Considering farmer
effects as random helps in the recovery of interfarmer variability. The linear mixed
effects model should be used for the analysis of data from these trials by considering
block (farmer effect or field effect) effects as random and treatment effects as fixed.
Consider that FPTs were conducted with v treatments (RCT options) in b blocks
(farmers or fields). The observation yij on the jth farmer for the ith treatment is modeled
as
yij = μ + τi + Fj + eij ; ψi = 1, 2, Λ, v; j = 1, 2, Λ, b

(1)

where yij is the observation on the jth block for the ith treatment, µ is the general mean,
τi is the effect of the ith treatment, Fj is the random effect of the jth farmer, and eij is
the random error that is normally distributed with mean 0 and variance σ2e. Since the
block effects are random, suppose that Fj is independently and identically distributed
(iid) as (0, σ2b). For the ease of understanding, we will use the farmer as a block in
further discussion. The farmer, however, can be replaced by a field if more than one
field of different soil characteristics is used for the trials.
Data analysis using model 1 can be carried out using PROC Mixed of SAS
(Littell et al 2006). The following syntax can be used:
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		 PROC Mixed ratio covtest;
		 class trt farmer; /
		 model observation = trt;
		 random farmer;
		 lsmeans trt/pdiff;
		 run;
Please note that, in this syntax, observation is the dependent variable under study,
namely, grain yield, irrigation water volume, returns over variable costs, etc. By default,
the restricted maximum likelihood method of estimation of variance components is
used. The convergence of the REML procedure should be checked. The covtest option
is used to test the significance of the covariance parameters, which, in this case, is
farmers. A P value less than 0.05 indicates significance of the covariance parameter at
the 5% level of significance. Further, treatment effects have been considered as fixed
in the model. If the P value for testing the equality of treatment effects is less than
0.05, we say that at least one pair of treatments exists that are significantly different.
For significant treatment effects, identify the pairs of treatments that are significantly
different using adjusted means/least square means of treatment effects.
As a consequence of imbalances of data, standard errors of the difference of
treatment effects tend to be unequal. Therefore, a single value of minimum significant
difference (least significant difference or Tukey’s honestly significant difference) is
not sufficient. Treatment comparisons are presented by marking the letters a, b, c, etc.,
alongside the adjusted means. The least squares means with at least one letter in common are not significantly different. For assigning these letters, SAS Macro pdmix800.
sas developed by Saxton (1998) that takes in pairwise significance probabilities and
converts them into letter groupings can be used.
Since RCTs help in saving on fuel and other inputs, while comparing treatments, we must perform comparisons of grain yield, costs, irrigation water volume,
and returns over variable costs. This will take into account resource conservation. A
treatment that gives high returns over variable costs and does not reduce grain yield
may be taken as the best.
The above procedure is illustrated in the sequel using some practical examples.
Example 1: An FPT was conducted during 2005-06, 2006-07, and 2007-08 on
rice in the Terai region of Nepal (see Regmi et al, this volume, for details). The four
RCT options (treatments) tried were
1. Conventionally tilled transplanted rice (CT-TPR) or the farmers’ practice
(FP)
2. Conventionally tilled transplanted rice with an integrated crop management
approach (CT-TPR-ICM)
3. Conventionally tilled direct-seeded rice (CT-Drum_R)
4. Reduced-till direct-seeded rice (RT-DSR)
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Table 1. Adjusted means of treatments of grain yield (t ha–1) of rice in the Terai region of Nepal
during 2005, 2006, and 2007.
2005

2006

2007

Treatment
No. of
farmers

Mean

Adjusted
mean

No. of
farmers

Mean

Adjusted
mean

3.38 b

52

3.45

3.33 b

82

3.33

CT-TPR-ICM

4.60 a

40

4.60

4.46 a

66

CT-Drum_R

2.58 c

8

2.78

3.57 b

10

RT-DSR

3.10 b,c

11

3.08

3.44 b

6

2.90

Adjusted
meana
CT-TPR

aAdjusted

No. of
farmers

Mean

3.51 c

83

3.51

4.49

4.61 a

83

4.61

3.73

3.93 b

8

3.93

3.62 b,c

6

3.62

means marked with the same letter are not significantly different at the 5% level of significance.

The number of farmers and observations collected are given as
Year
2005
2006
2007

Number of Number of
farmers observations
51
81
96

111
164
180

The data on grain yield were analyzed using a linear mixed effects model with
farmer effects as random and treatment effects as fixed using PROC Mixed of SAS.
Variance components of farmers were highly significant in all three years (Prob.>Z
= 0.0116, 0.0010, and 0.0193 in 2005, 2006, and 2007, respectively). The treatment
effects were also found to be significantly different in all three years with Prob.> F <
0.0001. Adjusted means, number of observations for each treatment, original means,
and results of all possible pairwise treatment comparisons are shown in Table 1.
From Table 1, we can observe that CT-TPR-ICM has significantly higher yields
than RT-DSR, CT-Drum_R, and CT-TPR. CT-Drum_R and RT-DSR are statistically
on a par. CT-TPR is on a par with RT-DSR in 2006 but statistically significant during
2005 and 2007. It can also be observed that ranks of treatments change over years.
RT-DSR and CT-Drum_R gave significantly lower yields than the farmers’ practice
in 2005 but higher yields in 2006 and 2007. From 2006 and 2007 results, it becomes
apparent that rice can be direct-seeded with reduced tillage or can even be drum-seeded
in place of CT-TPR.
Example 2: An FPT was conducted in 2006 on rice at Modipuram, Uttar Pradesh,
India. The RCT options (treatments) tried were
1. Conventionally tilled transplanted rice (CT-TPR) or the farmers’ practice
(FP)
2. Reduced-till (nonpuddled) direct-seeded rice (RT-DSR)
3. Reduced-till direct-seeded rice with Sesbania (RT-DSR+Ses)
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4. Zero-tilled direct-seeded rice (ZT-DSR)
5. Zero-tilled direct-seeded rice with Sesbania (ZT-DSR+Ses)
Twenty-eight farmers participated and a total of 59 data sets were collected (see
Saharawat et al, this volume, for details). The data on irrigation number, irrigation cost,
and returns over variable cost were analyzed. Variance components due to farmers
were found to be significant for these three variables (Prob.>Z = 0.0002, 0.009, and
0.0003 for irrigation number, irrigation cost, and returns over variable costs, respectively). The treatment effects were also found to be statistically significant. Adjusted
means of the treatments were obtained and results on all possible pairwise treatment
comparisons are given in Table 2.
RT-DSR gave the highest returns over variable costs, which are significantly
higher than CT-TPR and ZT-DSR at the 5% level of significance and statistically on
a par with RT-DSR+Ses and ZT-DSR+Ses (Table 2). Irrigation number and irrigation
cost are least in RT-DSR, which is statistically on a par with RT-DSR+Ses, ZT-DSR,
and ZT-DSR+Ses but statistically significantly lower than the irrigation number/irrigation cost in CT-TPR at the 5% level of significance. The highest grain yield is
obtained from ZT-DSR+Ses, which is statistically on a par with all other RCTs. This
may be because ZT-DSR+Ses is only singly replicated and the variance of the estimated difference of means with this variety is high. The grain yields obtained from
CT-TPR are significantly higher than from RT-DSR, RT-DSR+Ses, and ZT-DSR at
the 5% level of significance.
When grain yield per irrigation was analyzed, the variance component due to
farmers was found to be significantly different (Prob.>Z = 0.0002) and the treatment
effects were also significantly different at the 5% level of significance. When all possible pairwise treatment comparisons were made, it was found that grain yield per
irrigation for RT-DSR is significantly higher than for all other RCTs at the 5% level
of significance (Table 2). Therefore, for maximizing the returns over variable costs
and minimization of water consumption, RT-DSR may be preferred over CT-TPR.
Remark 3.1: In some data sets, treatment may not be significantly different for
grain yield but a critical look at the data may reveal that irrigation volumes differ in
large measure. Then, we may consider the irrigation volume or irrigation number as a
covariate and perform analysis of covariance, using the following SAS code (irrigation
volume as a covariate):
		
PROC Mixed ratio covtest;
		
class trt farmer; /
		
model observation = trt irrvolume; /*irrvolume
			
represents irrigation volume*/
		
random farmer;
		
lsmeans trt/pdiff;
		
run;
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4.58 a,b,c

2.99 c
14.00 a,b

12.57 b

13.30 b

12.37 b

16.24 a

Irrigation
number

8,400.00 a,b

7,544.08 b

7,978.83 b

7,424.89 b

9,745.28 a

Irrigation cost
(Rs. ha–1)

14,447 a,b,c

8,035 c

15,746 a,b

16,295 a

13,384 b,c

Returns over
variable costs
(Rs. ha–1)

0.33 a,b

0.27 b

0.31 b

0.34 a

0.28 b

Grain yield
per irrigation
(t ha–1)

means marked with the same letter are not significantly different at the 5% level of significance.

1

ZT-DSR+Ses

aAdjusted

2

ZT-DSR

4.12 b
3.94 b

20
16

RT-DSR

RT-DSR+Ses

Grain yield
(t ha–1)

4.38 a

No. of
farmers

20

CT-TPR

Treatment

14,447 a,b,c

8,035 c

15,746 a,b

16,295 a

13,384 b,c

Returns over
variable costs
(Rs. ha–1)

Table 2. Adjusted means of treatments of a rice crop in Modipuram during 2006 for grain yield, irrigation
number, irrigation cost, and returns over variable costs.a

If we are interested in comparing the average effects of a group of treatments,
say, direct-seeded rice with or without Sesbania with zero-till direct-seeded rice with
or without Sesbania, this can be done by including a contrast statement in the SAS
code. For example, for example 2, we can add the following contrast statement after
the random statement:
		 Contrast ‘RT-DSR vs ZT-DSR’ trt 1 1 0 -1 -1;
For more details on contrast analysis, see Dean and Voss (1999).
Further, a given trial may have more than one soil type and the field may be laser
leveled or leveled by traditional methods. For example, there are four combinations of
two soil types (sandy loam and loam) and two field-leveling types, laser and traditional.
For a given farmer’s field, one of the four combinations is fixed. Therefore, variation
in soil type or laser leveling is confounded within farm effects. To identify the best
treatment for these combinations, separate analysis for each of these combinations
can be done. To do this, another column for combination as stype_Fl (soil type and
field level combination) can be included and data can be sorted in order of stype_Fl
using PROC Sort as below:
		
		
		
		
		
		
		
		
		
		

PROC Sort;
By stype_Fl;
Run;
Proc mixed ratio covtest;
class trt farmer; /
model observation = trt;
random farmer;
lsmeans trt/pdiff;
by stypeFl;
run;

One can perform separate analysis of data for different combinations. For more
details on linear mixed effects models, refer to McCulloch and Searle (2001).

Analysis of data over regions/years
As mentioned earlier, FPTs are conducted across different regions and over years.
RCT options might differ in their performance in different regions and/or years. The
objective is to identify the RCT options that are suitable over regions/years. FPTs may
have different crop varieties, soil types, or land leveling.
The aim is to study the interaction between RCT options and varieties/soil types/
land leveling. To study this interaction, consider varieties, soil types, years, regions,
land leveling, etc., as environments and RCT options as treatments and investigate the
treatment × environment interaction using a linear mixed effects model. In this model,
environmental effects, farmer/field effects nested within the environmental effect, and
Statistical tools for farmers’ participatory trials for conservation agriculture
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treatment × environment interaction are considered as random and treatment effects
as fixed. The following SAS code can be used:
		
		
		
		
		
		

PROC Mixed ratio covtest;
class farmn env trt;
model gyld = trt;
random env farmn(env) trt*env;
lsmeans trt/pdiff;
run;

Remark 4.1: If the environments are varieties or soil types, one can consider
their effects as fixed and use the following SAS code for studying the treatment ×
environment interaction:
		
		
		
		
		

PROC glm;
class farmn env trt;
model gyld = env farmn(env) trt trt*env;trt;
lsmeans trt/pdiff;
run;

When there is no significant treatment × environment interaction, the best RCT
option can be identified by averaging over environments. If treatment × environment
interaction is present, first identify whether the interaction is a crossover interaction
(COI) (treatment ranks change from one environment to another) or noncrossover
type (treatment differences change in magnitude but not in direction among environments). In noncrossover interaction, the treatments with superior means or adjusted
means can be used in all the environments. If there is crossover interaction, then the
subsets of treatments are to be recommended only for specific environments. It is
important to test for crossover interactions. Crossover interactions complicate testing
and selection of superior treatments. In the presence of crossover interactions, the
identification of specifically adapted treatments becomes a way for increasing gains.
For a detailed discussion on crossover interactions and statistical analysis of data over
several environments, see Crossa (1990).
Consider treatments A and B tested in environments 1 and 2. Let YA1 and YA2
be the means of treatment A in environments 1 and 2, respectively, and YB1 and YB2
be the means of treatment B in environments 1 and 2, respectively. The treatment
effects in each environment are defined as
d1 = YA1 – YB1;

d2 = YA2 – YB2

No interaction and all types of interactions can be illustrated in the space of
treatment effects by plotting d1 and d2.
The line where d1 = d2 represents the situation in which there are differences in
treatment means but not in treatment-environment interaction; when d1 = d2 = 0 (at
288

Parsad et al

the origin), there are no differences in treatment means and no interaction. Qualitative or crossover interaction will occur in the second and fourth quadrants when d1
< 0 and d2 > 0 or d1 > 0 and d2 < 0. In the remaining cases, there are noncrossover
interactions and all the points occur in the first and third quadrants, excluding those
lying on the line where d1 = d2. In case of crossover interactions, for identifying the
subsets of treatments for certain environments, the biplot technique can be used, which
is described briefly below.
Biplot
A biplot is a scatter plot that graphically displays both the row factors and the column
factors of two-way data. Gabriel (1971) first developed the concept of biplots and
Kempton (1984) first applied the technique to study variety by environment interaction patterns. It has been much used since Gauch (1992) applied it on the statistical
analysis of regional yield trials. Gower and Hand (1996) give a complete description
of the interpretation of the biplots of multiplicative models. The biplot has been used
in data visualization and pattern analysis in various research fields, from psychology to economics to agronomy. Currently, more than 50,000 Web pages contain
the keyword “biplot.” This technique has been used extensively in the analysis of
multienvironment trials.
The biplot makes use of the property that any element of a matrix can be represented as the inner product of a row and a column. To generate a biplot, we take the
matrix representing the effects of two factors. This matrix is then subjected to singular
value decomposition (SVD) and decomposed into two matrices whose elements can
be plotted to represent components due to treatments and environments in Euclidean
space. A brief description of SVD is given below.
Let the matrix be denoted by Av × s. The SVD of matrix Av × s is
A = U*diag(L)*V
where U is of order v × s, L is an s × s diagonal matrix, and V is a matrix of order s
× s. The SVD of A is alternatively represented as
t
aij = Σ uik λk vkj
k=1

where aij is the element in row i and column j of matrix A, i = 1(1)v and j = 1(1) s, uik
is the element of the matrix characterizing rows, λk’s are the singular values and vkj is
the matrix characterizing the columns, and t represents the rank of matrix A ≤ min(v,
s). This can be achieved by using CALL SVD (U, L, V, A) in PROC IML of SAS.
After performing the singular value decomposition, the next step is to do the
singular value partitioning as
			
Statistical tools for farmers’ participatory trials for conservation agriculture

289

t
aij = Σ (uik λk½) (λ½k vkj)
k=1

where uik λk½ (λ½k vkj ) represents the row (column) scores for the kth dimension. The
scores for the dimensions are obtained after arranging the elements of U, V, and L
such that the elements of L are in descending order.
In other words, to obtain the scores for dimensions of row factor, the columns
of U are multiplied by the corresponding elements of L1/2, that is, by multiplying the
first column of U by the square root of the first element of L, gives scores for dimension 1 of genotypes. Multiplication of the second column by the square root of the
second element gives scores for the second dimension and so on. Similarly, scores
for the dimensions of the column factor are obtained by multiplying the columns of
V by the corresponding elements of L1/2.
The number of dimensions will be equal to the rank (A) ≤ min (v, s). Once
the dimensions
are obtained, one can obtain the percent variation explained by
t
2
2
each
dimension.
The percent variation explained by the kth dimension is given by
λk / k=1
Σ λk’
that is, by dividing the square of the kth element of L by the sum of squares of elements of L.
The first two components are used to plot biplots. Before describing the procedure
of generating biplots using the first two components, we shall provide an answer to
the question “How do you obtain matrix A?” Matrix A can be obtained from either
of the following two models:
Model

Model fitted to obtain the
matrix of residuals for SVD

Additive main effects and multiplicative
interactions (AMMI)
yij = µ + τi + ej + εij
yij = µ + τi + ej + (τe)ij + εij
(τe)ij is taken as singular value
decomposition and is equal to
t
Σ λkαikγjk
k=1

t
yij = µ + τi + ej + Σ λk αikγjk + εij
k=1

Sites regression (SREG) or GGE
t
yij = µ + ej + Σ λk αikγjk + εij
k=1
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yij = µ + ej + εij

v

Σ

In both of those models, αik and γjk are subject to orthonormality constraints.
s
v
s
α2ik = Σ γ2jk = 1 and for k ≠ k', Σ αik αik' = Σ γjk γjk' = 0. In AMMI and SREG,

i=1

v

j=1

i=1

j=1

Σ αik = 0.

i=1

The number of multiplicative terms is , where p is the number of terms required
to estimate the model if fitted by least squares, namely, min (v − 1, s − 1) and min (v
− 1, s), for AMMI and SREG, respectively.
AMMI and SREG are two of the most commonly used models for obtaining a
matrix of residuals for biplot analysis. The AMMI model helps in obtaining subsets
of treatments based on treatment × environment interaction only. A treatment recommended for a subset of environments should have high performance and have good
stability across a subset of environments. Therefore, the SREG model is preferable as
it helps in identifying subsets of treatments based on treatment effects and treatment
× environment interaction simultaneously. For further details on SREG models, see
Crossa et al (2002).
Recently published articles have compared and contrasted AMMI and SREG
models for their ability to study and interpret treatment × environment interaction (see
Yan et al 2007 and Gauch et al 2008).
In both AMMI and SREG models, yij is the mean of treatment i in environment j
for a complete block design with the same treatments and same number of replications
in all the environments. If an incomplete block design is used in some or all environments but the treatments are the same in all environments, yij is the adjusted mean of
treatment i in environment j. For unbalanced data, when there are some empty cells
in the treatment × environment table, one can use the best linear unbiased predictor
(BLUP) of treatment × environment interaction as yij. BLUPs can be obtained by
using PROC Mixed of SAS using the option “s” in the Random statement and using
the Estimate statement. BLUPs can also be generated using ASReml or CROPSTAT
software. Alternatively, we can obtain scores for the first two dimensions using a factor analytical model using ASReml (Parsad et al 2006a). More details on the factor
analytical model are given in Piepho (1997, 1998) and Van Eeuwijk et al (2001).
Once scores for the first two dimensions are obtained through singular value
decomposition and singular value partitioning, the biplots can be obtained using SAS
Macro, MS Excel, or GGEbiplot software (www.ggebiplot.com).
To obtain biplots using SAS or MS Excel, after obtaining scores of the first two
dimensions, arrange them in four columns: type gen, env; Name: gen 1,2,3,… ; env,
s1, s2, s3, … ; and score of dimension 1 (DIM1) and dimension 2 (DIM2). Before
doing this, it is necessary to find the maximum absolute value from the two columns
of DIM1 and DIM2, and divide each value by the maximum of absolute values. This
ensures that the values of DIM1 and DIM2 are within the range –1 to +1. Now one
can use the SAS Macro given by Burgueno et al (2002), which can be downloaded
from www.cimmyt.org/english/wps/biometrics. A complete solution for performing
Statistical tools for farmers’ participatory trials for conservation agriculture
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combined analysis of data and then generating biplots is also given as a link (“Groups
of Experiments”) in the link Analysis of Data on the Design Resources server (www.
iasri.res.in/design).
Parsad et al (2006a) gave the following steps for generating a biplot using MS
Excel: Go to Scatter Plot→Choose series→Add series→Give name, say gen→Define
X and Y ranges for this series→Add new series→Give name, say env→Define its X,
Y ranges. This can be continued for as many series as we have, then click on Next
and Finish. Now right-click on Graph→Format Plot Area→Remove Grid lines. In
Patterns, select None Radio Button for area. Now click on either the X-axis or Y-axis
and then right-click and select Format Axis. In Patterns, choose the following: Major
Tick Mark type-outside; Minor Tick Mark type-none; Tick Mark labels-low. From
Scale: Define minimum and maximum value in data set and define Major and Minor
Units. For origin, select values (X) axis crosses at 0 or at the desired number. From
Number, decimal places can be chosen. If one wants to label each point, click on the
point and choose data labels to define Label. Or, one can define as many series as we
have points and then label the points by series name.
In brief, it can be said that a biplot is a scatter plot of scores of treatments and
environments of the first dimension (bilinear term) against the scores of treatments and
environments of the second dimension (bilinear term). Gower and Hand (1996) gave
a full description of the interpretation of the biplots of multiplicative models. Briefly,
treatment and environment scores are represented as vectors in a two-dimensional
space. The treatment and environment vectors are drawn from the origin (0, 0) to
the end points determined by their scores. An angle less than 90° or larger than 270°
between a treatment vector and an environment vector indicates that the treatment has
a positive response in that environment. A negative treatment response is indicated if
the angle is between 90° and 270°.
Note 1: The most commonly used models for obtaining a matrix of residuals
are AMMI and SREG. AMMI models help in obtaining subsets of treatments based
on the treatment × environment interaction only. Since a treatment recommended for
a subset of environments should have high performance and high stability across a
subset of environments, a SREG model is preferable as it helps in identifying subsets
of treatments based on treatment effects and treatment × environment interaction
simultaneously.
Note 2: For balanced data (AMMI), the degrees of freedom for the ith component
are (ngen − 1) + (nenv − 1) − (2 × i − 1), that is, for the first component, it is (ngen −
1) + (nenv − 1) − (2 − 1) and for the second component it is (ngen − 1) + (nenv − 1)
− (4 − 1). The sum of squares due to each component (SSAMMI) is given by multiplying the number of replications by the corresponding element of L2. Now divide
SSAMMI by its corresponding degrees of freedom to get the mean square due to each
component (MSAMMI), and the ratio of MSAMMI/MSE, as F-ratio. F-probability can
be computed. This is known as the Gollob test (see Gollob 1968 and Gauch 1988).
Example 3: We begin with example 1 given earlier. Since the ranks changed
over years and the treatments were the same over years, a combined analysis of data
was performed over years. The data on grain yield were analyzed using a linear mixed
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Fig. 1. SREG biplot of Nepal Terai rice grain yield.

effects model with treatment effects as fixed and year, farmer (year), and treatment ×
environment interaction as random. The variance component due to farmer (year) was
significant (Prob.>Z: <0.001). The variance component due to treatment × environment is nonsignificant, but the interaction is significant using PROC GLM (Prob.>F:
0.0064). Since the ranks changed from year to year, a SREG biplot was drawn as
given in Figure 1.
We can see from Figure 1 that there is a lot of variation between 2005 and 2007
and 2006 and 2007. ICM-TPR is good in all three years.
Example 4: An FPT was conducted in 2004 on a rice crop in Haryana. The RCT
options tried were
1. Conventionally tilled transplanted rice (CT-TPR)
2. Unpuddled direct-seeded rice (UP-DSR)
3. Unpuddled transplanted rice (UP-TPR)
4. Unsprouted seed (USS)
Twenty-one farmers participated and a total of 52 data sets were collected. Eight
distinct varieties (HKR-112, HKR-116, HKR-126, HKR-147, Govinda, PR-11, PR-114,
and Sarbati) were used. Out of 32 total combinations of varieties and treatments, only
20 combinations were tried. Best linear unbiased predictors (BLUPs) of treatment and
variety combinations were obtained using ASReml (Burgueno et al 2000). To identify
a variety most suitable for a given RCT, these BLUPs were then presented as a SREG
biplot as in Figure 2.
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Fig. 2. SREG biplot for rice 2004.

From Figure 2, it is clear that HKR-116 and HKR-112 are good performers in all
treatments. Therefore, they can be used with any of the RCTs tried. The performance
of HKR-126 and HKR-147 was also good for unpuddled transplanted rice. PR-114
is a middle performer. Sarbati is the worst performer. PR-11 for conventionally tilled
transplanted rice and Govinda for unpuddled transplanted rice outperform Sarbati.
This example is given to illustrate how the SREG biplot can be used to identify the
most suitable variety for a given RCT. The results, however, should be used with caution since, in this example, 37.5% of the cells in RCTs versus the varieties frequency
table were empty. This methodology can always be used for situations in which the
missing cells are less than 20%.

Designing future trials
To design FPTs, an intervention should be made at the beginning of the experiment.
Divide the treatments into two groups—core treatments and farmer-decided treatments. Core treatments are conventional tillage or one or two different RCT options
and farmer-decided treatments are the treatments that farmers want to test in their
fields. Core treatments are applied to all fields and they form the basis of comparison
between the treatments and farmers. The farmer-decided treatments are taken as
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augmented treatments. At least data on the farmers’ practice (FP) can be taken as a
core treatment.

Conclusions
Linear mixed effects models and a SREG biplot can be usefully employed for the
analysis of data from FPTs. A detailed description of the case studies on the analysis
of FPTs with RCTs has been provided by Parsad et al (2006b). To assess the performance of treatments under different farmer management systems, a modified stability
analysis of data generated from FPTs can also be performed (see Hilderbrand 1988).
This description is only for individual crops and further statistical analytical techniques
are needed for taking account of cropping system effects.
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Resource-conserving technologies
in the rice-wheat system of
South Asia: field evaluation
and simulation analysis
H. Pathak, J.K. Ladha, Yadvinder-Singh, A. Hussain, F. Hussain,
R. Munankarmy, M.K. Gathala, S. Verma, U.K. Singh, and Minh-Long Nguyen

Resource-conserving technologies (RCTs) have the potential to increase inputuse efficiency and improve the sustainability of the rice-wheat (RW) systems of
South Asia. The impact of RCTs on yield and N dynamics in RW systems was
evaluated in field trials conducted at Lahore, Pakistan; Ludhiana and Modipuram,
India; Ranighat, Nepal; and Meherpur, Bangladesh, for 4 years during 200206. The RCTs gave similar wheat yield but lower rice yield by 0.9 to 1.3 t ha–1
compared with conventional practices. The Crop Estimation through Resource
and Environment Synthesis (CERES)-Rice and CERES-Wheat models were
evaluated using the data from these trials. Genotypic coefficients for rice and
wheat cultivars were derived in this study. The models simulated the phenology of rice and wheat crops satisfactorily at all the locations. The deviation, as
estimated using the root mean square error (RMSE), of the predicted days from
the observed days to flowering and maturity was only 7.0% and 5.6% for rice
and 7.0% and 5.9% for wheat, respectively. There was poor prediction of rice
yield by the model (RMSE 2.0 t ha–1) obtained with different RCTs. The predicted
grain yield of wheat, however, agreed well with observed yield in all the tillage
and crop establishment practices (RMSE 0.6 t ha–1). There was poor prediction
of N uptake by rice (RMSE 38.3 kg N ha–1) and wheat (RMSE 36.3 kg N ha–1).
The study suggested that wheat can be satisfactorily grown with various RCTs
but, for rice, the RCTs need refinement in terms of water, nutrient, and weed
management to improve yield. The CERES model was able to capture the phenology of rice and wheat and yield of wheat with RCTs but needs improvement
for the estimation of yield of rice and N uptake by rice and wheat.

The intensively cultivated irrigated rice-wheat (RW) system is crucial to employment,
income, and livelihoods for hundreds of millions of rural and urban dwellers of South
Asia (Ladha et al 2003a). The productivity and sustainability of RW systems are
threatened, however, because of (1) the inefficiency of input (fertilizer, water, labor)
use; (2) the scarcity of resources, especially water and labor; (3) adverse changes in
climatic conditions; and (4) changes in land use (cropping practices and cropping
systems) driven by a shortage of water and labor, and socioeconomic changes. The
RW production systems in South Asia are thus characterized by increasing conflicts in
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economic, social, climatic, ecological, and production-related objectives (see Ladha et
al 2003a,b for a review). The conventional practices followed in RW systems therefore
need to be improved to not only adapt to emerging changes but also to produce higher
productivity and input-use efficiency on a sustainable basis. Resource-conserving
technologies (RCTs) involving no or minimum tillage with direct seeding, and bed
planting, are now being advocated as alternatives to the conventional RW system for
improving the input-use efficiency, productivity, and sustainability of the RW system
(Gupta et al 2003, Lav Bhushan et al 2007). Some RCTs such as no-till in wheat are
already being adopted by the farmers of South Asia on a large scale (Ladha et al 2005,
Erenstein et al 2007). Very limited information is available, however, in the literature
on the performance of direct-seeded rice and RW systems on permanent beds.
Computer-based simulation modeling and management information systems are
useful tools for assessing the complex interactions among a range of factors, including
climate, soil, and management, that affect crop performance. Crop models can assist
in the impact assessment and future extrapolation potential of improved technologies.
The ability of models such as Crop Estimation through Resource and Environment
Synthesis (CERES) (Ritchie et al 1998) embedded in the Decision Support System
for Agrotechnology Transfer (DSSAT) systems, Denitrification and Decomposition
(DNDC) (Li 2000), ORYZA (Boumann and van Laar 2006), and InfoCrop (Aggarwal
et al 2006) that include C/N cycling has generated intense interest in using them to
project future outcomes of changing management scenarios for yield, C and N dynamics, and environment. In our study, we used CERES-Rice and CERES-Wheat models
because they have been evaluated and applied to a wide range of environments in
Asia and are not specific to any particular location and soil type (Pathak et al 2004,
Timsina and Humphreys 2006a,b). Also, their performance compared well with that
of other models such as ORYZA (Mall and Aggarwal 2002).
CERES-Rice has generally performed well in predicting grain and biomass
yield of conventional puddled transplanted rice in tropical, subtropical, and temperate
Asia (Pathak et al 2004, Timsina and Humphreys 2006a). However, the model has
not been evaluated for a wider range of parameters, including the emerging RCTs
involving various tillage and crop establishment practices. With increasing emphasis
on improving water, labor, and N-use efficiency, and a rapid shift of conventional
input-intensive crop production to conservation agriculture, there is an urgent need
to develop/validate an existing or new simulation model. Therefore, a uniformly designed field experiment in the rice-wheat system was carried out in Bangladesh, India,
Nepal, and Pakistan, with an aim to collect data sets for evaluating the CERES-Rice
and CERES-Wheat models. In this paper, we report the observed and model-simulated
results on the impact of different RCTs on yield, N uptake, and N loss.
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Materials and methods
Description of the model
The DSSAT model was originally developed by an international network of scientists,
cooperating in the International Benchmark Sites Network for Agrotechnology Transfer
project, to facilitate the application of crop models in a systems approach to agronomic
research (Hoogenboom et al 2004). The CERES-Rice and CERES-Wheat embedded
within DSSAT are process-based, management-oriented models that simulate the
growth and development of rice and wheat crops, respectively. The models operate
on a daily time-step and calculate biomass production, which is then partitioned to the
leaves, stems, roots, and grain, depending on the phenological stage of the plant. The
DSSAT model is continuously being refined and modified. The latest version (DSSAT
ver. 4.1) differs from earlier versions, with minor changes in growth and water balance processes, but large changes in integration procedures, modularity, and the user
interface (Hoogenboom et al 2004). In the DSSAT ver. 4.1, the N submodel calculates
N transformations in the soil, and N uptake by crop. The N-transformation processes
simulated by the model are mineralization and immobilization, nitrification, denitrification, ammonia volatilization, and NO3– leaching as influenced by temperature, water,
organic C, C:N, pH, and NH4+ and NO3– concentrations in soil. The model simulates
crop uptake as influenced by soil water, soil NH4+-N and NO3– -N contents, crop N
and water demand, and root length density. The soil profile is characterized by its
initial organic matter and N content, water-holding properties, and texture. Transport
of N through the rooting zone of the soil to lower layers is based on water movement
obtained from the soil water balance module.
Data collection
The data used in our study were from uniformly designed multilocation trials conducted
under a Coordinated Research Project on Integrated Soil, Water, and Nutrient Management for Sustainable Rice-Wheat Cropping Systems in South Asia sponsored by the
International Atomic Energy Agency (IAEA), Vienna, Austria. The trials involving the
RW cropping system were carried out during 2002-06 at Lahore, Pakistan; Ludhiana
and Modipuram, India; Ranighat, Nepal; and Meherpur, Bangladesh (Fig. 1). In all
these experiments, there were four tillage and crop establishment treatments: (T1) flat
land, puddled transplanted rice followed by flat land, tilled wheat; (T2) raised-bed
transplanted rice followed by no-till wheat on the same bed; (T3) flat land, unpuddled
direct-seeded rice followed by flat land, no-till wheat; and (T4) raised-bed directseeded rice followed by no-till wheat on the same bed (Table 1). Each raised bed was
67 cm wide (center furrow to center furrow) with 30 cm from the top. Two rows of
rice and wheat 20 cm apart were planted on top of a bed. Plant-to-plant spacing for
transplanted rice on beds was 15 cm as for the conventional puddled transplanted rice
on flat land. The plot size was 10 m × 2.68 m.
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Lahore, Pakistan
Ludhiana, India

Modipuram, India
Ranighat, Nepal
Meherpur, Bangladesh

Fig. 1. Location of the experimental sites in Pakistan, India, Nepal, and Bangladesh.

Table 1. Description of the treatments.
Treatment

Rice

Wheat

T1

Transplanted on flat land after conventional puddling

Drill-seeded after conventional tillage

T2

Transplanted on raised beds

Drill-seeded on raised beds after no
tillage

T3

Direct drill-seeded on flat land after no
tillage

Drill-seeded on flat land after no tillage

T4

Direct drill-seeded on raised bed after
no tillage

Drill-seeded on raised bed after no tillage

Description of the experimental sites
The sites were located between the latitudes of 25.8oN (Meherpur, Bangladesh) and
31.0oN (Lahore, Pakistan) and longitudes of 74.0oE (Lahore, Pakistan) and 88.2oE
(Meherpur, Bangladesh) (Fig. 1). Altitude ranged from 112 to 247 m above mean sea
level. In terms of soil fertility, the sites varied widely as soil organic C content ranged
from 4.5 to 9.6 g kg–1, total N from 0.5 to 1.2 g kg–1, and pH from 5.8 to 8.4 (Table
2). Textures of the experimental soils were sandy loam to clay loam. The mean maxi300
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Table 2. Geographical locations and soil properties at various experimental sites
in South Asia.
Location/soil properties
Latitude (oN)
Longitude

(oE)

Altitude (m)

Lahore,
Pakistan

Ludhiana,
India

Modipuram,
India

31.0

30.9

29.0

74.0
214

75.9
247

77.0
237

Ranighat, Meherpur,
Nepal
Bangladesh
27.0
84.6
112

25.8
88.2
200

pH

8.0

7.8

8.1

5.8

8.4

Soil organic C (g kg–1)

9.6

4.5

7.0

8.0

7.8

Sand (%)

33

67

56

34

15

Silt (%)

35

21

25

49

65

Clay (%)

32

12

Texture

Clay loam

Sandy
loam

Total N (g kg–1)
Olsen P (mg

kg–1)

NH4OAc-extractable K
(mg kg–1)

1.2

0.7

19
Sandy loam
0.8

17
Loam
0.5

20
Silty loam
0.7

23

11

45

11

29

78

60

120

15

47

mum and minimum temperatures were 32 to 34 °C and 22 to 27 °C in the rice season
(June to October) and 24 to 28 °C and 11 to 16 °C in the wheat season (November to
April), respectively (Table 3). Average rainfall ranged from 282 to 1,646 mm in the
rice season and 76 to 143 mm in the wheat season. Average solar radiation ranged
from 17 to 23 MJ m–2 d–1 in the rice season and 12 to 16 MJ m–2 d–1 in the wheat
season (Table 3).
Crop management practices
In all the trials, rice was seeded on 1 to 15 June in direct-seeded plots (T3 and T4),
whereas transplanting (T1 and T2) was done on 20 to 30 June in all the years (200206). Direct seeding was done after seed priming (soaking seeds in water for 12 h,
followed by air drying). A seeding rate of 40 kg ha–1 was used for direct-seeded rice
on flat (T3) and raised beds (T4). The wheat crop was seeded on 1 to 15 November
in all the treatments (T1 to 4) in all the years (2002-06). A seeding rate of 120 kg ha–1
was used in all the treatments (T1 to 4).
For each rice- and wheat-growing plot, 120 kg N, 26 kg P, and 50 kg K ha–1 were
applied. In rice, N as urea was applied in three equal splits at sowing/transplanting
and 3 and 6 wk after sowing/transplanting, whereas, in wheat, N was applied as urea
in two equal splits at sowing and at 3–4 wk after sowing before the application of the
first irrigation at crown root initiation stage. The P as single superphosphate and K as
KCl were basally applied by broadcasting. Irrigation was applied in rice to maintain
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Table 3. Climatic conditions at various experimental sites in South Asia during the rice- and
wheat-growing seasons (averages of 2002-06).
Lahore

Ludhiana

Modipuram

Ranighat

Meherpur

Parameter
Rice

Wheat

Rice

Wheat

Rice

Wheat

Rice

Wheat

Rice

Wheat

Maximum
temperature (oC)

34

25

34

24

34

25

33

26

32

28

Minimum
temperature (oC)

24

14

22

11

24

11

27

16

25

15

Rainfall (mm)

282

143

571

141

761

76

1,646

88

1,090

98

Solar radiation
(MJ m–2 d–1)

20

12

23

14

19

14

20

15

17

16

a 4-cm depth of standing water during the first 2 wk after transplanting and between
saturation and flooding thereafter until 10–12 d before physiological maturity. Wheat
received four irrigations at crown root initiation (3–4 wk after sowing), maximum
tillering (7–8 wk after sowing), flowering (13–14 wk after sowing), and soft dough
(17–18 wk after sowing). Weeds, insects, and diseases were controlled as required.
Analyses of plant and soil samples
Rice and wheat plants were harvested manually at ground level at maturity, dried in
a hot-air oven at 65 oC, and grain and straw yields were determined. Grain yield of
rice and wheat was reported at 140 and 120 g water content kg–1, respectively. Plant
and grain samples were analyzed for total N by a micro-Kjeldahl method (Page et
al 1982).
Soil samples were collected to 75-cm depth at increments of 0–15, 15–30, 30–45,
and 45–75 cm using a 5-cm-diameter auger. Each sample was a composite from three
locations between the two crop rows within a plot. The soil samples were mixed thoroughly, air-dried, crushed to pass through a 2-mm sieve, and stored in sealed plastic
jars before analysis. Olsen-P (0.5 M NaHCO3-extractable) and NH4OAc-extractable
K were analyzed using the methods described by Olsen et al (1954) and Page et al
(1982), respectively. Soil organic C was analyzed by the Walkley and Black method
(Page et al 1982). The KCl-extractable soil NH4+-N and NO3– -N contents were analyzed using the methods described by Page et al (1982).
Estimation of N uptake and N loss
The 15N tracer technique was used to quantify the fractions of soil and fertilizer N
in crops and soil. Nitrogen 15 balance was used to estimate the loss of N. At all the
sites, microplots (1.2 m × 0.8 m for flat land and 1.5 m × 0.67 m for beds) were established for 15N studies. 15N-labeled urea (5% atom 15N enrichment) was applied to
microplots at the rate of 120 kg N ha–1. The labeled fertilizer was applied to the dry
soil surface in the microplots at the same time that urea was applied to the larger plots.
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Water management within the microplots was the same as that in the main plots. Immediately after 15N application, water from the irrigation supply channel was gently
poured from buckets into each microplot.
Soil (up to 120-cm depth at 15-cm intervals) and plant samples were taken from
the center of each microplot. Soil and plant samples were sent to IAEA, Vienna, for
15N and total N analyses to calculate the N recovery in the soil and plant. Total N was
determined by automated Dumas combustion and atom % 15N by mass spectroscopy.
Samples of the 15N-labeled urea used at each application time were also analyzed for
atom % 15N. The amount of N-labeled fertilizer (NLF) contained in plant components
and soil was calculated using a modified method described by Hauck and Bremner
(1976):
NLF = T (a – c) / (b – c)
where T is the total amount of N in the plant or soil, a is the atom % 15N in the plant
or soil sample, b is the atom % 15N in NLF, and c is the atom % 15N in the plant or
soil without NLF applied. To calculate fertilizer-N loss, recoveries of N in the soil
and plant were subtracted from the amount of N applied.
Internal N-use efficiency (IEN) was calculated using the following equation
(Novoa and Loomis 1981):
IEN (kg grain kg–1 plant N) = grain yield (kg ha–1)/plant N (kg ha–1)
Calibration and validation of the DSSAT model
Yields of rice and wheat for various locations were simulated using soil, management, and climatic data collected from the experiments. The daily weather data (solar
radiation, maximum and minimum temperatures, and rainfall) were collected from
the meteorological observatories located at the sites. The genetic coefficients for
different cultivars for rice and wheat, used as model inputs to describe crop phenology in response to temperature and photoperiod, were calculated using the data of
the conventional crop establishment treatment (T1) by repeated iterations until close
matches between simulated and observed phenology and yield were obtained (Mall
and Aggarwal 2002, Timsina et al 2004). The models were calibrated using the data
of the first year of the experiment (2002-03) of the conventional crop establishment
treatment (T1). Simulation results were validated against the observed data from all the
tillage and crop establishment practices (T1 to 4) that were not used for calibration.
Potential yields (average of 3 years) of the rice and wheat varieties at each of the sites
were simulated by switching “off” water and N in the simulation control section of
File X (Timsina et al 2004). Yield gaps at various sites were calculated by subtracting
the yields in the puddled transplanting treatment in rice and conventional drill-seeded
treatment in wheat (T1) from their respective potential yields.
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Statistical analyses
Data presented in this paper on yield, N uptake, and N loss were the mean values of
all the years. Standard deviation was used to calculate how widely the values were
dispersed from the mean value. All the data on yield, N uptake, and N loss in rice and
wheat were analyzed with IRRISTAT for Windows ver. 5 (IRRI 2005). To evaluate the
performance of the simulation model in terms of agreement between the predicted and
observed values, root mean square error (RMSE), regression analysis, and multiple
regression coefficient (R2) were calculated (Willmott 1982).

Results
Yields of rice and wheat
At all the sites, grain yield of rice was affected by tillage and crop establishment
practices, with the conventional puddled transplanting treatment (T1) yielding the
highest (Table 4). Yield of rice declined by 10–30% in transplanting on beds (T2), by
12–45% in direct-seeding on flat (T3), and by 14–38% in direct-seeding on beds (T4)
vis-à-vis when transplanted in puddled soil on flat land (T1). The highest rice yield was
obtained in the conventional puddled transplanting treatment (T1) at Modipuram (7.8
t ha–1), followed by Ludhiana (6.2 t ha–1) and Ranighat (5.0 t ha–1) (Table 4). In the
other treatments also, yields were higher at Modipuram than at the other sites, which
could be mainly attributed to (1) the use of an improved cultivar of rice (NDR 359),
(2) higher climatic yield potential (11.0 t ha–1), and (3) better crop management.
Unlike rice, conventional flat-tilled (T1) and no-till wheat (T2 to T4) produced
similar yields at all the sites and the puddling and nonpuddling of soil in the previous
rice had no effect on the subsequent wheat yield (Table 4). Wheat grown on beds (T2
and T4) yielded similar to that on flat land. The site at Modipuram recorded higher
grain yields of wheat (4.6 Mg ha-1) than the other sites in all the treatments.
Uptake, internal N-use efficiency, and loss of N in rice and wheat
The highest N uptake by rice was recorded with conventional puddled transplanting
(T1) at Modipuram and Ranighat, followed by Ludhiana, and the lowest at Meherpur
(Table 5). Other tillage and crop establishment practices (T2 to T4) had lower N
uptake by 10 to 25 kg N ha–1 compared with conventional puddled transplanting
of rice (T1). There was a large variation in IEN of rice among the sites (39 to 59 kg
kg–1). The highest IEN was obtained at Modipuram (59 kg kg–1) because of more
conducive climatic conditions. Among the treatments, the highest IEN (49 kg kg–1)
was recorded with puddled transplanting (T1), whereas in other treatments (T2 to 4)
it varied between 44 and 47 kg kg–1.
Like grain yield, uptake of N by wheat was not affected by tillage and crop
establishment practices at any of the sites (Table 5). There was, however, variation
in IEN in wheat among the sites (35 to 41 kg kg–1), but the magnitude of variation
was smaller than that for rice. The highest IEN was obtained at Modipuram (41 kg
kg–1), followed by Meherpur (39 kg kg–1) and Ranighat (37 kg kg–1). The IEN was
similar (37–38 kg kg–1) among the treatments. These data along with the data on yield
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3.5 ± 0.2

3.8 ± 0.3

T3

T4

Modipuram

3.8 ± 1.2

3.4 ± 0.8

4.3 ± 0.7

6.2 ± 0.2

5.6 ± 0.6

6.6 ± 0.6

6.3 ± 0.4

7.8 ± 0.9

Rice yield (t ha–1)

Ludhiana

4.3 ± 1.6

4.4 ± 1.6

4.5 ± 1.6

5.0 ± 1.6

Ranighat

3.5 ± 0.9

3.1 ± 0.9

3.9 ± 0.9

4.3 ± 0.8

Meherpur

3.9 ± 0.1

3.5 ± 0.1

3.9 ± 0.1

3.9 ± 0.1

Lahore

Modipuram

Ranighat

3.8 ± 0.4

3.5 ± 0.5

3.6 ± 0.5

4.0 ± 0.2

3.0 ± 0.2

2.4 ± 0.3

2.9 ± 0.3

3.3 ± 0.4

2.6 ± 0.6

2.3 ± 0.8

2.5 ± 0.6

2.7 ± 0.5

Meherpur

89 ± 19

97 ± 20

T3

T4

Modipuram

Ranighat

94 ± 18

85 ± 24

89 ± 16

115 ± 20

104 ± 22

104 ± 14

113 ± 12

122 ± 17

97 ± 32

106 ± 53

102 ± 39

122 ± 31

Rice N uptake (kg ha–1)

Ludhiana

83 ± 23

64 ± 14

88 ± 21

90 ± 19

Meherpur

108 ± 17

100 ± 15

106 ± 15

116 ± 4

Lahore

Modipuram

Ranighat

104 ± 9

105 ± 16

106 ± 10

107 ± 13

110 ± 13

118 ± 18

115 ± 20

111 ± 9

84 ± 11

64 ± 11

79 ± 9

84 ± 12

Wheat N uptake (kg ha–1)

Ludhiana

to Table 1 for a description of the treatments. b± is the standard deviation of yields obtained in 4 years (2002-06).

97 ± 20

T2

aRefer

106 ± 15b

Lahore

T1

Treatmenta

66 ± 7

57 ± 1

64 ± 10

73 ± 2

Meherpur

Table 5. Influence of tillage and crop establishment practices on N uptake by rice and wheat (averages of 2002-06) at various experimental sites in South Asia.

4.5 ± 0.5

4.7 ± 0.4

4.6 ± 0.4

4.6 ± 0.5

Wheat yield (t ha–1)

Ludhiana

to Table 1 for a description of the treatments. b± is the standard deviation of yields obtained in 4 years (2002-06).

4.0 ± 0.4

T2

aRefer

4.0 ± 0.2b

Lahore

T1

Treatmenta

Table 4. Influence of tillage and crop establishment practices on rice and wheat yields (averages of 2002-06) at various experimental
sites in South Asia.

(Table 4) and N uptake (Table 5) recorded at different sites suggested that wheat can
be successfully grown with RCTs in a RW system without any reduction in yield and
N uptake.
The N loss varied from 45 to 72 kg N ha–1 in various treatments. The highest N
loss in rice was observed in unpuddled direct-seeded rice (T3) at Meherpur, followed
by transplanted rice on beds (T2) at Ludhiana (Table 6). In wheat, N loss varied from
16 to 74 kg N ha–1. The highest loss was recorded in no-till wheat on flat land (T3)
at Ranighat (Table 6). Loss of N from a wheat field was lowest at Ludhiana in all the
treatments, whereas the highest loss was recorded at Ranighat.
Evaluation of the models
Genotypic coefficients and phenology. The genotypic coefficients such as juvenile
phase coefficient (P1), photoperiodism coefficient (P2R), and grain-filling duration
coefficient (P5) of the rice cultivars varied from 550 to 700 growing degree d (oC),
110 to 200 degree d h–1, and 400 to 650 degree d (oC), respectively (Table 7). The
critical photoperiod (P20) was 11.5–12.5 h, spikelet number coefficients were 50–65,
and single grain weight of rice was 0.025–0.027 g. The genotypic coefficients such
as kernel number per unit canopy weight at anthesis (G1), kernel size under optimum
conditions (G2), and grain-filling duration (P5) of the wheat cultivars varied from 20
to 25 per g, 45 mg, and 700 to 800 growing degree d (oC), respectively (Table 8).
The models simulated the phenology of rice satisfactorily at all the locations as
R2 between the predicted and observed dates to flowering and maturity was 0.84**
and 0.87**, respectively (Fig. 2). The RMSE between simulated and observed days
to flowering and maturity for rice was 6.4 and 6.8 days against the mean values of 91
and 122 days, respectively.
The CERES-Wheat model predicted dates to flowering and maturity in good
agreement with the observed values at all the locations with R2 = 0.48** and 0.82**,
respectively (Fig. 2). The RMSE between simulated and observed days to flowering and maturity was 6.9 and 8.3 days against the mean values of 99 and 140 days,
respectively (Fig. 2).
Grain yield. There was poor prediction of rice yields (RMSE = 2.0 t ha–1)
obtained with various tillage and crop establishment techniques at different sites of
South Asia (Fig. 3A). The observed yields were generally higher than the simulated
yields by 20–25%. Predicted grain yields of rice in the puddled transplanted treatment
(T1) only, however, agreed well with the observed yields. Moreover, predicted and
observed yields of rice in all the treatments (T1 to T4) were significantly correlated
(R2 = 35**). Predicted grain yields of wheat at all locations agreed well with observed
yields (R2 = 65**) with the various tillage and crop establishment practices (Fig. 3A).
The RMSE between the predicted and observed yields was 0.6 t ha–1.
N uptake and loss. There was poor agreement between observed and simulated
N uptake by rice with various tillage and crop establishment practices (Fig. 3B). The
RMSE between the simulated and observed N uptake was 38.3 kg N ha–1 against the
mean value of 108 kg N ha–1. The N uptake by wheat was overestimated as observed
uptake was generally lower by 15% than the simulated uptake under the conventional
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Table 6. Influence of tillage and crop establishment practices on N loss in rice and wheat (averages
of 2002-06) at various experimental sites in South Asia.
Lahore

Ludhiana

Ranighat

Meherpur

Lahore

Ludhiana

Ranighat

Meherpur

Treatmenta
N loss in rice (kg ha–1)

N loss in wheat (kg ha–1)

T1

54 ± 5b

45 ± 5

47 ± 7

65 ± 13

42 ± 3

16 ± 4

59 ± 7

44 ± 8

T2

57 ± 6

69 ± 14

58 ± 4

64 ± 16

44 ± 8

21 ± 7

57 ± 8

44 ± 10

T3

61 ± 8

53 ± 5

59 ± 13

72 ± 14

54 ± 12

18 ± 4

74 ± 9

50 ± 9

T4

53 ± 5

63 ± 9

61 ± 4

61 ± 18

41 ± 8

22 ± 12

53 ± 5

53 ± 12

aRefer

to Table 1 for a description of the treatments. b± is the standard deviation of yields obtained in 4 years (2002-06).

Table 7. Genotypic coefficients of rice cultivars used in the CERES-Rice (DSSAT ver 4.1)
model.
Cultivar
Genetic coefficient

Super
basmati
(Lahore)b

PR116
(Ludhiana)

NDR 359
(Modipuram)

Sabitri
(Ranighat)

BRRI dhan
39T
(Meherpur)

Juvenile phase coefficient
(P1), GDDa

700

650

550

700

650

Photoperiodism coefficient
(P2R), GDD h–1

150

190

200

200

110

Grain-filling duration coefficient (P5), GDD

650

510

400

650

420

Critical photoperiod (P20),
h

12.0

11.5

11.5

12.5

12.0

Spikelet number coefficient
(G1)

50

60

60

59

65

Single-grain weight (G2), g

0.025

0.026

0.027

0.025

0.025

Tillering coefficient (G3)

1

1

1

0.8

1

Temperature tolerance
coefficient (G4)

1

1

1

0.9

1

aGDD

= growing degree days (oC). bSite where the cultivar was used.
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Table 8. Genotypic coefficients of wheat cultivars used in the CERES-Wheat (DSSAT
ver 4.1) model.
Cultivar
Genetic coefficient

Inqulab
(Lahore)b

Days at optimum vernalizing temperature required to complete
vernalization (P1V)

25

Percentage reduction in development rate in a photoperiod 10
hours shorter than the optimum
relative to that at the optimum
(P1D)
Grain-filling (excluding lag) period
duration (P5), GDDa

Vrikuti
(Ranighat)

Kanchan
(Meherpur)

20

20

18

74

70

65

70

800

800

700

700

Kernel number per unit canopy
weight at anthesis (G1, 1/g)

25

20

25

25

Standard kernel size under optimum conditions (G2, mg)

45

45

45

45

Standard, nonstressed dry weight
(total, including grain) of a
single tiller at maturity (G3, g)

1.5

1.5

1.5

1.5

Phylochron interval (PHINT), the
interval in thermal time between
successive leaf tip appearances, GDD

75

95

95

85

aGDD

PBW 343
(Ludhiana,
Modipuram)

= growing degree days (oC). bSite where the cultivar was used.

tillage as well as no-tillage and bed-planting practices (Fig. 3B). The RMSE between
the simulated and observed N uptake was 36.3 kg N ha–1 against the mean value of
95 kg N ha–1.
The model was also evaluated for loss of N in rice and wheat using the 15N data
generated at different locations. The performance of the model was poor as simulated
and observed losses of N in rice and wheat were not in good agreement (data not
shown).
Simulated potential yield and yield gap
Simulated climatic potential yield of puddled transplanted rice at different sites ranged
from 7.9 t ha–1 at Lahore to 11.3 t ha–1 at Ludhiana (Fig. 4). Yield was highest at Ludhiana because of higher solar radiation (Table 2), while the lowest yield at Lahore was
due to a basmati variety, which has lower potential yield but a higher price. A wide gap
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Fig. 2. Simulated and observed days to (A) flowering and (B) maturity of rice and wheat in
various tillage and crop establishment practices at different locations in South Asia. ** =
significant at 1% level (P<0.01).

existed between climatic potential yields and the yields obtained in these experiments.
The gap between potential yield of rice and the yield in the puddled transplanting
treatment (T1), which had the highest yield among the treatments, ranged from 3.2
to 5.1 t ha–1. The lowest yield gap (29% of potential yield) was at Modipuram and the
highest (50%) at Lahore, Ranighat, and Meherpur. The gap between potential yield
of wheat and conventional drill-seeded wheat (T1) ranged from 2.8 to 4.4 t ha–1. The
lowest yield gap (38% of potential yield) was at Modipuram and the highest (57%)
at Meherpur.
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Fig. 3. Simulated and observed grain yields (A) and N uptake (B) by rice and wheat in various tillage and crop establishment practices at different locations in South Asia. ** and *
= significant at 1% (P<0.01) and 5% (P<0.05) levels.

Discussion
Yield of rice and wheat
Yield of rice declined in transplanting on beds (T2), direct-seeding on flat land (T3),
and beds (T4) when transplanted in puddled soil on flat land (T1) (Table 4). The decline in yield in these treatments (T2 to T4) was due to poor crop establishment and
moisture stress in the early stages of crop growth at all sites and Fe deficiency and
nematode infestation at Ludhiana and Modipuram (Lav Bhushan et al 2007, Yadvinder-Singh et al 2007). Lower plant population was another reason for low yield on
beds. Kundu et al (1993) and Kim et al (2001) observed higher rice yield with puddled
transplanting than with direct seeding. Severe weed infestation along with inefficient
weed management remains one of the major problems reducing yield in direct-seeded
rice at most of the sites (Qureshi et al 2006, Rao et al 2007). Cabangon et al (2002)
reported lower yield of direct dry-seeded rice than transplanted rice but use efficiency
of irrigation water for direct dry-seeded rice was 21% more. Recently, Lav Bhushan
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Fig. 4. Simulated potential grain yields of rice and
wheat at different locations in South Asia.

et al (2007) observed that, compared with conventional puddled transplanting, direct
seeding of rice on beds had a 13–23% savings in irrigation water but a yield penalty
of 14–25%. To obtain higher yield in direct seeding and bed planting, it is important
to develop/select varieties capable of withstanding moisture stress at early stages, that
fill the furrow gap quickly to maximize radiation interception, and that are efficient
users of soil P and Fe under the more aerobic conditions that occur in direct seeding
and on beds (Yadvinder-Singh et al 2007).
Similar yields were obtained with the conventional flat-tilled (T1) and no-till
treatments (T2 to T4) at all the sites (Table 4). Data from these diverse sites indicate
that wheat can be grown with no tillage in a RW system without any yield penalty.
Lav Bhushan et al (2007) also observed that yields of wheat following either puddledtransplanted or no-tillage direct-seeded rice were similar. These findings are in agreement with Ladha et al (2003a), who found that the performance of irrigated wheat is
not much affected by the way the previous rice crop is grown. Wheat grown on beds
(T2 and T4) yielded similar to that on flat land (Table 4). This is in conformity with
the findings of Hobbs and Gupta (2004), Ram et al (2005), and Lav Bhushan et al
(2007), who observed similar wheat yields on flat land and raised beds. The site at
Modipuram recorded higher grain yields of wheat than the other sites in all the treatments (Table 4). This could be mainly attributed to the use of an improved cultivar
(PBW 343) and better crop management.
Uptake and internal N-use efficiency and loss of N in rice and wheat
The highest N uptake (Table 5) and the highest IEN by rice were obtained with puddled
transplanting (T1) compared with the other treatments (T2 to T4). This indicated that
higher IEN could be a factor contributing to higher yield in the puddled transplanting
Resource-conserving technologies in the rice-wheat system of South Asia: field evaluation and simulation analysis
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treatment (Singh et al 1998). Differences in IEN may arise from differences in (1)
the efficiency of absorption and assimilation of NH4+ and other N species, and their
regulation (Kundu et al 1996); (2) the extent and distribution of roots, age of roots,
and root-induced changes in the rhizosphere affecting N mineralization, transformation, and transport (Kundu and Ladha 1997); and (3) root-associated biological N
fixation (Shrestha and Ladha 1996). In field experiments, hybrid rice showed greater
IEN than inbred rice due to the greater absorption potential of roots, shoot N demand,
and N translocation capacity (Yang et al 1999). The level of soil N also plays a very
important role in the expression of N uptake and IEN (Ladha et al 2005).
Uptake of N and IEN in wheat were not affected by tillage and crop establishment practices at any of the sites (Table 5). These data along with the data on yield
(Table 4) and N uptake (Table 5) recorded at different sites suggested that wheat can
be successfully grown with RCTs in a RW system without any reduction in yield and
N uptake.
About 38% to 60% of applied N (120 kg N ha–1) was lost from the soil-plant
system apparently through one or more loss processes such as leaching, denitrification,
and volatilization. The highest N loss in rice was observed in unpuddled direct-seeded
rice (T3) at Meherpur, followed by transplanted rice on beds (T2) at Ludhiana (Table
6). High percolation rate seems to have caused more leaching loss of N in unpuddled
direct-seeding (T3) and transplanting on bed (T2) treatments.
Evaluation of the models
Genotypic coefficients and phenology. The models simulated the phenology of rice
satisfactorily at all the locations. The deviation of the predicted days from the observed
values was only 7.0% and 5.6%, respectively, indicating the satisfactory performance
of CERES-Rice in terms of predicting phenology of the rice crop. Simulation of
phenology by CERES-Rice has been evaluated in many subtropical locations and
the performance of the model was found to be satisfactory in India (Saseendran et al
1998) and Bangladesh (Timsina et al 1998). Combined analysis across Asia showed
reasonable predictive capability of CERES-Rice for the number of days to anthesis
and maturity (Timsina and Humphreys 2006a). As observed in our study, there is
greater precision for prediction of maturity date than anthesis.
The CERES-Wheat model predicted dates to flowering and maturity satisfactorily (Fig. 2). The deviation of the predicted values from the observed values was only
7.0% and 5.9% for days to flowering and maturity of wheat, respectively, indicating
the satisfactory performance of CERES-Wheat in phenology prediction. Timsina and
Humphreys (2006a) reported a good agreement between the predicted and observed
days from sowing to flowering and maturity and, similar to our study, there was a
tendency for better prediction for maturity. In northern Bangladesh also, prediction
of anthesis of wheat cultivars Kanchan and Sowgat was good, whereas the date of
maturity was generally overestimated (Timsina et al 1998).
Grain yield. Predicted grain yields of rice in the puddled transplanted treatment
(T1) agreed well with the observed yields but for other treatments the prediction was
poor. In earlier studies, the CERES-Rice was calibrated using the data from the puddled
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transplanted treatment only. In Kerala, India, Saseendran et al (1998) predicted grain
and straw yields of rice cultivars Jaya and IR8 within 3% and 27% of measured yields,
respectively. Rao et al (2002) reported good yield prediction in Kerala for all transplanting dates for three cultivars. In northern Bangladesh, simulated yields of BR14
and BR11 were either over- or underestimated with large under-predictions for no-N
treatment (Timsina et al 1998). In northwestern India, there was a large discrepancy
between simulated and observed data (Timsina and Humphreys 2006a). Mahmood
et al (2003), however, reported satisfactory performance of the model for central and
northern Bangladesh. Using MERES (with CERES-Rice growth routine), Matthews et
al (2000) reported fairly good prediction of grain and aboveground biomass yield at Los
Baños, Philippines, and Hangzhou, China, except for three treatments with mid-season
drainage in the dry season at Los Baños. Pathak et al (2004) evaluated CERES-Rice
using data from a range of water regimes (saturated to frequent intermittent wetting
and drying to prolonged mid-season drying) and N (no N to recommended to supraoptimal dose of N) management treatments for three RW-growing environments in
northwest India. There was good agreement for grain yield and reasonable agreement
for dry matter yield in well-fertilized treatments, but generally poor agreement for the
no-N treatments. No attempt was made earlier to evaluate the CERES-Rice model for
direct-seeded and unpuddled transplanted rice on raised beds. Our study suggested
that the model needs further improvement for simulating the performance of directseeded and unpuddled transplanted rice on raised beds due to complex soil-water-N
interactions.
Predicted grain yields of wheat at all locations agreed well with observed yields,
suggesting that the model can be used to predict the impact of various management
practices on wheat yield. Evaluation of CERES-Wheat for grain yield of wheat in
the subtropical environment of northwest India showed reasonable predictive ability
(Timsina and Humphreys 2006a). Hundal and Kaur (1997) concluded that the model
can be used for yield prediction for the central irrigated plains of the Indian Punjab.
Similarly, in subtropical northern Bangladesh, yield predictions for treatment combinations of N, water, and sowing dates were quite good (Timsina et al 1998). Another
study in India, Bangladesh, and China indicated reasonably good predictions of grain
and biomass yields as judged by several statistical parameters (Heng et al 2000).
N uptake and loss. There was poor agreement between observed and simulated
N uptake by rice with various tillage and crop establishment practices (Fig. 3B). Very
limited attempts were made earlier to calibrate the CERES-Rice model for N uptake
(Timsina and Humphreys 2006a). Buresh et al (1991) reported predicted uptake of
40–145 kg N ha–1 versus observed uptake of 35–150 kg N ha–1 by rice in the Philippines. Timsina et al (1998) and Pathak et al (2004) reported good agreement between
observed and simulated N uptake by puddled transplanted rice in northern Bangladesh
and northern India, respectively. Poor performance of the model for simulating N
uptake in direct-seeded and unpuddled transplanted conditions is mainly because the
soil water and N modules in the model have been designed for the puddled submerged
conditions in which rice is conventionally grown. In puddled submerged systems, the
N dynamics are very different from those of the uplands. When the soil is saturated,
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limited O2 availability restricts nitrification and NH4-N remains as the major form of N
available to the rice crop. Upland conditions favor aerobic N transformation, resulting
in nitrification and accumulation of NO3-N, which is prone to leaching or denitrification. To make the model suitable for direct-seeded and unpuddled transplanted rice,
modifications are required in the soil module of the model so that nitrification and
denitrification processes are simulated as per aerobic conditions.
For wheat also, the N uptake was overestimated as observed values were generally lower than the simulated values (Fig. 3B), suggesting that the model needs
improvement so as to capture the impact of no tillage on N uptake.
The model was also evaluated for loss of N in rice and wheat using the 15N data
generated at different locations. The performance of the model was poor as simulated
and observed losses of N in rice and wheat were not in good agreement (data not
shown). With DSSAT ver. 2.0, Buresh et al (1991), however, reported predicted N
losses of 6–58 kg N ha–1 versus observed losses of 5–49 kg N ha–1 from eight irrigated
lowland rice experiments at three sites in the Philippines, with treatments ranging
from continuous flooding to alternate wetting and drying. In most cases, the model
predicted negligible denitrification loss, consistent with field measurements from
15N balance. In the alternate wetting-and-drying treatments, however, the predicted
losses exceeded those from measurements due to over-prediction of soil drying during
periods of water deficit, insufficient lag time for the onset of nitrification following
soil drying, and over-estimation of denitrification upon reflooding. Pathak et al (2004)
evaluated the model for soil mineral N and loss processes from rice fields under RW
systems for Delhi and Punjab in northwest India. Simulation of soil mineral N in the
surface layer (0–15 cm) was generally poor, but the model predicted N leaching losses
similar to those in field experiments reported in the literature. It also predicted higher
denitrification and lower ammonia volatilization losses, for urea applied at 120 kg N
ha–1, compared with observed losses.
Simulated potential yield and yield gap
Simulated climatic potential yield was much higher than the yields obtained in these
experiments, resulting in a wide yield gap. Previously, using CERES-RICE, we estimated two types of yield gaps across the IGP and outside the IGP (except China)
(Pathak et al 2003). Yield gap 1 is the difference between the climatic potential yield
calculated by the model and the actual yield obtained at the experimental station.
The average yields from the LTE were used as the actual yields on the experimental
plot. The second gap (yield gap 2) is the difference between the climatic potential
yield and the actual yield in farmers’ fields. Yield gap 1 ranged from 34% to 63% for
rice and from 31% to 55% for wheat across the IGP. Yield gap 2 ranged from 48%
to 74% for rice and from 35% to 66% for wheat (Ladha et al 2003b). Regmi and
Ladha (2005) revealed that inadequate and unbalanced application of nutrients and
improper crop management were responsible for low rice and wheat yields. Overall
yield increment by integrated crop management over the farmers’ practice reached
66% in rice and 87% in wheat, suggesting that there is a large potential for increasing
rice and wheat yields.
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Conclusions
The study suggested that wheat can be satisfactorily grown with various RCTs such
as no tillage and planting on raised beds but, for rice, the technologies of no tillage,
direct seeding, and planting on raised beds need refinement to improve yields. The
CERES-Rice model was able to capture the effects of RCTs on phenology but there
was poor prediction of yields, N uptake, and N loss in rice. The CERES-Wheat model,
however, is well equipped with different practices of tillage and crop establishment
and can be used for predicting the impact of RCTs on phenology and yield, but it needs
improvement for simulation of N uptake and N loss. Field experiments designed to
measure detailed data on soil and plant processes to identify their effects on yield and
N dynamics are needed to further model evaluations, improvements, and applications
to study the implications of RCTs for resource and food security problems in the RW
systems of South Asia.
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Simulating environmental impact
of resource-conserving technologies
in the rice-wheat system of
the Indo-Gangetic Plains
H. Pathak, Y.S. Saharawat, M. Gathala, S. Mohanty, and J.K. Ladha

In recent years, efforts have been made to develop and deliver resource-conserving technologies (RCTs) with efficient and environmentally-friendly tillage/crop
establishment and water use compared with conventional farmers’ practices.
No tool, however, is available to evaluate RCTs quantitatively in terms of environmental impact. A simulation model, named InfoRCT (Information on Use of
Resource-Conserving Technologies), has been developed integrating biophysical,
agronomic, and socioeconomic data to establish input-output relationships
related to water, fertilizer, labor, and biocide uses as well as biocide residue
in soil, and greenhouse gas (GHG) emissions and N fluxes in the rice-wheat
system of the Indo-Gangetic Plains. Different RCTs in the rice-wheat system
had pronounced effects on the global warming potential (GWP), which varied
between 2,290 kg CO2 equi. ha–1 in direct drill-seeded rice and wheat on beds
and 3,680 kg CO2 equi. ha–1 in conventional puddled transplanted rice and
tilled wheat. Compared with conventional practices, however, all the technologies
reduced GWP by 13% to 38%. The assessment showed that zero-tillage with
direct seeding of rice had a risk of high biocide residue in soil. RCTs reduced
total N loss by 2% to 28% compared with conventional puddled transplanted
rice and tilled wheat. The model provided a comparative assessment of RCTs in
terms of environmental impact and this has application potential under different
scenarios of soil, climate, and crop management.

Recent research efforts have attempted to develop alternative tillage and crop establishment techniques, termed resource-conserving technologies (RCTs), which are
more efficient, use less inputs, and improve production and income compared with
conventional practices (Erenstein et al 2007, Ladha et al 2007). RCTs involving no- or
minimum-tillage with direct seeding, bed planting with residue mulch, innovations
in residue management to avoid straw burning, and crop diversification are being
advocated as alternatives to conventional management practices in the rice-wheat
system for improving productivity and sustainability (Barclay 2006). Some RCTs
such as no-till are being adopted by the farmers of South Asia on a large scale. Great
uncertainties exist however, about the outcomes of these changes for yield and the
Simulating environmental impact of resource-conserving technologies in the rice-wheat system . . .
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Table 1. Input data requirements in the InfoRCT model.
Dataa

Parameters
Site

Soil organic carbon (%), Olsen P (kg ha–1), exchangeable K (kg ha–1), seasonal
average temperature (°C), annual rainfall (mm)

Crop

Yield (t ha–1), harvest index, N, P, and K requirements of crop (kg t–1 grain yield),
seed rate (kg ha–1), crop duration (days), irrigation efficiency, and N, P, and K
use efficiencies

Labor

Human labor (person d ha–1), machine labor (h ha–1)

Biocide

Different biocides such as pendimethalin, pretilachlor, safener, almix, endosulfon,
butachlor, glyphosate, and sulfasulfuron (kg a.i. ha–1)

Price

Prices (in US$) for N, P, and K fertilizer (kg–1), human labor (day–1), tractors (h–1),
FYM (kg–1), irrigation (mm ha–1), machine cost (h–1), biocide (kg–1), grain (kg–1),
residue (kg–1)

aAll

these data are required for the conventional farmers’ practice. FYM = farmyard manure.

environment. Regular monitoring of environmental implications, especially direct
measurements of GHG emissions, N flux, and biocide residue, is difficult and costly.
Simple and indirect methods for monitoring of parameters such as GHG emissions
would be the next closest approach to direct measurements. Possibly, this could best
be achieved using a simulation modeling tool that can quantify the impacts of RCTs
and help with their extrapolation to other regions. We have attempted to develop a
simple Excel® sheet-based model for the quantitative evaluation of the RCTs in terms
of environmental impact.

Materials and methods
Concept and structure of the model
The model, named InfoRCT (Information on Use of Resource-Conserving Technologies), is programmed in Microsoft Excel® containing various parameters organized
in different worksheets (Table 1). The model integrates biophysical, agronomic, and
socioeconomic data to establish input-output relationships related to water, fertilizer,
labor and biocide uses, GHG emissions, biocide residue in soil, and N fluxes in the
rice-wheat system. The inputs and outputs are calculated on a season basis using
the target-oriented approach (Pathak and Wassmann 2007). With this, an optimal
combination of inputs is identified to realize a target yield based on the biophysical
environment and production techniques such as RCTs. Outputs such as GHG emissions, N losses, and biocide residue are then calculated based on the amount of input
used and the related soil-plant-atmospheric processes.
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Input data for using the model
Table 1 lists the input data that are required to use the model. These inputs pertain to
the conventional farmers’ practice only. From these inputs, the model calculates the
required amounts of fertilizer, irrigation water, biocides, human and machine labor,
and seeds as well as N budget, biocide residue, and GHG emissions in rice, wheat,
and the rice-wheat system when various RCTs are followed. To make the model
user-friendly, a front-end has been developed with all the input data required to be
provided by the user.
Primary data used for development of the model
The primary data (Table 1) used in developing the model emerged from an experiment
conducted for evaluating various RCTs at the research farm of Sardar Vallabh Bhai
Patel University of Agriculture and Technology, Uttar Pradesh, India (29o01′ N, 77o45′
E, and 237 m above mean sea level), during 2000 to 2005 (Lav Bhushan et al 2007).
The climate of the study area is semiarid, with an average annual rainfall of 800 mm
(75–80% of which is received during July to September), minimum temperature of
0–4 oC in January, maximum temperature of 41–45 oC in June, and relative humidity
of 67–83% during the year. The experimental soil (0–15 cm) was silty loam in texture
with bulk density of 1.42 Mg m–3, pH 8.1, EC (saturation extract) 0.4 dS m–1, total
C 8.3 g kg–1, total N 0.88 g kg–1, Olsen P 25 mg kg–1, and 1N NH4OAC-extractable
K 0.31 meq 100 g–1.
The experiment consisted of six RCTs, which included different methods of
tillage and crop establishment as described in Table 2. The tillage methods were (1)
conventional puddling for rice and conventional tillage for wheat, (2) raised beds
with reduced tillage for rice and wheat, and (3) flat land with no-tillage for rice and
wheat. The crop seeding methods included (1) conventional transplanting of rice, (2)
direct seeding of rice, and (3) no-till seeding of both wheat and rice. The details of
practices followed in various RCTs are described by Lav Bhushan et al (2007) and a
comparative evaluation appears in Table 2. Using the primary data (Table 1), different
indices for adjusting yields, water productivity, human and machine labor, biocide, N
flux, and GHG emissions in different RCTs were derived.

Computation of secondary data
Emission of greenhouse gases. In soil, methane (CH4) is formed from organic C present
in soil and C added through organic residues, dead roots, and root exudates. Indigenous
CH4 emission (CH4_em_ind, kg C ha–1 d–1) was calculated as a function of available
C substrate, that is, dissolved organic C, which in turn is related to SOC (%), bulk
density (g cm–3), soil depth (cm), crop duration (days), and the rate of decomposition
(0.000085 per day) of SOC (Pathak and Wassmann 2007):

Simulating environmental impact of resource-conserving technologies in the rice-wheat system . . .

323

324

Pathak et al

Transplanted after
puddling with midseason drying

Direct drill-seeded
on raised beds

Transplanted on
raised beds

Direct drill-seeded
after no-tillage

Transplanted after
no-tillage

T2

T3

T4

T5

T6

†Magnitude of each  in the column.

Transplanted after
puddling

Rice

T1

Technology

Drill-seeded after
no-tillage

Drill-seeded after
no-tillage

Drill-seeded on
raised beds

Drill-seeded on
raised beds

Drill-seeded after
no-tillage

Drill-seeded after
conventional
tillage

Wheat

Technology name and description













† ~ 500
mm

Irrigation













 ~ 100 kg
N ha–1

N fertilizer























 ~ 20 person
d ha–1

 ~ 5 h ha–1



Human labor

Machine
labor

Table 2. Description and input use in the various resource-conserving technologies in the rice-wheat system.













 ~ 2.5
kg ha–1

Biocides













 ~ 5 kg
ha–1

Seed

CH4_em_ind = SOC × 1,000 × bulk_density × soil_depth × 0.000085 ×
crop_duration × 0.27 × 0.55
Actual CH4 emission (CH4_em_ac, kg C ha–1 d–1) was then calculated as
CH4_em_ac = (CH4_em_ind × Tech_CH4 + (root_input + manure_input ×
0.5) × 0.27 × 0.55 × 0.4) × 2**(Temp – 25)/10
where Tech_CH4 is a technology-dependent factor for CH4 emission; root_input
and manure_input correspond to the respective organic input (kg); 0.5 represents
the fraction of manure mineralized during the growing season (assuming that 50%
of the manure will be decomposed during the fallow period); 0.27 is the ratio of the
molecular weights of methane and carbohydrate; 0.55 is the initial fraction of produced methane that is emitted; 0.4 is the C content of the root and manure inputs; and
2**(Temp – 25)/10 is the temperature correction factor, where Temp is seasonal average
temperature (°C). Although manure inputs are documented for all technologies, the
root inputs (composed of exudates and dead roots) were derived from above-ground
biomass using the equations derived by Pathak and Wassmann (2007).
Nitrous oxide emission (N2O_em_ac, kg N ha–1) was related to the mineralization of organic N (from soil, residues, and manure) into the inorganic pool (NH4+),
which was in turn related to the mineralization of C, addition of inorganic fertilizer
as either NH4+ or urea forms, and rates of nitrification and denitrification (0.0024
kg kg–1). A similar approach has been used in the denitrification and decomposition
(DNDC) model for estimating N2O emission from soil (Li 2000):
N2O_em_ac = [(CO2_em_ac + CH4_em_ac)/10 + Fertilizer N]
× 0.0024 × Tech_N2O
where CO2_em_ac is emission of CO2 (kg C ha–1) (see below) and Tech_N2O is
the N2O emission coefficient at different technology levels. Emission of N2O due
to burning of rice straw has been calculated using the data given by Yoshinori and
Kanno (1997).
In InfoRCT, emission of CO2 has been related to (1) fossil fuel consumption
from farm operations and off-farm production of inputs, (2) changes in SOC, and (3)
C sequestration and fuel savings in some selected technologies. The computations of
fossil fuel consumption and savings are based on simple algorithms and published data
(Grace et al 2003). The computation of soil-borne (net) CO2 emissions is primarily
based on soil factors and a technology-specific index. Emission of CO2 (CO2_em_ac,
kg C ha–1), that is, the change in SOC, has been related to SOC (%) of soil, bulk density
(g cm–3), soil depth (cm), crop duration (days), the rate of decomposition (0.000085
per day) of SOC, a temperature correction factor, and a technology-specific index
(Tech_SOC_CO2):
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CO2_em_ac = SOC × 1,000 × bulk_density × soil_depth × 0.000085
× crop_duration × 2**((Temp – 25)/10) × Tech_SOC_CO2
Emissions of CO2 from farm operations and for the production of the various farm
inputs were calculated using the values given by Pathak and Wassmann (2007).
Global warming potential (GWP) is an index used to compare the effectiveness
of each greenhouse gas to trap heat in the atmosphere relative to a standard gas, by
convention, CO2. The GWP for CH4 (based on a 100-year time horizon) is 21, while
that for N2O is 310 when the GWP value for CO2 is taken as 1. Global warming potential (kg CO2 equivalent ha–1) of a system is calculated (IPCC 2000) as
GWP = CH4_em_ac × 16/12 × 21 + N2O_em_ac × 44/28 × 310 +
(CO2_em_ac + CO2_em_op + CO2_em_in) × 44/12
Biocide use. The environmental impact of biocide use was described based on
a biocide residue index (BRI) (Pathak et al 2001) and was calculated on the basis of
consumption of each chemical, its toxicity index, and persistence index:
BRI = chemical_use (g ha–1) * toxicity_index * persistence_index/100
The Food and Agriculture Organization (FAO) distinguishes four toxicity classes
for biocides—I, II, III, and IV—with toxicity indices of 10, 5, 2, and 1, respectively,
based on their LD50 (lethal dose 50, the dose at which 50% of the target pests are
killed). The persistence index of a chemical was calculated based upon its half-life
in soil. Three persistence classes for biocides, that is, low (half-life <30 d), medium
(half-life 30–100 d), and high (half-life >100 d) with persistence indices of 1, 2.5,
and 5, respectively, are considered. The sum total of BRI was calculated by adding a
BRI of all chemicals used in the system. The BRI value of <100 can be designated as
safe, whereas a value between 100 and 200 is permissible, but a BRI >200 is unsafe
with respect to environmental safety (Pathak et al 2001).
Losses of N. Leaching of NO3-N (NO3_leached) was calculated by multiplying
the NO3-N content in soil by the amount of percolating water. The following equation,
modified from Pathak et al (2001), was used for calculating NO3 leaching:
NO3_leached (kg N ha–1) = [(Fertilizer_N + Manure_N + Irrigation_N + Rain_N +
N_fix + NO3-N_soil) * Nitrate_factor – (N_Uptake + N_denitrified +
N_volatilized)] * [Water_ percolated/(Irrigation_water + Rainfall)] * Tech_REN
where Fertilizer_N, Manure_N, Irrigation_N, Rain_N, and N_fix are amounts of N
added (kg N ha–1) through fertilizer, manure, irrigation, rainfall, and biological fixation,
respectively; NO3-N_soil is the amount of NO3-N (kg N ha–1) in soil; Nitrate_factor is
the fraction of nitrate in total N (0.3 and 0.7 for soil under rice and wheat, respectively);
and N_Uptake, N_denitrified, and N_volatilized are amounts of N (kg N ha–1) removed
through crop uptake, denitrification, and volatilization, respectively. Water_percolated
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is the amount of water (mm) percolated down in soil; Irrigation_water and Rainfall
are the amount of water (mm) added through irrigation and rainfall, respectively;
and Tech_REN is the adjustment coefficient for REN (recovery efficiency of N) in a
particular technology.
Loss of N due to denitrification (N_denitrified) was calculated based on a transfer
function related to clay content of the soil, rainfall (Smaling and Janssen 1993), and
amount of N applied:
N_denitrified (kg N ha–1) = (Fertilizer_N + Manure_N + Irrigation_N +
Rain_N + N_fix) * (0.0013 * Clay + 0.0001 * Rainfall) * Tech_ REN
Data reported by Sharma et al (1992) were used for calculating ammonia volatilization in soils:
N_volatilized (kg N ha–1) = (Fertilizer_N + Manure_N + Irrigation_N +
Rain_N + N_fix) * 0.15 * Tech_ REN

Results and discussion
Validation of the model against field data
The simulated GHG emissions from soil were compared with the data observed in field
experiments conducted in New Delhi, situated at 28°40′ N and 77°12′ E, at an altitude
of 228 m above mean sea level. Observed CH4 emissions from soil in the experiments
in New Delhi, which is 150 km from Modipuram (Pathak et al 2003, Malla et al 2005),
were similar to the simulated CH4 emissions from soil at Modipuram.
In 2007-08, emission of N2O-N was measured from the same experiment in
Modipuram (Lav Bhushan et al 2007) in rice and wheat. The puddled transplanted
(T1) and puddled transplanted with mid-season drainage (T2) treatments emitted 0.31
and 0.78 kg N2O-N ha–1, whereas the simulated values were 0.47 and 0.48 kg N2ON ha–1, respectively (Mohanty 2008, unpublished). Studies conducted in New Delhi
(Majumdar et al 2002, Malla et al 2005) also showed emissions of N2O-N from rice
and wheat fields similar to those simulated by the model. Thus, simulated emission
of N2O-N was in good agreement with the measured data.
In rice, loss of N due to leaching was 9–19 kg ha–1, whereas 20–33 and 16–26
kg N ha–1 were lost due to volatilization and denitrification, respectively, under various
RCTs. In wheat, losses of N due to leaching, volatilization, and denitrification were
8–11, 31–34, and 8–9 kg ha–1, respectively. In earlier studies, a similar magnitude of
losses of N due to leaching, volatilization, and denitrification from conventional rice
and wheat fields in northwestern India was reported (Aulakh et al 2001, Banerjee
et al 2002, Bijay Singh et al 2001). Thus, the model in general simulated the losses
satisfactorily.
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Emission of greenhouse gases with various RCTs
Simulated CH4 emissions in rice ranged from 25 to 60 kg CH4 ha–1. Conventionally
puddled rice (T1) recorded the largest emissions, followed by the mid-season drainage
treatment (Table 3). Emissions of N2O-N from soil in rice as well as in wheat varied
between 0.10 and 0.12 kg N2O-N ha–1. Fertilizer contributed 0.21 and 0.37 kg N2ON ha–1 in rice, whereas in wheat it was between 0.41 and 0.57 kg N2O-N ha–1 (Table
3). Farm machinery, including the pump used for irrigation, emitted 283 to 437 kg
CO2-C ha–1 in rice and 33 to 58 kg CO2-C ha–1 in wheat. Off-farm practices, such as
the production of fertilizer, contributed 102 to 227 kg CO2-C ha–1 in rice and 252 to
282 kg CO2-C ha–1 in wheat. Production of biocides contributed 47 to 82 CO2-C ha–1
in rice, whereas emission was negligible in wheat. The application of fertilizer and
biocide contributed about 40 kg CO2-C ha–1 in the rice-wheat system. The contribution of soil to CO2 emissions was taken as zero as organic C remained more or less
static for the past 4–5 years in our study. Several long-term fertility experiments in
rice-wheat cropping systems in northwest India have shown static organic C (Ladha
et al 2003).
Different RCTs in the rice-wheat system had pronounced effects on GWP, which
varied between 2,290 kg CO2 equi. ha–1 in direct drill-seeded rice and wheat on beds
(T3) and 3,680 kg CO2 equi. ha–1 in conventional puddled transplanted rice and tilled
wheat (T1). Compared with the conventional practice, all the technologies reduced
GWP by 13% to 38%.
Biocide residue index with various RCTs
Biocide residue indices (BRI) in rice ranged from 188 in puddled transplanted rice
(T1 and T2) to 233 in direct drill-seeded rice (T3 and T5) (Fig. 1). For wheat, the
BRI was only 6. For the whole rice-wheat cropping system, BRI ranged from 194 in
puddled transplanted rice (T1 and T2) to 239 in direct drill-seeded rice (T3 and T5).
Thus, four out of six RCTs had a BRI above 200, which is unsafe for the environment
(Pathak et al 2001). Better weed management strategies with a use of biocides with
less persistence and integrated weed management need to be developed in order to
minimize adverse effects on the environment.
Inputs, uptake, and losses of N with various RCTs
Fertilizer N input was 71 to 153 kg N ha–1 and 171 to 191 kg N ha–1 in rice and wheat,
respectively (Table 4). Irrigation water contributed 8–10 kg N ha–1 in rice and 1 kg
N ha–1 in wheat, whereas rainfall contributed 3 kg N ha–1 in rice and 1 kg N ha–1 in
wheat. Simulated N uptake in various technologies ranged from 72 to 108 and from
112 to 122 kg N ha–1 in rice and wheat, respectively (Table 4).
In rice, loss of N due to leaching was 9–19 kg ha–1, whereas 20–33 and 16–26
kg N ha–1 were lost due to volatilization and denitrification, respectively, under various
technologies. In wheat, losses of N due to leaching, volatilization, and denitrification
were 9–11, 31–34, and 4–5 kg ha–1, respectively. The total amount of N lost in the
rice-wheat system was highest (125 kg N ha–1) in the conventional farmers’ practice
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T6

T5

T4

T3

T2

T1

25

0

Wheat

RW

25

Rice

0

25

Wheat

RW

25

25

Rice

0

Wheat

RW

25

Rice

0

25

Wheat

RW

25

Rice

0

Wheat

48

48

RW

60

Rice

0

Wheat

RW

60

Rice

(kg ha–1)

CH4 soil

0.24

0.12

0.12

0.24

0.12

0.12

0.24

0.12

0.12

0.24

0.12

0.12

0.22

0.11

0.11

0.20

0.10

0.10

(kg N ha–1)

N2O soil

to Table 1 for descriptions of the technologies.

Technologya

Crop

0.93

0.57

0.36

0.87

0.53

0.34

0.83

0.51

0.32

0.74

0.53

0.21

0.88

0.51

0.37

0.78

0.41

0.37

(kg N ha–1)

N2 O
fertilizer

410

48

362

339

44

294

397

35

361

310

33

276

420

48

372

495

58

437

(kg C ha–1)

CO2
machine

458

282

176

430

263

167

409

252

157

362

260

102

483

278

205

481

255

227

(kg C ha–1)

CO2
fertilizer
prod.

70

0

69

82

0

82

70

0

69

82

0

82

47

0

47

47

0

47

(kg C ha–1)

CO2
biocide
prod.

24

15

9

22

14

8

21

13

8

19

14

5

26

15

11

26

14

13

(kg C ha–1)

CO2
fertilizer
application

15

0

15

18

0

18

15

0

15

18

0

18

11

0

11

11

0

11

(kg C ha–1)

CO2
biocide
application

2,746

569

2,176

2,460

535

1,925

2,638

489

2,149

2,265

491

1,775

3,217

531

2,686

3,680

511

3,169

(kg ha–1)

GWP (CO2
equi.)

Table 3. Simulated greenhouse gas emissions in the rice-wheat system with different resource-conserving technologies in Modipuram, India.
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Fig. 1. Biocide residue index (BRI) in rice and wheat under different resource-conserving technologies in the rice-wheat system.
The arrow indicates the safe limit of the BRI. Refer to Table 1 for
descriptions of the technologies.

(T1). Using RCTs (treatments T2 to T6) resulted in reduced total N loss by 2% to 28%
compared with conventional puddled transplanted rice and tilled wheat.

Conclusions
The model could simulate the effects of RCTs on emissions of GHGs and losses of N
in rice-wheat systems satisfactorily. The conceptual framework of using a Microsoft
Excel–based spreadsheet model allowed a ranking of different RCTs and it can be
adopted for different crops conveniently if the crop-specific parameters are known.
Moreover, the model can easily be amended if other technologies need to be assessed
or more technical coefficients should be computed. The model will help extrapolate the
impact of RCTs on N budget, biocide residue, and GHG emissions at different sites in
different scenarios of soil and climatic conditions and crop management. This approach
will be of benefit to scientists and policymakers for predicting the impact of new and
emerging crop management technologies, making decisions relating to resource use,
and designing strategies for improved crop production. However, uncertainties exist
in extrapolating the impacts of RCTs on the environment in other areas because of
diverse soil and climatic conditions and socioeconomic status of farmers. For example,
when estimating GWP under specific management conditions, the spatial heterogeneity
of soil properties (e.g., texture, SOC content, pH) and variations in water and fertilizer management are the major source of uncertainty. Accurate quantification of the
330

Pathak et al

Simulating environmental impact of resource-conserving technologies in the rice-wheat system . . .

331

aRefer

T6

T5

T4

T3

T2

T1

71
176
247
107
171
278
114
178
292

Rice
Wheat
RW
Rice
Wheat
RW
Rice
Wheat
RW

310

326

RW

RW

188

Wheat

120

138

Rice

191

326

RW
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173

Wheat
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Fertilizer

Rice

Crop
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1

10

9

1

8

11

1

10

9

1

8
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1
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13

1
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Irrigation

Input

to Table 1 for descriptions of the technologies.

Technologya

4

1

3

4

1

3

4

1

3

4

1

3

4

1

3

4

1

3

Rain

30

5

25

30

5

25

30

5

25

30

5

25

30

5

25

30

5

25

Fixation

Leaching

215

122

93

205

116

90

200

112

88

186

114

72

222

121

101

221

113

108

26

11

15

25

10

15

22

9

14

18

9

9

29

11

18

30

11

19

(kg N ha–1)

Uptake

62

34

28

59

32

26

57

31

26

52

32

20

64

34

31

64

31

33

Volatilization

Output

27

5

22

26

4

21

25

4

21

20

4

16

29

5

24

31

4

26

Denitrification

115

50

65

110

47

63

104

44

60

90

45

45

122

49

73

125

46

79

Total loss

Table 4. Simulated input, uptake, and losses of N in the rice-wheat system with different resource-conserving technologies in Modipuram, India.

environmental impact of RCTs can only be estimated using mechanistic simulation
models using exhaustive data on soil, climate, and management.

Availability of the InfoRCT
The model can be obtained from H. Pathak, International Rice Research Institute-India
Office, New Delhi, India (h.pathak@cgiar.org, hpathak.iari@gmail.com).
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Technology targeting in underused
lands in the Gangetic Plains
of South Asia
Parvesh Chandna, J.K. Ladha, U.P. Singh, Milap Punia, O. Erenstein, H. Pathak, and Raj Gupta

Satisfying the food demand of an ever-increasing population, preserving the
natural resource base, and improving livelihoods are major challenges for
South Asia. A large area of land in the Middle and Lower Gangetic Plains of
South Asia remains either uncultivated or underused following the rice crop
in the kharif season. The area includes “rice-fallow,” estimated at 6.7 million
ha, flood-prone riversides (“diara lands,” 2.4 million ha), waterlogged areas
(4.9 million ha), and salt-affected soils (2.3 million ha). Bringing these lands
under production could substantially improve the food supply and enhance
livelihoods in the region. This paper describes a methodological case study for
targeting improved technologies in underused lands of Ballia District of eastern
Uttar Pradesh (India) using multispectral remote-sensing images. Appropriate
resource-conserving and productivity-enhancing technologies were identified
that offer promising options to these underused and underproductive lands.
Classification of temporal satellite data IRS-P6 in combination with Spot VGT 2
permitted the identification of all major categories of underused land during the
postrainy rabi/winter season in 2004-05, with an average accuracy of 89%. The
total underused lands (73,134 ha) in the district were estimated to be 26% of
the total cultivable lands (285,361 ha). Winter fallows (including rice fallows)
and diara lands were the predominant category of underused land, covering
72% of the total underused lands identified. In addition, late-planted wheat was
found to cover 64% of the total district wheat area (134,530 ha).
Farmer participatory demonstrations were conducted with promising
technologies for both rice (direct seeding with reduced tillage, improved boro
rice varieties) and wheat (zero-tillage and reduced tillage, on flat and raised
beds, and surface seeding) targeted to different underused land types. Based
on three-year averages, farmers gained additional income of US$63 ha–1 by
introducing raised beds in salt-affected soils; $140 and $800 ha–1 by introducing
deepwater rice varieties (monsoon) and boro rice (winter) in waterlogged areas;
and $581 ha–1 by introducing zero-till lentil (winter) in rainfed fallow lowland.
Timely wheat planting through zero-tillage implies an additional income of $147
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ha–1 and could increase wheat production by 35,000 to 65,000 tons in the
district. There is scope for scaling out developed and validated technologies to
other districts in the Middle and Lower Gangetic Plains (eastern Uttar Pradesh,
Bihar, West Bengal, eastern Terai of Nepal, and northwestern parts of Bangladesh) because of their similar agro-climatic conditions.

The Indo-Gangetic Plains (IGP) are the major food-producing region of South Asia.
The rice-wheat system, a major cropping system in the IGP, supports more than 450
million people and contributes more than 80% of the total cereal production in these
countries (Ladha et al 2003b). The Eastern Gangetic Plains (EGP), with 34.64 million ha (Chandna et al 2004), supports more than 300 million people (Census of India
2001). The intensively cultivated irrigated rice-wheat (RW) system is fundamental
to employment, income, and livelihood for the people of this region. Productivity of
the RW system appears to have plateaued because of natural resource degradation
(see Ladha et al 2003a for a review). About 6.7 million ha of potentially productive
land in the EGP remain fallow during the rabi/winter season after the kharif/monsoon
rice crop (Subbarao et al 2001), with unavailability of irrigation water being the most
common cause. Moreover, flood-affected lands cover more than 2 million ha in Bihar
(Chandna et al 2004, Padmanabhan 2008), where waterlogging or excessive moisture
either causes a delay in planting of a rabi crop or the land remains uncultivated. Wheat
is an important winter food crop in the EGP, but at least 60% of the wheat is planted
late (Chandna et al 2004, 2007). Late planting of wheat reduces yield and leads to
poor water-use efficiency (Mehla et al 2000). For example, a linear decline in yield of
1–1.5% d–1 is observed when wheat is planted after mid-November (Ortiz-Monasterio
et al 1994, Ortiz-Monasterio and Lobell 2007).
Improved resource-conserving technologies (RCTs) such as zero-tillage provide
options for more timely planting, thereby potentially leading to higher productivity, input-use efficiency, and profitability (Gupta and Seth 2006, Gupta and Sayre
2007, Ladha et al 2007). Surface seeding of wheat, where presoaked wheat seeds are
broadcast in excessively wet soils, is a simple technology for resource-poor farmers
to achieve higher yields through timely planting (Hobbs 2001, Gupta et al 2003,
Tripathi et al 2006). Laser-assisted precision land leveling saves irrigation water,
nutrients, and agro-chemicals (Rajput et al 2004, Jat et al 2006, this volume). Raised
bed planting of crops improves yields in partially reclaimed alkali soils (Connor et
al 2003, Humphreys and Roth 2008). However, any single technology may not be
suitable for all situations, suggesting that technologies best be targeted to their most
appropriate niche. This requires information on the distribution and extent of lands
with specific problems such as a shortage of soil moisture, excessive wetness or salt,
and flood occurrence. Assessing target zones for promising technologies facilitates
out-scaling in a fast and cost-effective manner (Chandna et al 2004). Remote-sensing
options provide spatial-temporal synoptic resource data in different electromagnetic
spectral windows. This can be used to generate information on the extent and location
of problem areas and potential target areas for more efficient use of natural resources.
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Cropping system
Cotton-wheat
Fallow-gram
Fallow-wheat
Jute-rice
Maize-wheat
Pearl millet-wheat
Pearl millet-mustard
Rice-mustard-rice
Rice-vegetable-rice
Rice-mustard-jute
Rice-fallow
Rice-potato-vegetables
Rice-vegetables-summer rice
Rice-wheat
Sugarcane/ratoon-wheat
Sorghum-wheat
IGP transect boundaries

Agroecological regions

0 50 100 kilometers

Fig. 1. District-wise major cropping systems, agro-climatic zones (transects), and agroecological zones of Indian part of IGP. (Source: Velayutham et al 1992 (for agro-ecological
zones), Yadav et al 2001 (for cropping systems), Narang and Virmani 2001 (for agro-climatic
zones).

Such information can thus help target promising RCTs in a focused and precise manner on a regional scale. The objective of this study was to assess the scope of RCTs
to increase crop productivity on problematic and/or late-planted land in the eastern
IGP of India.

Materials and methods
Site description
Ballia District of Uttar Pradesh, situated in the EGP (Fig. 1) between 25º33′ and
26º11′N and 83º40′ and 84º38′E, is bound on the north by the Ghagara River, on the
south by the Ganges River, on the east by Sharn and Bhojpur districts of Bihar, and
on the west by Mau District of Uttar Pradesh. The district covers 329,023 ha. Because
of its saucer-shaped topography, the study area has numerous natural physiographic
features such as tals (water bodies), oxbow lakes, point bar, cutoff meanders, and
buried channels. These physiographic features create conditions of excessive moisture,
sodicity, and waterlogging.
The rice (Oryza sativa)-wheat (Triticum aestivum) cropping system is the
dominant cropping system in Ballia (Fig. 1). Other cropping systems are maize (Zea
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Fig. 2. Alluvial soils of diara lands of Ballia develop wide and deep cracks.

mays L)-wheat, wheat-mungbean (Phaseolus aureus Roxb.), rice-mustard (Brassica
juncea), maize-potato (Solanum tuberosum), rice-cucurbit (Cucumis sativus), and
rice-lentil (Lens culinaris Medic). Sugarcane (Saccharum officinarum L.) is grown
in the Ghagara River belt and in parts of Rasra Block in the northwest part of Ballia.
Pigeonpea (Cajanus cajan Milsp.) is grown in uplands and chickpea (Cicer arietinum
L.) and lentil in lowland and tal areas. In diara lands, wheat is grown during the winter
season (November-March), followed by boro rice (March-June).
Soils of Ballia District originate from alluvium deposits of the Ghagara and Ganges rivers. The soils are deep, well drained, calcareous, and fine to coarse loamy. Alfisol
and Inceptisol account for most of the soils in the district. These soils are productive
and potentially suitable for crops such as rice, wheat, sugarcane, and maize. Alluvial
soils in the riverbeds of the Ganges develop cracks of 15–40-cm width and 100-cm
depth upon drying during the summer season (Fig. 2). The origin of the alluviums
with “vertic” character is eroded material from the igneous rocks of the Satpura and
Vindhayachal ranges in Madhya Pradesh, carried to the district by upstream tributaries
of the Ganges. Salt-affected patches in Ballia are alkali in nature, have pH >8.4, and
exchangeable sodium percentage (ESP) >15. A Na/Cl or Na/(Cl + SO4) ratio > 1.0
reflects the presence of sodium carbonates in aqueous saturation paste extracts. With
carbonate/sulfate, the alkali soils of the eastern IGP exhibit electrical conductivities
of saturated paste extracts often greater than 4 dS m–1 at 25 oC.
The climate of the study area is subtropical, with hot subhumid summer and mild
dry winter. Mean monthly minimum temperature is 5.4 oC in January and maximum
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Fig. 3. Regional rainfall pattern based on monthly data (1975-2006).

temperature is 41.8 oC in May. Annual rainfall is 800–1,300 mm, 80–90% of which
is received during June to September (Fig. 3). Rainfall during November to March
(rabi/winter season) is only 10% of the annual rainfall, making winter crops dependent
on residual water and/or irrigation.
Preprocessing and parameter retrieval from satellite images
To generate data on crop growth sequence and flood-affected areas, multitemporal
satellite images (IRS-P6) with 24 days’ revisit time and 23.4 m resolution were acquired
for 2004-05 from the NRSA (National Remote Sensing Agency), Hyderabad, India.
Toposheets at 1:50,000 scale were acquired from Survey of India (SOI). Geometric
corrections of the images were made to transfer the coordinates from toposheets to
images. The satellite image of February 2005 was considered as the master image
for map-to-image geo-referencing. Some 130 randomly distributed ground control
points (GCPs) were taken in the image and referenced toposheets for minimizing
the root mean square (RMS) error. A geographic projection system with datum WGS
84 was applied for making geometric corrections. Images for remaining months
were geo-referenced with a corrected image (February month) following a similar
procedure. Village boundaries (hard copies) were obtained from the SOI office, New
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Table 1. Specifications of satellite data and image acquisitions.

Sensor used

Resolution
(m)

Revisit
time
(days)

Spectral
resolution (µm)

Kharif data:
months and
number of
images

Rabi data:
months and
number of
images

IRS-P6 LISS III
(linear image
self-scanning
system)

23

24

B2: 0.52–
0.59, B3:
0.62–0.68,
B4: 0.76–
0.86, SWIR:
1.55–1.7

2004: July (1a),
Oct. (1)

2004: Nov. (1),
Dec. (1); 2005:
Feb. (1), Mar.
(1)

SPOT (Satellite pour
l’Observation
de la Terre)
Vegetation 2

1,165

10

Bo: 0.43–
0.47, B2:
0.61–0.68,
B3: 0.79–
0.89, MIR:
1.58–1.75

2004: June (2),
July (3), Aug.
(3), Sep. (3),
Oct. (3)

2004: Nov. (2),
Dec. (3); 2005:
Jan. (3), Feb.
(3), Mar. (3),
Apr. (3)

aNumber

of images acquired in a particular month.

Delhi. These boundaries were scanned at 600 dpi and were digitized using ARC GIS
software version 9.1.
A normalization (radiometric corrections) process was applied to maintain radiometric consistency between images with repetitive coverage, varying atmospheric
conditions, and solar illumination angles. Radiometric corrections were made using
the pseudo-invariant features technique (De Carvalho et al 2007). The image having
the highest dynamic range of digital number (DN), that is, February 2005, was selected as the reference image for radiometric normalization of the other five images
collected on two different dates in kharif and three dates of rabi 2004-05 (Table 1). All
IRS-P6 images were classified using unsupervised classification (ISO data method).
The numbers of iterations were set to 20 along with 50 classes.
To derive thematic layers, a decision tree classification approach was developed
using the normalized difference vegetation index (NDVI) and normalized difference
water index (NDWI) (Gao 1996, McFeeters 1996, Xiao et al 2002). The classes that
were useful for targeting of RCTs were converted to vector files.The major biophysical parameters retrieved from IRS-P6 images included areas under rice, timely and
late-sown wheat, rice fallows, diara lands, and winter fallows, excessively wet and
waterlogged. The turnaround time between crops was quantified using a temporal
NDVI, spectral profile, crop calendar, and intensive ground truthing using GPS. The
SPOT VGT2 10 days’ composite NDVI products for rabi season 2004-05 were analyzed to derive areas with timely or late-planted wheat, under a particular cropping
system and temporal availability of land and the use of prospective RCTs. To correct
and reassign the classes, the layers derived from Spot VGT 2 MODIS products were
synchronized with the layers extracted from the IRS-P6 satellite data sets (Fig. 4).
340

Chandna et al

�

��������������������������

��������
����������������

������������������������

������������������

�����������������������������������
����������������������������������

���������������������������

���������������������������������
�����������������������������

�

��������������
����

�������������������

�������������
�����������������

������������������������

�

����������������������������������

����������������������

�����������

�����������

�����������

�����������

�����������

�������������������

�����������

������������

����������������������

��������������

���������������
������������������

Fig. 4. Flow chart for determination of underused lands and causal factors.

Soils with excessive moisture and waterlogged areas obtained from IRS-P6 images
were synchronized with NDWI layers for making correction. Winter crop establishments were coded as timely, late, or early planted.
Based on satellite data analysis, the cultivable area of the district was estimated
by excluding the estimated areas under settlements, roads, permanent water bodies,
and forest from total geographical area of the district. Selected layers representing
the underused lands were demarcated for their spatial distribution and extent. Various
RCTs were identified and assigned to these lands based on their suitability.

Results and discussion
Land types including main crops and potentially underused lands were estimated and
demarcated for their spatial distribution and extent (Table 2). The total underused
lands (73,134 ha) in the district were estimated to be 26% of the total cultivable lands
(285,361 ha).
Different RCTs were identified and assigned to land types based on associated
problems (Fig. 5). The technologies described in Table 3 are examples of some applications; most of these technologies have much wider utility than just in underused
lands (see Ladha et al 2009, this volume, for a review).
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Table 2. Tehsil-wise area of selected land types (crops and potentially underused lands) in
Ballia, 2004-05.
Districta

Land types
identified

Tehsil

Ballia

Bairia

Bansdih

Ballia

Rasra

Sikanderpur

Belthera

Rice (total
area)

112,218
(39)

14,384

24,071

13,937

21,604

18,146

20,076

Rice-fallow

14,270
(5)

2,277

2,063

2,420

2,824

2,586

2,101

Wheat (total
area)

134,530
(47)

19,144

27,659

24,350

21,619

19,144

22,614

Wheat (lateplanted area)

76,550
(26)

8,381

19,803

13,103

7,563

15,054

12,646

Winter fallow

33,467
(11)

3,317

2,807

3,583

11,303

8,432

4,024

Area with
excessive
moisture

11,170
(4)

2,583

2,397

3,450

1,254

690

796

Area with waterlogging

5,018
(2)

1,239

781

1,676

683

423

216

Area with
alkali/sodic
soils

4,356
(2)

62

94

314

1,934

1,345

608

Area under
diara lands

19,123
(7)

3,678

4,874

5,737

1,856

2,399

579

aNumbers

in parentheses show % of cultivable area.

Zero-tillage
Analysis of temporal satellite data showed that nearly 64% (76,550 ha) of the total
area under wheat (134,530 ha) was sown late during 2004-05. Chandna et al (2007)
reported that there are 60%, 82%, and 84% of areas in eastern Uttar Pradesh, Bihar,
and Bangladesh, respectively, where wheat is sown late. Growing medium- to shortduration rice in combination with zero-tillage can facilitate timely planting of wheat.
Zero-tillage avoids land preparation and planting can be advanced by 10–20 days
compared with conventional practices (Gautam et al 2002, Kumar et al 2005, Laxmi
et al 2007) and thereby potentially increase yield by reducing the exposure of winter
crops to terminal heat (Ortiz et al 2008). Singh et al (this volume) demonstrated that
wheat production in this area can be increased by 0.5 t ha–1 with zero-tillage. The
eventual yield gains attributed to zero-tillage often depend directly on the number of
turnaround days saved. Based on 3-year averages (Singh et al, this volume), farmers
gained additional income of US$147 ha–1 by adopting zero-tillage drill-seeded wheat
(ZT-DSW) compared with the farmers’ practice (CT-BCW) (Table 4, Fig. 5). Thus,
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Late-planted wheat
Waterlogged area
Rice fallow
Excessively wet soils
Uncultivated land/barren/winter fallow
Sodic land
Settlements
Deepwater bodies
Aquatic weeds
District boundaries
Rivers

1. Sodic land–bed planting
3. Excessive wet soils–surface seeding
2. Late-planted wheat–zero-tillage/ 4. Waterlogged (kharif)–deepwater rice
surface seeding
cultivars

5. Waterlogged (rabi)–boro rice
6. Diara lands/rice fallow–introduction
of pulses

Fig. 5 . Potentially targeting options for underused lands in Ballia. (A in Fig. 5 represents part
of the district that was not covered in the path/row of the IRS-P6 sensor, acquired for this
study. This part covers 2.38% of the total geographical area of the district. The estimates
for this part were made based on the area under different classes in neighboring pixels.)

timely planting of wheat using zero-tillage in Ballia District can increase wheat production by 32,000 to 62,000 t. This will earn an additional income of $4.4 million for
the farmers in the district. Timely planting of wheat also leads to timely wheat harvest
and potentially provides adequate turnaround time for a short-duration third crop such
as mungbean before rice. Zero-tillage drill-seeded mungbean (ZT-DS-Mung) was
promoted in Ballia. Sowing took place immediately after the wheat harvest to make
use of residual moisture and facilitate timely planting. Farmers gained an additional
income of $180 ha–1 by growing a short-duration mungbean crop after the harvest of
drill-seeded zero-till wheat (Singh et al, this volume). This practice has been successful
and adopted by hundreds of farmers in the EGP.
Bed planting
In Ballia, alkali soils cover 4,356 ha, constituting 1.52% of the total cultivable area
(Fig. 5). Wheat is the most affected crop, with high sodicity adversely affecting yield.
Cultivating these soils without chemical amendments leaves the surface cloddy, resulting in poor germination and spotty crop stands.
These soils can be reclaimed with chemical amendments such as gypsum and
iron pyrite, followed by leaching (Gupta and Abrol 1990). Gypsum, however, reclaims
the surface soil but the underlying layers remain sodic at various levels of reclamation. Tillage brings unreclaimed soil to the surface, thus reducing the germination
of sensitive cultivars. However, if crops are planted on raised beds, crop stands and
productivity will continue to improve. Planting on raised beds generally doubles
the depth of upper reclaimed soil (10–12 cm) in ridges (22 cm) of medium height,
Technology targeting in underused lands in the Gangetic Plains of South Asia

343

Table 3. Technologies targeted to different underused/underproductive land types.
Crop/land type
Area with late-planted wheat
Area with late-planted rice
Area with timely planted wheat
Area with alkali/sodic lands
Area with excessive soil moisture
Area under diara lands
l Rainfed lands (low)
l Areas near levees
l Soils with vertic character
l Low water table
Area with waterlogging
l Rabi (dry season)
l Kharif (wet season)
Area with regular floods

Recommended practice/crop
Zero-till drill-seeded (ZT-DSW) or surface-seeded wheat
(ZT-BCW)
l Medium- to short-duration rice cultivars
l Zero-till drill-seeded rice (ZT-DSR)
l Medium- to short-duration rice cultivars
l Zero-till drill-seeded mungbean (ZT-DS-Mung)
l Short-duration cultivar of mungbean
l Gypsum/pyrite amendments and promotion of drill-seeded
wheat on beds (Bed-DSW)
l Zero-tillage broadcast wheat (ZT-BCW)
l

ZT-DS-lentil with treadle pumps
ZT-DSW or CT-TPR-Boro or cucurbits
l ZT-DSW with sprinkler irrigation
l Legumes with deep root system
l
l

CT-TPR-Boro with treadle pumps
Deepwater rice cultivars/floating rice
l Mixed intercropping with zero-tillage system
l Appropriate cultivars
l
l

thus facilitating better growth of roots. Drill-seeded wheat on beds (Bed-DSW) on
partially reclaimed sodic soils provided farmers an additional income of $60–70 ha–1
over conventional tillage (Singh at el 2009). Thus, planting of wheat on beds in Ballia
District can increase wheat production by 2,000 to 2,500 t annually. This can provide
an additional income of $0.28 million for the farmers in the district (Table 4).
Around 2.3 million ha of land are currently unused because of a high buildup
of salts in Uttar Pradesh (1.29 million ha) and West Bengal (0.98 million ha) (GOI
2002). Reclamation of these lands along with bed-planting technology can increase
wheat production in these states by 1,150,000 t. This will earn an additional income
of $145 million for the farmers in these states (Table 5).
Boro and deepwater rice
Parts of Ballia District are seasonally flooded by the Ganges and Ghagara rivers.
The estimated waterlogged area in Ballia is 12,243 ha. In these areas, farmers can
grow rice cultivars suited to deepwater conditions during the kharif (rainy) season,
for example, variety Jal priya, Jal Magna, or Jal lahri. Farmers can grow boro rice
in the winter season in fringe areas of permanent waterbodies, where water recedes
very late in January. The presence of standing water in waterlogged fields right into
January-February reduces irrigation costs. The yield potential of improved boro rice
varieties is quite high; for example, KRS-II Hybrid, Gautam, and Sham can yield up
to 7–8 t ha –1 in eastern Uttar Pradesh and Bihar in the boro season. Three-year averages show that farmers attained a rice grain yield of 7.10 t ha–1 and additional gain of
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Table 4. Grain yield and net income under different targeted ecologies (average of three
years, 2005-08).
Treatment

Ecology/regime

Grain yield
(t ha–1)

Net income
(US$ ha–1)

Zero-till drill-seeded wheat
(ZT-DSW)

Late-planted wheat areas/
uplands/midlands

3.5

512

Drill-seeded wheat on raised
beds (Bed-DSW)

Upland, midland

4.4

628

Conventionally tilled broadcast
wheat (CT-BCW)

Upland, midland, lowland

3.0

375

Conventionally tilled broadcast
wheat (CT-BCW)

Sodic land

1.75

115

Drill-seeded wheat on beds (BedDSW)

Sodic land

2.25

178

Zero-tillage broadcast wheat
(ZT-BCW)

Excessive moisture soils

2.29

356

Broadcast rice–deepwater (BCRDW)

Waterlogged (kharif)/deepwater
situations

1.8

140

Boro rice (CT-TPR-Boro)

Waterlogged/flood-prone

7.1

800

Zero-till drill-seeded lentil (ZT-DSLentil)

Diara lands/tal land/rainfed land
(low)

1.32

581

Conventionally tilled broadcast
lentil (CT-BC-Lentil)

Diara lands/tal/lowland rainfed

1.14

515

Zero-till drill-seeded mungbean
(ZT-DS-Mung)

Intensification/diversification in
timely planted areas

0.43

180

Source: UP Singh et al, this volume. See Ladha et al 2009 (this volume) for a detailed description of technologies.

$425 ha–1 by adopting conventionally tilled transplanted boro rice (CT-TPR-Boro) in
waterlogged areas of Ballia, over conventionally tilled broadcast wheat (CT-BCW)
(Singh at el, this volume). Therefore, boro rice can also be promoted in Bihar and
West Bengal for higher returns, where assured irrigation is available for meeting the
high water demand of boro rice from March to May. Bihar and West Bengal receive
15% of the annual rainfall during January to March, which is particularly suited to
boro rice (Fig 3, A, B).
Waterlogged lowlands are generally characterized by shallow water tables.
Therefore, providing supplementary irrigation water is usually not a major problem.
Some of the low-cost options include the use of treadle pumps (cost $10–15 per set,
Fig. 6A) or an open dug-well system (cost $8–13 per set, Fig. 6B). These pumps are
often developed with locally available products (e.g., bamboo and clay pipes) and one
set is sufficient for a 1,600-m2 area. These pumps are most suitable for (seasonally)
waterlogged and tal areas of Ballia District, where water tables are quite near to the
surface (water depth up to 2–3 m).
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Fig. 6. Woman paddling a treadle pump and (B) farmer pumping water from a shallow dugwell for irrigating boro fields.

The promotion of floating rice or deepwater rice varieties in waterlogged fallows
in the kharif season has several advantages: (1) the waterlogged fallows can be brought
under cultivation; (2) no additional fertilizers and manure are required, unlike in the
conventional agricultural system; (3) the crop is entirely natural, organic, and good for
human health; (4) this provides shelter and fodder for poultry and cattle during floods;
and (5) the fishermen can cultivate crops and fish at the same time (Assaduzzaman
2004). This practice is environmentally friendly and can prove to be an alternative
livelihood option.
Out of a total of 4.9 million ha of land under waterlogging, there are about 2
million ha in Uttar Pradesh, 0.7 million ha in Bihar, and 2.2 million ha in West Bengal
(CADWM 2004). The promotion of boro rice (spring) and deepwater rice (monsoon)
can increase rice production by 43.2 million t. This will earn an additional income of
$2,746 million for the farmers in these states (Table 5).
Surface seeding
The study found that nearly 11,170 ha (3.9%) of the total cultivable area suffered from
excessive moisture, which includes 1,938 ha of tal lands (Fig. 5). Excessively moist
soils typically are not accessible to tractors for timely land preparation and seeding.
Surface seeding is one of the best options available to farmers for timely establishment
of winter crops on such soils. This practice is particularly suitable for fine-textured and
poorly drained soils or where land preparation is difficult and often results in a cloddy
tilth. Surface seeding of wheat (ZT-BCW) has proved to be a cost-effective technique
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CT-BCW

Fallow

Fallow

CT-BC-Lentil

Sodic land

Excessive soil
moisture (rabi)

Waterlogged (kharif
and rabi)

Tal/rainfed lowland/
diara land

ZT-DS-Lentil

BCR-DW+(CT-TPRBoro)

ZT- BCW

BED-DSW

ZT-DSW

Targeted
technology

80,334

12,243

11,170

43,560

86,550

Estimated
area (ha) in
Ballia District

66

565

356

63

147

Income
(US$ ha–1)

5.3

6.9

4.7

2.3

11.2

Achievable
income in
Ballia
($ ha*106)

Achievable
additional
income
(million US$)
378.4
146.9.
172.6
2,745.9
158.4

Estimated
area (million
ha)
2.6a
2.3b
0.5c
4.9d
2.4e

Eastern Gangetic Plains
of India

aEstimates were made based on earlier studies. Late-planted area estimated by Chandna et al (2004, 2007, 2008, unpublished) in Mau (56%) and Ballia (64%)
districts of eastern UP; Patna (82%) District of Bihar; Rangpur (84%) District of Bangladesh; Bara and Parsa (69%) districts of Nepal Terai. Therefore, 60% of the
total wheat area of Bihar, West Bengal, and eastern Uttar Pradesh (4,290,691 ha) was considered to be generally sown late. bIncludes salt-affected lands of Uttar Pradesh (1.29 million ha), Bihar (0.004 million ha), and West Bengal (0.98 million ha) reported by GOI (2002). cThe EGP encompasses 9.7 million ha under
lowland ecologies (Paris et al 1999). The reported area of excessive moisture varied from 3% to 8% in the EGP (Chandna et al 2004, 2007, 2008, unpublished).
Thus, a minimum of 5% of land of total lowland ecologies of the EGP was considered to be under excessively wet soils. dIncludes waterlogged areas of Uttar
Pradesh (1.98 million ha), Bihar (0.7 million ha), and West Bengal (2.18 million ha) (CADWM 2004). eIncludes diara lands of Bihar only (Gangwar 1974).

CT-BCW

Conventional
farmers’ practice

Late-planted wheat
areas

Ecology/regime

Ballia District (part of Eastern IGP)

Table 5. Estimates of achievable additional income from underused lands from Ballia and the Eastern Gangetic Plains.

suitable for excessively wet soils. It not only reduces labor, fuel, and tillage costs
but also makes use of residual soil moisture and improves crop productivity through
timely planting. Though the yield of surface-seeded wheat (ZT-BCW) remained lower
than with the farmers’ practice (CT-BCW) in Ballia, this was an additional gain (net
income $356 ha–1) for farmers from excessively wet soils, which otherwise would
have remained fallow (Table 4).
The Eastern Gangetic Plains encompass more than 9.7 million ha of lowland
area, roughly 60% of the total lowland area (16 million ha) of South Asia (Paris et
al 1999). Lowlands typically have poor drainage and poor drying of excess residual
moisture in the winter season. The resulting effect is either very late planting or the
land remains unused. Chandna et al (2004, 2007) estimated 3–8% area under excessive
moisture in EGP studies. Thus, a minimum of 5% of total land under lowland ecologies of the EGP can be considered under excessive moisture. Promotion of surface
seeding in excessively wet lands can earn additional income of $173 million from the
excessively wet lowlands of the EGP.
Legumes
We identified nearly 14,270 ha of rice fallows in Ballia District during 2004-05. Total
winter land (including rice fallows) was estimated to be 33,467 ha, which was 11.72%
of the total cultivable lands. These areas are mostly rainfed. Rice is often planted during the monsoon (kharif) season and lands remains fallow during winter because of
a lack of irrigation facilities and rice vacating the fields too late.
Zero-tillage or surface seeding of legumes into the residual moisture of the
previous rice crop can be a cost-effective option for resource-poor farmers in areas
lacking irrigation facilities. Surface seeding therefore has potential to reduce rice fallow
areas and increase farm income. Residual soil moisture content in these deep alluvial
soils after rice is often sufficient for using short-duration legumes such as lentil or
chickpea. These crops not only increase the intensity of the cropping system but also
contribute to soil fertility. Rao Subbarao et al (2001) observed that eastern farmers are
not well versed in viable technology options available to reduce rice fallows. Zerotillage drill-seeded lentil (ZT-DS-Lentil) in rice fallow areas of Ballia provided an
additional gain of $66 ha–1 to farmers (Singh at el, this volume) in comparison with
conventional practices (Table 4).
Diara lands (seasonally flooded areas that lie in between the river bed and levees)
occupy 19,123 ha, constituting 7% of the total cultivable area of Ballia District. Diara
lands receive fresh sediments on an annual basis and therefore their soils are highly
fertile. These soils are good for a variety of crops in comparison with other underused
lands. Land tenure in diara lands restricts farmers from investing in groundwater irrigation development. Thus, low-cost treadle pumps can be a suitable option in lands
with a high water table. Direct-seeded zero-till rice (ZT-DSR) and wheat (ZT-DSW)
crops can be grown in lands near leeves where flood risk is minimal. Sprinkler irrigation should be adopted in soils having vertic characters to avoid heavy percolation
loss of water through wide cracks. In low water-table areas, legumes with deep-rooted
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systems can be grown to use moisture stored in the soil profile, for example, extrashort-duration pigeonpea (ICPL 88039) (Pande et al 2006).
Rice fallows constitute a major portion of the total underused lands in South
Asia and more specifically in the EGP. Subbarao et al (2001) estimated more than 14
million ha under rice fallows in South Asia (Bangladesh, India, Nepal, and Pakistan),
with nearly 50% occurring in the EGP. Putting these rainfed areas under legumes would
bring a huge gain in production and income. Targeting of ZT-DS-Lentil in 10% of
total rainfed rice fallows of the EGP would add 0.88 million t to total production and
gain additional income of $389 million.
Limitations
Several limiting factors—technical, biophysical, and socioeconomic—need to be
taken into account because they may impede the smooth and successful transfer of
technologies. Because of the unavailability of adequate socioeconomic data at the
subdistrict level, our study focused solely on biophysical or productivity issues and
omitted livelihood aspects. There is a need to monitor underused lands over time and
assess the livelihood impacts of their enhanced use.
The long revisit time (24 days) of IRS-P6 means that optimal acquisition dates
are not always possible. The optimal image acquisition date for an assessment of
timely planted wheat was around the third week of November, whereas the available
satellite pass was in the first week of December. To increase accuracy in estimation
of planting time, IRS-P6 data were synchronized with SPOT VGT 2 data. However,
limited points were identified for corrections due to the low resolution of SPOT VGT2.
As a result, late-planted wheat areas are still slightly underestimated. Cloud cover on
satellite images is another issue that can cause problems in classification; only two
images were acquired in the kharif season of 2004.
Our study was conducted in a normal rainfall year; therefore, the recommendations made for different underused lands should be practicable in normal rainfall years.
However, any drastic change in temperature or rainfall would negatively affect the
transfer of technologies, for example, in a drought year, zero-tillage broadcast legumes
(ZT-BC-Legume) will be recommended in lowlands instead of surface-seeded wheat or
boro rice. Seasonal variations in rainfall can also affect the estimates on waterlogged
areas, excessive-moisture areas, and late-planting areas of wheat. Normal rainfall
during the kharif season would bring more areas under timely planting of a winter
crop, whereas excess rainfall would increase the areas under late planting, excessive
moisture, and waterlogging.

Conclusions and recommendations
The use of temporal remote-sensing data and GIS tools permitted accurate, rapid,
and cost-effective delineation and mapping of underproductive and problematic
land types within Ballia District of Uttar Pradesh. The methodology provides better
accuracy in the identification of late-planting areas in comparison with a supervised
classification-based methodology (Chandna et al 2004). The total area of underused
Technology targeting in underused lands in the Gangetic Plains of South Asia
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lands accounted for more than a quarter of the total cultivable area in the district during the rabi season. In addition, a large part (> 65%) of the district wheat area was
considered to have suboptimal productivity, simply because it was late planted. For
each of the problematic or underused land types identified, specific resource-conserving and productivity-enhancing technologies were described that had improved the
productivity in these specific areas. Given that proven technologies exist to ameliorate
many of the problems encountered in underused lands, the work undertaken in this
study has enormous potential to increase the efficiency of technology transfer. Targeting appropriate technologies in this way can help ensure that maximum benefits are
obtained from scarce resources. Major benefits can also arise in impact assessment.
For example, to address the problem of late-planted wheat: if zero-tillage systems are
successfully deployed into the right areas and permit timely planting over a sizable
area, then that beneficial change could easily be detected by the current methodology. Similarly, reductions in fallow land areas could easily be detected. The present
methodology could facilitate the scaling-out of promising technologies to surrounding
areas, including Bihar, West Bengal, and Bangladesh.
Follow-up research could address the following:
l Enhanced linkage with socioeconomic data: Socioeconomic indicators along
with biophysical data would enhance priority setting and decision making.
Potential secondary sources include NSSO (National Sample Survey Organization).
l Satellite data with a short revisit time (< 7 days) can provide good information on crop growth sequence and accurate estimation of planting time, etc.
Newly launched sensors such as IRS LISS IV (with 5.8 m resolution and 5
days’ revisit time) can be used to refine the estimates on underused/underproductive lands using the given methodology. High-resolution data with a
shorter revisit time would also facilitate targeting of technologies at the farm
level.
l Techniques are needed to use hyper-spectral remote sensing for identification
and monitoring of area under different improved technologies.
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Socioeconomics of integrated crop and
resource management technologies in
the rice-wheat systems of South Asia:
site contrasts, adoption, and impacts
using village survey findings
Ram Singh, Olaf Erenstein, Mahesh K. Gatdala, M.M. Alam, A.P. Regmi, U.P. Singh,
Hafiz Mujeeb ur Rehman, and B.P. Tripathi
This paper assesses the socioeconomics of integrated crop and resource management technologies along a gradient of rice-wheat systems in northern South
Asia. Ten clusters of on-farm rice-wheat research and development (R&D) sites
are grouped into three regions: the Northwest Indo-Gangetic Plains (IGP), the
Central Zone, and the Eastern Gangetic Plains. These three regions are contrasted in terms of selected site, livelihood, and system characteristics and in
terms of the adoption and impacts of resource-conserving technologies (RCTs).
This study shows that regional variation is significant in rice-wheat systems across
northern South Asia, with striking gradients in terms of resources, management
practices, and RCT adoption. The R&D activities have had a positive impact on
RCT use rates across the project communities. The village surveys also confirmed
that RCTs generally save costs without yield loss, thereby enhancing farmers’
income. The village surveys do, however, highlight that the better endowed
farmers tend to be the first adopters of RCTs. Purposive efforts are therefore
needed to ensure that access to and uptake of RCTs are more inclusive. The
marked regional variation also emphasizes the need for local adaptation—giving
further impetus to the need for on-farm R&D initiatives to help adapt promising technological innovations to the local and diverse circumstances faced by
resource-poor farmers.
Keywords: rice-wheat systems, South Asia, characterization, technology adoption,
impact assessment
Intensive irrigated rice-wheat systems (RWS) are fundamental to employment, income,
and livelihoods for hundreds of millions of rural and urban poor of South Asia. In
the past few decades, high growth rates for food grain production (wheat 3.0%, rice
2.3%) in Bangladesh, India, Nepal, and Pakistan have kept pace with population
growth. But evidence is now appearing that RWS productivity is plateauing because
of a fatigued natural resource base. Thus, the region’s food security is continuously


This section draws heavily from IRRI (2007).
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threatened and the emerging challenges of post–Green Revolution (GR) agriculture
pose additional hurdles. In addition, in many of the eastern areas of the Indo-Gangetic
Plains (IGP), which are located in unfavorable rice and wheat ecologies, gains from
GR technologies seem to have not affected the lives of millions. Additional gains in
productivity, profit, and product quality are becoming increasingly difficult to achieve
by using the single-technology-centric approach. Therefore, a systems approach is
necessary to increase the productivity of both rice and wheat crops grown in sequence
in the IGP (IRRI 2007).
The Asian Development Bank (ADB) has been supporting rice-wheat research
for the past two decades in South Asia (see Harrington and Hobbs, this volume). In the
early 1990s, the Bank supported a multidisciplinary approach for rice-wheat research
through the project on “Decentralized Participatory Research for Less Favorable Rice
Ecosystems and Rice-Wheat Systems of Asia” (RETA 5414). That project helped in
identifying and solving some of the problems of the RWS and fostered cooperation
among NARES in Bangladesh, India, Nepal, and Pakistan and IARCs. As a result,
in 1994, a new CGIAR System-wide Program using an ecoregional approach—the
Rice-Wheat Consortium (RWC) for the IGP (www.rwc.cgiar.org)—was established.
During 2001 to 2004, ADB supported the project on “Study on Sustainability of RiceWheat Production Systems of Asia” (RETA 5945). That project produced several new
strategies and technologies that can ensure higher rural income, reduce drudgery,
produce cheaper food for the urban and rural poor, and offer greater environmental
protection.
The subsequent project phase—“Enhancing Farmers’ Income and Livelihoods
Through Integrated Crop and Resource Management in the Rice-Wheat System in
South Asia” (RETA 6208, hereafter referred to as Phase II)—built on the gains made
in RETA 5945 (hereafter referred to as Phase I) by integrating all available rice and
wheat production technologies, evaluating them in farmers’ fields, and promoting
the successful ones to farmers in general. This phase encompassed (1) empowering
NARES to train extension and development personnel and support them in the dissemination of proven resource-conserving technologies (RCTs); (2) training of trainers;
(3) developing training, communication, and promotion materials; (4) encouraging
greater involvement of the private sector; (5) conducting impact studies in selected
pilot villages; (6) refining and evaluating new technologies such as double zero-tillage,
including integration of Sesbania with rice to control weeds, enhance soil quality, and
save water in rice-wheat–based systems; and (7) developing strategies to eliminate
burning of crop residues.
All these ADB-supported projects have applied a new model for farm technology development and dissemination in South Asia, encouraging farmers, researchers,
and extensionists to work as teams. This is helping to break down the hierarchical
boundary once separating researchers from farmers. Farmers actively participate in
testing, refining, and promoting promising innovations. They are encouraged and
backstopped by researchers, who often go straight to farmers’ fields with promising
innovations, rather than spending years in sterile testing and refinement on a research
farm. Researchers are beginning to take pride and pleasure in working with farmers
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and seeing their ideas actually put into practice or helping solve mutually identified
problems. As part of this, the researchers and extension agents interface with multiple
actors—including farm implement manufacturers, input suppliers, and others—along
complex innovation pathways.
This paper presents findings from village surveys purposively conducted around
the ADB research sites to assess the socioeconomic aspects of integrated crop and
resource management in the rice-wheat systems of South Asia. It specifically will
present primary data to substantiate site contrasts and provide indicators of adoption
and impacts. This study will be complemented by a separate report with findings from
household surveys at the same sites (Singh and Erenstein 2009).
This study is in line with recommendations from an external review of the RWC
in 2004 (Seth et al 2003). Based on those recommendations, the RWC strengthened
farm-level socioeconomic analysis, including zero-tillage adoption studies (Erenstein
et al 2007a, 2007b, 2008, Farooq et al 2007) and an impact assessment study (Erenstein and Laxmi 2008, Laxmi et al 2007a, 2007b), and initiatives are being taken to
integrate the crop-livestock sector (Erenstein et al 2007d, 2007e, Singh et al 2007,
Teufel et al 2008, Thorpe et al 2007, Varma et al 2007) and promote crop diversification and intensification of rice-wheat systems (Jat et al 2006b), as well as examine
problems of integrated crop and resource management (Ladha et al, this volume).
Rice-wheat research was also prioritized, and significant efforts made to develop yearround zero- or reduced-tillage and establishment systems for rice, wheat, and other
crops along with the efficient use of crop residues as a stepping stone to conservation
agriculture (Gupta and Sayre 2007, Hobbs 2007). A district-wise spatial database using socioeconomic indicators for poverty-prone areas was developed (Erenstein et al
2007c). The research agenda was realigned to contribute to achieving the Millennium
Development Goals (MDGs) by ensuring environmental sustainability (MDG 7) and
by making available adequate supplies of affordable, good-quality food (MDG 1).

Methodology
The last two phases of the ADB RETA rice-wheat projects focused their activities
on 10 clusters across South Asia’s rice-wheat systems, including Bangladesh, India,
Nepal, and Pakistan (Khan et al, Ladha et al, Mujeeb ur Rehman et al, Regmi et al,
Saharawat et al, Singh et al, this volume). Each cluster is a research site that comprised
on-farm research and development activities in several villages. The 10 clusters are
located along a gradient of rice-wheat systems (Erenstein et al 2007d, Narang and
Virmani 2001). For practical purposes, they are grouped here into three regions:
(1) Northwest Indo-Gangetic Plains (NW IGP); (2) Central Zone (Central); and (3)
Eastern Gangetic Plains (EGP, Table 1). Notwithstanding, even within each region
there can still be considerable divergences between sites. Some of these have already
been highlighted in the preceding site chapters (Khan et al, Mujeeb ur Rehman et
al, Regmi et al, Saharawat et al, Singh et al, this volume). However, for the sake of
simplicity of presentation, we will primarily focus here on the three regions at the
aggregate level.
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Table 1. Number of project and survey villages by research site and region.

Region

NW IGP

Research
site

Region, country

Sheikhupura

Punjab, Pakistan

Okara

Punjab, Pakistan

Karnal

Haryana, India

Modipuram

Main
project
phase

Project
villages

I

All

Project

Total

6

1

2

3

II

6

2

4

6

45

4

8

12

Western Uttar
Pradesh, India

II

18

2

4

6

75

9

18

27

Ballia

Eastern Uttar
Pradesh, India

II

16

2

4

6

Bhairawa

Terai, Nepal

I, II

20

2

4

6

Kavre/
Bhakunde

Mid-hills, Nepal

I, II

6

2

3

5

42

6

11

17

Dinajpur

Northewest Bangladesh

I, II

3

1

2

3

Chuadanga

Western Bangladesh

I

14

2

4

6

Gazipur

Central Bangladesh

II

4

1

2

3

Subtotal
EGP

Control

I, II

Subtotal
Central Zone

Survey villages

Subtotal

21

4

8

12

Total

138

19

37

56

To assess the socioeconomic aspects of integrated crop and resource management, we selected a random survey of project and control villages at each of the 10
research sites (Table 1). Collaborators were requested to enlist all villages covered
by project activities in terms of on-farm research, demonstrations, etc., for both ADB
project phases. From the listed project villages, typically 2–4 villages were randomly
selected for further data collection. The actual number of project villages sampled
depended inter alia on the total number of villages listed per site, divergences between
the two project phases, and logistics. Control villages are villages that did not have
any significant project interventions. We typically included one control village for
every two project villages. For control villages, we randomly generated GPS points
around the district headquarters where the project villages are located. In case two
control villages are needed, we have a “near” village (within 8.5 km) and a “far”
village (between 8.5 and 15 km). In case of one control village only, a near village
was selected. Up to two randomly generated replacement points were used in case
the earlier random location was logistically unsuitable (e.g., when not falling within
a rural agricultural setting). A total of 56 survey villages (19 control and 37 project
villages) were selected for the socioeconomic studies (Table 1).
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Table 2. Selected sample indicators.

Item

NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
meana

S.D.

n

P

Focus group indicators
l

No. of group participants

l

Small farmers in group (%)b

Farm household listing (no. of
farm households per village)

55

0.00

55

7.0

64

9.4

71

13.6

61

9.2

21

5.8

55

0.08

174

129

140

153

116

56

0.43

aOverall mean is overall average (n≤56); S.D. = standard deviation; n = number of observations (villages) with
reported valid data; P = significance of group effect (Anova). bSmall farms have less cultivated area than the
state average farm size. This is 0.8 ha of cultivated land for most sites except Haryana (2.4 ha) and Pakistan
Punjab (2.8 ha).

The socioeconomic assessment in survey villages followed a three-phase approach:
	1. Village survey: In each selected village, a farmer focus group discussion was
held during the spring of 2008 focusing on selected village characteristics
and technologies using an 8-page schedule. The number of group participants averaged 9, but increased from an average of 7 in the NW IGP to 14
in the EGP (Table 2). On average, 61% of the group participants were small
farmers, with their share in the groups also increasing proceeding eastward
(Table 2).
2. Village census: All farm households in selected villages were subsequently
enlisted using a 1-page form, containing household head name, age, cultivated
land, adoption of different RCTs, and occupation distribution of household
family members. The census primarily serves as a sampling frame and provides adoption indicators. On average, 153 farm households were enlisted per
village (Table 2). Farm households are defined here as households cultivating
land (owned, rented, or otherwise) for crop production.
3. Farm household survey: A stratified random sample of farm households was
drawn from the village census. In principle, 20 farm households were selected
from each village (both project and control), encompassing 10 farmers using
RCTs and 10 non-RCT farmers. If these numbers could not be met from a
specific village, the remaining numbers were selected from the other selected
villages within the research site, proportional to village size. The stratification
included sorting by farm size to ensure that the sample covered the full range
of farm sizes in each village. A total of 1,120 farm households were selected
from the 56 survey villages. Each selected farm household was interviewed
during the summer monsoon of 2008 using a 7-page schedule, covering
household characteristics and assets, monsoon and rabi crop management,
income, RCTs and technology use, and livelihood dynamics.
Socioeconomics of integrated crop and resource management tchnologies in the rice-wheat systems . . .
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Table 3. Population characteristics of survey villages.a

Item

Village size
Total population
Total households
Average household size (no.) in
Village survey
Farm household listingb
Age of farm household headb
aVillage

NW IGP
(n=27)

Central
Zone
(n=17)

EGP
(n=12)

Overall
mean

S.D.

n

P

3,874
619

2,670
316

2,004
289

3,108
456

3,308
590

56
56

0.22
0.14

8.2
6.0
48.4

8.9
7.3
48.8

7.5
4.8
45.3

8.2
6.1
47.9

3.9
1.3
3.5

56
56
56

0.61
0.00
0.02

averages. bFrom farm household listing (average for farm households by village).

The study thereby uses two types of control: (1) control villages (nonproject)
and (2) control farmers (non-RCT farmers). These controls allow for “with-without”
comparisons to be made. In addition, the study uses “before-after” comparisons and
regional/site contrasts as appropriate. This paper reports on the findings from the village survey and village census in the selected villages. Unless specified otherwise,
the tables and data presented are derived from the village survey. Each table typically
includes the average for each of the three regions (NW IGP, n≤27; Central, n≤17;
EGP, n≤12), the overall average (n≤56), the standard deviation (S.D.), the number of
villages with reported valid data (n), and the significance of the group effect (Anova,
P). Because of rounding, there may be slight discrepancies between reported values
and variable totals and/or means. The farm household survey findings at the same
sites are reported separately (Singh and Erenstein 2009).

Site contrasts
The 10 research sites are located along a gradient of rice-wheat systems. This section
reviews several indicators to contrast and characterize the three research regions. The
divergences between project and control villages were typically not significant (t-test,
P > 0.10). This suggests that, at least for the indicators considered, the project villages
are representative of the larger population and no immediate project village selection
bias is apparent. Specifically, this section reviews indicators for (1) the village communities and livelihoods, (2) land use, and (3) livestock and agricultural machinery.
Village and livelihood characteristics
The average village had a population of 3,108 and 456 households, with a nonsignificant tendency for the villages to be smaller proceeding eastward. The corresponding
average household size was 8.2 according to the village survey but somewhat lower
(6.1) for farm households according to our census. The average farm household head
in the NW IGP and Central was 48–49 years old, and somewhat younger in the EGP
(Table 3).
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Table 4. Livelihood portfolio of farm households in survey villages
(main occupation, % of households reporting any household member).a
NW IGP
(n=27)

Central
Zone
(n=17)

EGP
(n=12)

Overall
mean
(n=56)

S.D.

P

Farming

91

93

56

84

19

0.00

Agricultural labor

20

9

23

17

22

0.19

Other labor

16

24

15

18

19

0.32

Service

14

36

22

22

18

0.00

8

11

17

11

08

0.00

Item

Business

aVillage averages from farm household listing. Multiple responses possible, so column
sum >100.

The farm households typically have a diverse livelihood portfolio (Table 4). In
line with expectations, farming is typically one if not the main occupation. However, in
the EGP, the limited farm size implies that farming has become a secondary occupation
for nearly half the farm households. Farm households typically complement farming
with an array of other occupations, including labor (with about equal importance for
agricultural and nonagricultural labor), services, and business, with some variation
over sites (Table 4).
The choice of livelihood portfolio is associated with the underlying factor
prices (Table 5). There are some marked gradients, with labor and land prices being
highest in the NW IGP and decreasing eastward. In contrast, the interest rates show a
marked increase proceeding eastward. Wage rates are also markedly higher for males
than for females and are higher in peak periods (e.g., rice transplanting, harvesting).
Land rents in the EGP were primarily on a share basis and often involved the need
for tenants to make a refundable deposit. Where both irrigated land and rainfed land
prices are reported, prices are typically higher for irrigated land in line with expectations. However, in the EGP, rainfed (upland) land prices are typically higher than for
irrigated (lowland) in view of the incidence of seasonal flooding.
Land-use characteristics
Land is the key asset for farm households and farm size is closely associated with the
wealth and prospects of the household. On average, about half the village households
had a small farm, with the remainder divided between landless households (28%)
and large farms (19%, Table 6). Whereas the share of large farms remains relatively
constant over the three regions, there are two marked opposing gradients for the small
farm and landless share. In the NW IGP, about an equal share of households had a
small farm or were landless. Proceeding eastward, the share of small farms nearly
doubles in the EGP, whereas the landless share declines drastically.
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Table 5. Factor prices in survey villages (village averages).
NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

Males

2.62

2.05

1.36

2.09

0.77

47

0.00

Females

1.61

1.31

1.06

1.41

0.54

41

0.06

Males

3.66

2.48

1.83

2.77

1.32

47

0.00

Females

1.93

1.61

1.19

1.70

0.63

41

0.03

Irrigated

1,080

600

–

860

490

34

0.00

Rainfed

600

380

–

390

230

12

0.37

Item

S.D.

n

P

Normal wage rates (US$ day–1)

Peak wage rates (US$ day–1)

Land rent (US$ ha–1)

Land market value
(000 US$ ha–1)
Irrigated

107

98

25

82

98

46

0.06

Rainfed

–a

44

28

36

51

23

0.44

Formal

9

11

31

16

14

46

0.00

Informal

28

35

50

32

11

33

0.05

Interest rate (% per annum)

a

– = no reported valid data.

The average farm size was 2.3 ha, with a median of 1.4 ha (Table 6). In line with
secondary data, farm size is markedly larger in the NW IGP. In the EGP, average farm
size was only 0.6 ha, with a median of 0.4 ha. The farm size gradient is associated
with the marked increase in population density and hence pressure on available arable
land proceeding eastward (Erenstein et al 2007d). Most farm households own land.
There are some variations in land rented/shared in and out across sites. Somewhat
surprisingly, sharing/renting out is relatively common in the EGP despite the severe
land pressure, probably associated with the importance of having access to at least
some land to ensure livelihood security (Table 6).
The village cultivated area shows a more marked decline proceeding eastward,
associated with the smaller village population and smaller farm size. Whereas at the
northwest sites no noteworthy noncultivated area remains, the central and eastern sites
still have marked noncultivated areas (communal, grazing, and/or forest), amounting
to a little over a fifth of the cultivated area.
Agriculture across sites is primarily irrigated (86% of cultivated area) and
includes a range of irrigation sources (Table 7). Canal irrigation shows a marked decrease proceeding east, whereas tubewell irrigation shows a marked diverging trend
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Table 6. Farm size and land tenancy in survey villages.a
NW IGP
(n≤27)

Item

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

Share of village households (%):
With large farmb

18

22

17

19

19

56

0.73

With small farmb

40

56

77

53

29

56

0.00

26

56

0.00

5.29

56

0.02

Not farmingc

42

22

6

28

100

100

100

100

4.71

1.11

0.58

2.73

Farm size (ha per household)
Average village surveyd
listinge

3.55

0.94

0.59

2.24

2.34

51

0.00

Median farm household listinge

2.24

0.67

0.38

1.43

1.40

51

0.00

97

100

92

15

56

0.00

Average farm household

Land tenancy status (% of households)e
Owning land

85

Sharing/renting in

14

20

19

16

16

51

0.44

8

11

77

25

32

51

0.00

91

85

86

89

13

51

0.35

1,242

179

167

689

1,212

56

0.00

0

21

21

11

36

56

0.09

Sharing/renting out
Share of operational land owned
(%)e
Cultivated area (ha per village)
Communal, grazing, forest area
(as % of cultivated area)

aVillage averages. bLimit between large and small farms is the state average farm size. This is 0.8 ha of cultivated
land for most sites except Haryana (2.4 ha) and Pakistan Punjab (2.8 ha). cLandless not cultivating any land, but
can have livestock. dEstimated by dividing number of livestock by number of households at village level. eFrom farm
household listing (average for farm households by village).

dependent on the power source: electric tubewells prevailing in the NW IGP region
and diesel tubewells in the EGP region. Other irrigation sources (river, ponds, etc.)
were relatively important in the Central Zone. Across sites, groundwater tables were
reportedly falling rapidly, particularly in the NW IGP and Central Zone (Table 7). On
average, underground water levels reportedly averaged 22 m at the time of the study,
declining from 15 m 10 years earlier. The declining water table is associated with the
overexploitation of under groundwater and reiterates the need for more water-efficient
land-use and crop management practices.
The prevalence of irrigation allows for high annual land-use intensities (LUI)
across sites (196%). The seasonal LUI is similar across sites for the two main seasons.
The summer/premonsoon season is largely limited to the more humid EGP sites; these
sites also report the highest annual LUI (233%, Table 8).
Paddy is the prevailing kharif/monsoon crop across sites and was the common
kharif crop in all three regions, occupying an average of two-thirds of cultivated area.
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Table 7. Irrigation characteristics of survey villages (village averages).

Item

NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

Share of cultivated area (%)
Irrigated

100

60

90

86

29

56

0.00

Rainfed

0

40

10

14

29

56

0.00

0

39

49

54

0.00

Irrigation source (% of households reporting)
Canal

56

40

Electric tubewell

67

27

17

44

50

54

0.00

Diesel tubewell

44

60

100

61

49

54

0.00

0

27

0

7

26

54

0.00

Other

Reported depth of water table (m)
At survey time

19

14

39

22

18

56

0.00

10 years ago

11

8

32

15

16

56

0.00

Table 8. Land-use intensity in survey villages (LUI, % of cultivated area,
village averages).
NW IGP
(n=27)

Central
Zone
(n=17)

EGP
(n=12)

Overall
mean
(n=56)

S.D.

P

Kharif/monsoon

91

95

92

92

18

0.74

Rabi/winter

91

92

99

93

16

0.33

0

4

42

11

28

0.00

182

191

233

196

43

0.00

Item

Seasonal LUI

Summer/premonsoon
Annual LUI

The remaining seasonal area is occupied by an array of crops (Table 9). In the NW IGP,
sugarcane and fodder crops are important. In the Central Zone, maize is the second
most common crop after paddy and in the EGP maize and vegetables are relatively
important (Table 9). Wheat is the prevailing rabi/winter crop, occupying more than half
the cultivated area in the NW IGP and Central Zone, but in the EGP boro rice prevails
(Table 10). The remaining seasonal area is again occupied by an array of crops (Table
10). In the NW IGP, sugarcane and fodder crops are again important as in the kharif
season. In the Central Zone, vegetables, pulses, and mustard are important, whereas
in the EGP maize, vegetables, and wheat are relatively important (Table 10). The summer/premonsoon season is the least widely cultivated season and is primarily limited
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Table 9. Land use in kharif/monsoon season in survey villages (% of cultivated area, village averages).
NW IGP
(n=27)

Crop

Central
Zone
(n=17)

EGP
(n=12)

Overall
mean
(n=56)

S.D.

P

Paddy

60.2

70.7

79.1

67.4

30.2

0.17

Maize

0.4

20.7

5.7

7.7

20.5

0.00

Sugarcane

12.9

0.5

0.0

6.4

16.3

0.01

Fodder

11.1

0.0

0.0

5.4

8.5

0.00

Vegetables

1.4

0.9

4.9

2.0

6.3

0.20

Pearl millet (bajra)

3.3

0.1

0.0

1.6

8.6

0.39

Fiber crops

1.0

0.0

1.7

0.8

4.0

0.53

Pulses kharif

0.2

1.7

0.0

0.6

2.1

0.03

Sunflower

0.3

0.0

0.0

0.1

1.1

0.59

Fruits

0.0

0.4

0.2

0.1

0.9

0.40

Fallow kharif

9.3

5.0

8.5

7.8

18.0

0.74

Table 10. Land use in rabi/winter season in survey villages (% of
cultivated area, village averages).

Crop

Wheat

NW IGP
(n=27)

Central
Zone
(n=17)

EGP
(n=12)

Overall
mean
(n=56)

S.D.

P

62.9

54.0

5.4

47.9

34.5

0.00

0.0

0.0

61.6

13.2

27.7

0.00

Vegetables

6.1

19.2

11.9

11.3

16.0

0.03

Sugarcane

12.3

0.5

1.4

6.4

16.0

0.02

Fodder

9.6

1.2

0.0

5.0

7.6

0.00

Maize

0.0

0.0

17.6

3.8

11.7

0.00

Pulses

0.0

10.6

0.3

3.3

10.2

0.00

Mustard

0.0

5.5

0.0

1.7

4.4

0.00

Fruits

0.0

0.4

1.0

0.3

1.6

0.19

Barley

0.0

0.7

0.0

0.2

0.9

0.03

Fallow

9.1

8.1

0.8

7.0

16.1

0.33

Boro rice
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Table 11. Land use in summer/premonsoon season in survey villages (% of cultivated area, village averages).
NW IGP
(n=27)

Central
Zone
(n=17)

EGP
(n=12)

Overall
mean
(n=56)

S.D.

P

Maize

0.3

3.8

13.1

4.1

15.0

0.05

Paddy

0.0

0.0

19.3

4.1

16.9

0.00

Vegetables

0.0

0.5

5.6

1.4

6.6

0.04

Jute

0.0

0.0

4.3

0.9

4.0

0.00

99.7

95.7

57.8

89.5

28.4

0.00

Crop

Fallow

to the more humid EGP (Table 11). Summer crops include maize, paddy, vegetables,
and jute.
Livestock and agricultural machinery
Livestock is an important productive asset for rural households and livestock ownership
is widespread: on average, more than four-fifths of the village households (including
landless, nonfarm households) reportedly have some livestock. Regional variation is
marked in herd composition and numbers (Table 12). The regional opposing trend
in cattle species is striking: buffalo prevailing in the northwest and local cows in the
EGP. Also, goats show a marked increase proceeding east, in line with Erenstein et al
(2007d). Average poultry numbers are affected by some villages having semi-industrial
poultry producers. Prices for buffalo milk are typically higher than for cow milk across
sites, whereas milk prices as such tend to be higher in the EGP, reflecting lower milk
productivity and production. Also striking is the gradient in small ruminants: with
few households reporting small ruminants in the northwest and this share increasing
rapidly proceeding eastward (Table 12). The herd composition for all households
(village survey) and farm households (village census) is largely comparable (Table
12). One exception is the number of goats in the northwest, which is associated with
the tendency for large herds of goats to be herded by a few landless households. The
average poultry numbers in the northwest also need to be interpreted with care as
these typically reflect a few (semi-) industrial poultry farms.
The agricultural machinery park also shows significant regional variation (Table
13). Four-wheel tractors are concentrated in the NW IGP and show a marked decline
proceeding eastward, being largely absent in the EGP villages. Two-wheel power-tillers
show an opposite trend, although numbers are still relatively limited compared with
tractors. Tractors and power-tillers are primarily used for tillage and transport. The
village survey also compiled numbers of selected specialized agricultural machinery
for RCTs and harvest operations (Table 13). The actual numbers are typically limited, but tend to show a decline proceeding eastward in line with tractor ownership.
For instance, the few combine harvesters, reapers, and rotovators were nearly solely
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Table 12. Livestock characteristics in survey villages.a
NW IGP
(n≤27)

Item

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

Livestock ownership (% households)
Any livestock (all households)

88

85

88

87

13

56

0.76

Cattle (only farm households)b

87

69

68

78

18

56

0.00

Goats and/or sheep (only farm
households)b

17

39

64

34

31

56

0.00

Aggregate herd composition (no. per farm household)b
Cattleb
Goats and/or

sheepb

4.3

1.4

1.9

2.9

1.9

56

0.00

0.7

1.1

1.9

1.1

1.1

56

0.01

Detailed herd composition (no. per village household)c
Buffalo

2.6

0.9

0.0

1.5

1.9

56

0.00

Local cow

0.2

0.4

2.7

0.8

1.3

56

0.00

Crossbred cows

0.4

0.4

0.4

0.4

0.5

56

0.87

Draft buffalo

0.3

0.0

0.1

0.2

0.3

56

0.00

Bullocks

0.1

0.2

0.3

0.2

0.3

56

0.27

Goats

0.9

2.1

3.7

1.8

2.3

56

0.00

Sheep

0.5

0.1

0.1

0.3

0.6

56

0.07

Pigs

0.0

0.1

0.0

0.1

0.2

56

0.08

14.1

5.2

6.9

9.8

21.5

56

0.36

Poultry
Milk price (US$ per liter)
Cow milk

0.25

0.27

0.35

0.29

0.07

47

0.00

Buffalo milk

0.34

0.33

0.45

0.33

0.07

36

0.23

aVillage averages. bFrom farm household listing (average for farm households by village). cEstimated by dividing
number of livestock by number of livestock-owning households at village level.

reported only in the NW IGP. Zero-tillage drills also show a marked gradient, primarily being reported in the NW IGP, a few in the Central Zone, and none in the EGP.
Interestingly, other seed drills show a similar trend but at about a tenth of the reported
ZT drills, suggesting that the introduction of ZT also typically implied the introduction
of mechanical seeding. Other RCT equipment (bed planters and laser levelers) was
all but absent in surveyed communities. Most farmers rely on agricultural machinery
service providers. Average rates for such services are shown in Table 14.
This section thus shows that, despite the apparent similarity of rice-wheat systems in northern South Asia, there are marked regional variations in terms of livelihood portfolios, land use, and the livelihood asset base (particularly land, livestock,
and agricultural machinery). The livelihood assets and resource gradients observed
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Table 13. Agricultural machinery in survey villages (average per 1,000 farm
households by village).

Machinery

Tractor

NW IGP
(n=27)

Central
Zone
(n=17)

260.6

36.3

0.0

7.0

Power tiller
Zero-tillage seed drill

EGP
(n=12)

Overall
mean
(n=56)

S.D.

P

2.0

137.1

221.7

0.00

33.6

9.3

20.5

0.00

35.2

10.9

0.0

20.3

71.3

0.30

Other seed drill

3.3

1.4

0.0

2.0

5.6

0.21

Bed planter

1.0

4.0

0.0

1.7

9.1

0.43

Rotovator

7.8

0.8

0.0

4.0

9.3

0.10

Laser leveler

2.5

0.0

0.0

1.2

3.9

0.06

Reaper

8.9

0.0

0.0

4.3

14.1

0.06

Combine harvester

5.1

0.0

0.0

2.5

9.0

0.10

Table 14. Agricultural machinery service rates in survey villages (US$ ha–1,
village averages).a
NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

Harrow

16

19

–

16

4

22

0.09

Cultivator

15

12

38

17

10

34

0.00

–

80

31

43

30

16

0.00
0.00

Machinery

Power tiller

7

4

–

6

2

23

Laser land leveler

Planking

40

–

–

40

14

6

–

Rotovator

42

45

–

42

8

16

0.75

ZT drill

23

30

–

25

6

19

0.03

Rabi drill

16

27

–

19

7

3

0.22

Reaper

51

–

–

51

25

14

–

Combine harvester

37

48

–

40

6

16

0.00

a–
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in the Indian IGP (Erenstein et al 2007d) thereby extend beyond the Indian national
boundary. These gradients are of particular interest here as they directly affect the
technology demands and the appropriateness of technology supply and thus the uptake
of technological innovations such as RCTs.

Adoption indicators
This section reviews several adoption indicators for resource-conserving technologies in the three research regions. We will thereby make two types of contrast: (1)
between regions and (2) between project and control villages. The project researched
and promoted a portfolio of RCTs at each site (Ladha et al, this volume). For practical
purposes, our study specifically focused on selected RCTs and grouped these into (see
subsequent section for more details on related crop management practices)
	1. Zero-tillage (ZT) and reduced-tillage (RT) wheat: wheat tillage and establishment options that typically rely on a seed drill and eliminate/reduce tillage
prior to wheat establishment and thereby reduce production costs, reduce
turnaround, and enhance timeliness of wheat establishment (Erenstein and
Laxmi 2008, Laxmi et al 2007b). More recently, other tillage (OT) options
for wheat have emerged, primarily using a tractor-drawn rotovator with
subsequent broadcasting.
2. Reduced-tillage drill-seeded rice (RT-DSR) and conventional-till drum-seeded
rice (CT-DrumR): rice tillage and establishment options that eliminate the
need for nursery establishment and transplanting and thereby reduce production costs. CT-DrumR typically still implies puddling. More recently, a
rotovator-based option has emerged for rice, with reduced tillage followed
by broadcasting (RT-BCR).
3. Laser land leveling (LLL): precision land leveling that enhances water-use
efficiency and crop productivity in surface-irrigated systems and reduces
irrigation cost (Jat et al 2006a).
4. Leaf color chart (LCC): increases N-use efficiency and reduces N fertilizer
use and cost (Islam et al 2007).
Complementing the use of RCTs in terms of wheat and rice tillage and establishment is conventional tillage (CT) with broadcasting of wheat or transplanting of
rice. The characteristics and performance of each of these RCTs at the project sites
have been described in the preceding chapters (Khan et al, Mujeeb ur Rehman et al,
Regmi et al, Saharawat et al, Singh et al, this volume), including an overview by Ladha
et al (this volume). Their characteristics and performance under farmers’ practices
in sample villages and their association with prevailing wheat and rice management
practices are reported in the subsequent section. Specifically, the present section reviews the indicators for RCTs in terms of exposure, adoption, dynamics, and adopter
contrasts.
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Table 15. Exposure to RCTs in survey villages (% of village survey group
participants, village averages).
NW IGP
(n=27)

Central
Zone
(n=17)

Heard

83

Seen

75

Technologya

ZT-W

RT-DSR/
CT-DrumR
LLL

LCC

aSee

EGP
(n=12)

Overall
mean
(n=56)

S.D.

P

82

8

66

45

0.00

72

8

60

46

0.00

Use

52

47

6

40

40

0.00

Heard

38

59

63

50

45

0.17

Seen

30

57

61

45

45

0.06

Use

9

17

18

13

24

0.44

Heard

68

15

2

37

44

0.00

Seen

48

6

0

25

39

0.00

Use

29

0

0

14

27

0.00

Heard

20

33

46

29

40

0.20

Seen

16

32

46

27

39

0.11

Use

10

32

23

20

37

0.14

text for technology acronyms.

RCT exposure
As a first proxy of RCT adoption, we compiled the exposure of group participants
to RCTs, distinguishing between having heard of, having seen, and actually using
RCTs. The group participants are a self-selected group and these proxies can thus be
considerably biased. Still, they provide a first indicator in terms of the diffusion of
RCTs and associated knowledge and particularly their relative values (across sites and
technologies) are of interest here. They also allowed seeing whether the group participants were familiar with the RCTs. Of all the RCTs, zero-tillage wheat was widely
known and the most widely used in the NW IGP and the Central Zone, but had failed
to make any inroads in the EGP. Similarly, laser leveling was largely confined to the
NW IGP. In contrast, proceeding eastward, farmers were more familiar with alternative
rice-seeding methods (wet and/or dry) and the leaf color chart (LCC, Table 15).
RCT adoption
Our farm census data suggest that on average more than one-third of farm households
have adopted at least one RCT (Table 16). There is significant variation, however,
between regions and RCTs (Table 16) associated with the regional contrasts reviewed
earlier. RCT adoption has made most inroads in the NW IGP, where nearly half the farm
households (including project and control sites) reported the use of some RCTs. In the
other two zones, this approximated a quarter of farm households. The high RCT use in
the NW IGP primarily revolves around three RCTs: zero-tillage wheat, reduced-tillage
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Table 16. RCT adoption in survey villages (% of farm households reporting by village).a

NW IGP
(n=27)

Central
Zone
(n=17)

EGP
(n=12)

Overall
mean
(n=56)

S.D.

P
(Anova)

P
(t-test
projectcontrol)

ZT-W use

25

17

2

18

24

0.01

0.11

RT-W use

20

18

3

16

23

0.11

0.55

Technology

CT-DrumR use

0

3

1

1

3

0.01

0.03

RT-DSR use

1

10

0

3

11

0.01

0.10

LLL use

14

0

0

7

18

0.01

0.07

Any use of above mechanical RCTs (ZT-W,
RT-W, CT-DrumR,
RT-DSR, or LLL)

48

24

6

32

33

0.00

0.09

3

13

18

9

18

0.04

0.00

48

25

23

36

32

0.01

0.02

LCC use
Any mechanical RCT
or LCC use
aVillage

averages from farm household listing. See text for technology acronyms.

wheat, and laser leveling. ZT/RT wheat adoption declines proceeding to the Central
Zone and has yet to make any inroads in the EGP. Laser land leveling at survey sites
was found to be confined to the NW IGP. In contrast, LCC use increased proceeding
eastward. Dry-seeded rice was largely confined to the Central Zone (Table 16).
Our village group surveys provide slightly lower estimates for some of these
adoption rates (see Table 18 in subsequent section). In the case of wheat, for instance,
the village survey average over the three years amounts to 30% for RT and 9% for
ZT in the NW IGP, 28% for RT and 9% for ZT in the Central Zone, and negligible
levels in the EGP. Several factors have likely contributed to this discrepancy. First,
adoption rates of crop management practices are particularly problematic to estimate.
This is aggravated by potentially confounding technology labels in terms of seeding
implement and actual tillage practice. For instance, the use of a ZT drill in a previously
lightly tilled field would be considered reduced tillage and not zero-tillage. In the village survey, this was clarified to the group participants, which would explain why RT
use in the village survey was higher and ZT lower. Another factor might be that the
farm census was not as comprehensive as intended. In such an event, resource-poor
farmers would have been more likely to have been omitted, and, as illustrated below,
these are less likely to have adopted some of the RCTs.
In line with expectations, RCT adoption typically is more widespread in project
villages than in control villages (Table 17). However, the difference is not always
statistically significant in view of the limited number of villages considered and the
significant variation in terms of RCT use between regions (Table 16). The extent of the
Socioeconomics of integrated crop and resource management tchnologies in the rice-wheat systems . . .
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Table 17. RCT adoption in project and control survey villages (% of farm households reporting by village).
NW IGP (n≤27)

Central Zone
(n≤17)

EGP (n≤12)

IGP region
Control

Project

ZT-W use

22 b

27 b

RT-W use

Control
1a

Project

Control

26 b

0a

Project
2a

24 b

18 ab

5 ab

24 b

0a

5 ab

CT-DrumR use

0a

0a

1a

3b

0a

1a

RT-DSR use

0a

1a

3a

14 b

0a

0a

LLL use

4a

19 b

0a

1a

0a

0a

41 b

52 b

6a

34 b

0a

9a

0a

5a

0a

20 b

5a

24 b

41 b

52 b

6a

36 b

5a

31 ab

Any use of above mechanical RCTs (ZT-W, RTW, CT-DrumR, RT-DSR,
or LLL)
LCC use
Any mechanical RCT or
LCC use

aVillage averages from farm household listing. See text for technology acronyms. Numbers followed
by different letters differ significantly—Duncan (0.10), within-row comparison.

divergence between the two types of villages seems closely associated with the time
of introduction of the RCTs. In the Central Zone and EGP, RCTs have been introduced
only recently and their use is largely confined to the project villages. In contrast, in
the NW IGP, ZT/RT wheat was introduced earlier and now has comparable adoption
levels in project and control villages, whereas the laser land leveler (LL) is largely
confined to project villages (Table 17).
RCT dynamics
Farmers in the survey villages were questioned about the history and recent dynamics
of RCT use. ZT wheat reportedly started in 1997 in the NW IGP, and somewhat later
(2000) in the Central Zone, still being effectively absent in the EGP. Reduced-tillage
wheat has been reported since 1980 by farmers of the NW IGP and Central Zone,
but is still a new practice in the EGP. More recently, other tillage and establishment
systems (OT) such as the rotovator have been introduced in the NW IGP (since 2003)
and the Central Zone (since 2005). However, a problem with the rotovator is that,
although it reduces the number of tractor passes, it still implies intensive shallow tillage and therefore is not immediately compatible with conservation agriculture–based
RCTs. Laser land leveling reportedly started in 2003 in the NW IGP and in 2005 in
the Central Zone. The leaf color chart was originally developed and promoted for
rice. Some NARES partners and farmers have subsequently also reportedly used it for
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%
Z ero-tillage
R educe d tillage

100

NW IGP

O ther tillage
C onventio nal

Central zone

EGP

90
80
70
60

2007-08

2006-07

2005-06

2007-08

2006-07

2005-06

2007-08

2006-07

2005-06

50

Years
Fig. 1. Recent evolution of wheat tillage and
establishment systems in survey villages (% of
wheat village area, n≥47).

wheat, a spontaneous innovation. The use of the LCC in wheat began in 2003 in the
NW IGP and somewhat earlier (2000) in the Central Zone. The farmers first accessed
these technologies through various means, including other farmers, research stations,
the departments of agriculture, private manufacturers, and agricultural R&D projects
(linked to, e.g., RWC, CIMMYT, and IRRI). The main sources of information included
extension workers, universities, farmers, and different research stations.
The recent evolution of wheat area under different tillage and establishment
systems in survey villages reiterates regional variation in terms of RCT diffusion (Fig.
1). In the NW IGP, conventional tillage continues its downward trend, with farmers
increasing their area of ZT and particularly other (rotovator) tillage, whereas reduced
tillage is relatively constant. The trends in tillage and establishment systems in the
other two areas were less clear, albeit with a little over a third of the wheat area under
ZT/RT in the Central Zone and more than 90% under conventional tillage in the EGP.
In line with expectations, these dynamics show a marked contrast between project
and control villages (Fig. 2, which excludes the EGP due to the limited number of
observations and the lack of a clear divergence between the two types of villages). This
village contrast highlights two positive project impacts: the markedly less abundant
use of CT and the markedly more abundant use of ZT in project villages compared
with control villages in the NW IGP and Central Zone.
Recent dynamics in terms of numbers of farmers using the various wheat tillage and establishment systems convey a largely similar message as the area-based
Socioeconomics of integrated crop and resource management tchnologies in the rice-wheat systems . . .
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Z ero-tillage
R educe d tillage
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O ther tillage
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Central zone
Project
Control
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2007-08

2006-07

2005-06

2007-08

2006-07

2005-06

2007-08

2006-07

2005-06

2007-08

2006-07

40

2005-06

50

Years
Fig. 2. Recent evolution of wheat tillage and establishment systems
in project and control survey villages in the NW IGP and Central
Zone (% of wheat village area, n≥42).

estimates (Table 18). However, the share of farmers adhering to conventional tillage
for wheat typically surpasses the conventional tillage area share. This reflects that a
number of new tillage and establishment system adopters still maintain some area
under conventional tillage (i.e., partial adoption). Farmer groups were also queried
about eventual disadoption of different tillage and establishment systems in wheat.
In the survey year (2007-08), 2.6% of the farmers had stopped with ZT in the NW
IGP and 0.5% in the central zone. However, no permanent disadoption of any novel
tillage and establishment system (ZT, RT, or OT) was reported, and prior occasional
stoppage of technology use was very sporadic.
ZT drill access can help explain the diffusion dynamics of ZT wheat. A clear
exponent of this is the lack of ZT drills in the EGP (Table 13). However, even where
ZT drills are available, diverging access can influence their use (Table 19). Particularly
in the Central Zone, farmers reported a severe shortage of ZT drills, that is, limited
timely access to ZT drills may have limited the extent of ZT use. Associated with
this shortage is the reliance on ZT drills from outside the village. In the NW IGP, half
the survey villages reported having at least one ZT drill service provider within the
village. In the northwest, a ZT drill shortage also reportedly declined over time.
		 Rice tillage and establishment systems still largely revolve around transplanting after intensive conventional tillage across sites (with at least 95% of the rice area
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Table 18. Recent evolution of farmers’ use of different wheat tillage and
establishment systems in survey villages (% of wheat farmers using, village
averages).

Years

Tillage
practice

NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

N

P

2007-08

CT

59

74

100

68

42

49

0.11

RT

29

27

1

26

41

49

0.38

ZT

9

9

0

8

16

49

0.52

2006-07

2005-06

OT

16

2

0

10

22

49

0.06

CT

63

74

100

71

42

49

0.19

RT

30

29

2

27

42

49

0.39

ZT

11

10

0

10

19

49

0.49

OT

8

4

0

6

17

49

0.61

CT

69

73

100

74

42

48

0.33

RT

30

29

1

26

42

48

0.37

ZT

8

9

0

8

17

48

0.58

OT

2

0

0

1

4

48

0.28

aCT = conventional tillage; ZT = zero-tillage; RT = reduced tillage; OT = other (rotovator) tillage. See text for further technology characteristics. Columns do not necessarily add up to 100%
due to partial adoption, that is, any farmer may use more than one tillage and establishment
system at a time.

Table 19. ZT drill access indicators in survey villages in
the NW IGP and Central Zone (% of villages reporting).
NW IGPa

Central
Zone

Overall
mean

In 2007

59 (17)

90 (10)

70 (27)

In preceding years

82 (17)

100 (9)

88 (26)

50 (14)

33 (9)

43 (23)

Item

Shortage of ZT drill

Service provider within
village as main source
of ZT drills
aNumbers

in parentheses are the number of observations.
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Table 20. Recent evolution of farmers’ use of different rice tillage and establishment systems in survey villages (% of rice farmers using, village averages).

Year

2007

2006

2005

Tillage
practice

CT-TPR

NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

98

99

100

99

16

54

0.96

CT-DrumR

0

1

0

0

1

54

0.21

RT-DSR

0

3

0

1

3

53

0.02

RT-BCR

4

0

0

2

14

54

0.57

CT-TPR

96

99

100

98

14

54

0.70

CT-DrumR

0

0

0

0

0

54

0.26

RT-DSR

0

3

0

1

3

54

0.04

RT-BCR

8

0

0

4

19

54

0.35

CT-TPR

96

98

100

97

15

54

0.76

CT-DrumR

0

0

0

0

1

54

0.40

RT-DSR

0

4

0

1

7

54

0.19

RT-BCR

4

0

0

2

14

54

0.63

aCT-TPR = conventional-till transplanted rice; CT-DrumR = conventional-till drum-seeded rice;
RT-DSR = reduced-till drill-seeded rice; RT-BCR = reduced-till broadcast rice. See text for further
technology characteristics. Columns do not necessarily add up to 100% due to partial adoption,
that is, any farmer may use more than one tillage and establishment system at a time.

and rice farms, Table 20). A limited number of farmers experimented with dry-seeded
rice, primarily in the central area. Wet-seeded rice found even fewer takers.
The use of laser land leveling is spreading in the NW IGP survey villages—in
terms of both share of cultivated area and farmers (Table 21). The spread of laser
leveling is largely limited by the limited time available for leveling between seasons
in combination with a shortage of available laser levelers and the reliance on laser
levelers from outside the village (Table 22). Farmers reported as benefits of laser land
leveling its water savings and the enhanced distribution of water, seed, and fertilizers
and associated increases in yield. Problems included its cost and availability.
The leaf color chart (LCC) was initially developed for N-management in rice
and has more recently been adapted for a similar use in wheat. Correspondingly, LCC
use rates tend to be somewhat higher for rice (Table 23). However, its reported use is
largely concentrated in the Central Zone survey villages and its recent evolution suggests that its diffusion has slowed for both crops in survey villages. As benefits from
the LCC, farmers reported their ability to judge the needed fertilizer dose, applying
sufficient urea, and cost savings. Problems of the LCC in the NW IGP included some
farmers not knowing its proper use and the corresponding dose of urea.
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Table 21. Recent evolution of laser land leveling use in NW IGP survey villages (village averages).a
Period

Area
(% cultivated)

Farms
(% households)

n

2007-08

7.7 (11.8)

6.0 (9.1)

56

2006-07

4.9 (7.5)

4.4 (7.0)

56

2005-06

2.3 (4.2)

2.5 (6.7)

56

Earlier

0.4 (1.4)

1.0 (3.4)

56

aVillage averages. Numbers in parentheses are standard deviation.

Table 22. Laser land leveling access indicators in survey villages in the NW IGP and Central Zone (% of villages reporting).a
Item

NW IGP

Central
Zone

Mean

Shortage of laser leveler
In 2007

94 (16)

100 (2)

94 (18)

In preceding years

100 (16)

100 (2)

100 (18)

13 (8)

–

Service provider within
village as main source of
laser leveler
aNumbers

in parentheses are number of observations.

RCT adopter contrasts
These sections show that RCT adoption and dynamics vary by region and by project
and control villages. Associated with the differential adoption rates are the diverging
characteristics of farm households. The farm census allows us to contrast reported
RCT adopters with nonadopters for the indicators compiled (Table 24). From these
contrasts, we observe that
	1. In terms of land and livestock assets, the better endowed farmers tend to be
the first adopters of RCTs. These asset divergences between adopters and
nonadopters also vary over sites, being typically most marked in the NW
IGP and statistically nonsignificant in the EGP. An exception is the share of
land owned, wherein the NW IGP adopters own relatively less of their farm.
However, this is associated with adopters having much larger farm sizes and
renting in more land.
2. RCT adopters tend to be older and have larger families than the nonadopters.
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Table 23. Recent evolution of leaf color chart (LCC) use for wheat and
rice in survey villages (% of farmers reportedly using, village averages).

Crop

Years

NW IGP
(n=27)

Central
Zone
(n=17)

EGP
(n=12)

Overall
mean
(n=56)

S.D.

P

2007-08

0.1

15

0.0

4.5

25

0.13

2006-07

0.2

14

0.0

4.5

25

0.14

Wheat

2005-06

0.0

12

0.7

3.8

24

0.26

Earlier

0.0

11

0.0

3.4

24

0.30

2007-08

3.6

14

3.3

6.6

25

0.38

2006-07

3.9

20

3.9

8.8

27

0.11

2005-06

0.2

15

1.1

4.9

25

0.13

Earlier

0.0

11

0.0

3.6

24

0.30

Rice

There is a likely direct association between these two indicators. However,
of more interest here is the likely association between both indicators and
the asset base of the household.
3. The livelihood portfolio of RCT adopters also suggests a more favorable
wealth status, whereby adopters tend to rely less on agricultural and nonagricultural labor and more on services and business.
These findings are in line with other RCT adoption studies (Erenstein et al
2007a,b, Farooq et al 2007). Purposive efforts are therefore needed to ensure that
access to and uptake of RCTs are more inclusive.
This section thus shows that the project has had a positive impact on RCT use
rates in the project communities across northern South Asia. However, there are also
marked regional variations in RCT exposure, adoption, and dynamics over R&D
sites. In part, these are associated with the diverging characteristics of the systems
and resource endowments of farmers. These divergences are also likely to influence
the impacts of RCTs and thus the incentives for their adoption.

Impact indicators
This section reviews how the use of resource-conserving technologies (RCTs) has affected the prevailing wheat and rice production systems in the three research regions.
Specifically, it briefly characterizes the wheat and rice tillage and establishment systems
and then reviews how these have affected wheat and rice production in terms of management and productivity. As indicated in the introduction, indicators present herein
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Table 24. Selected contrasts of adopters and nonadopters of RCTs in survey villages.a
NW IGP
Item

Central Zone

EGP
Overall
mean

S.D.

n

47.0 b

49.0

13.8

8,575

4.7 a

4.9 b

6.2

3.3

8,575

1.7 b

0.5 a

0.7 a

2.1

5.3

7,521

100 c

100 c

97

16

7,521

NonRCT

RCT

NonRCT

RCT

NonRCT

RCT

Age of farm
household
head

49.3 c

50.0 c

50.1 c

51.9 d

45.0 a

Average household size (no.)

5.6 c

6.5 d

7.8 e

8.4 e

Farm size (ha
per household)

1.5 b

4.8 c

0.8 a

Land tenancy status (% households)
- Owning land

97 b

94 a

99 c

99 c

- Sharing/renting in

8a

16 c

11 b

11 b

23 d

16 c

14

34

7,521

- Sharing/renting
out

7b

4a

5 ab

12 c

73 d

80 e

21

41

7,521

Share of operational land
owned (%)

94 d

89 b

92 cd

92 c

84 a

89 b

90

137

7,521

Aggregate livestock (number per farm household)
- Cattle

3.0 c

5.5 d

1.2 a

1.6 b

1.6 b

1.7 b

2.9

3.7

8,575

- Goats and/or
sheep

0.4 a

0.4 a

0.6 b

0.8 c

1.7 d

1.7 d

0.7

1.9

8,575

Livestock ownership (% households)
- Cattle

88 d

93 e

64 ab

77 c

64 b

61 a

79

41

8,575

- Goats and/or
sheep

10 a

9a

24 b

29 c

61 d

62 d

24

43

8,575

- Any livestock

92 c

95 c

70 a

81 b

81 b

80 b

85

35

8,575

Livelihood portfolio (% households)
- Farming

94 d

94 d

85 c

95 d

55 b

52 a

84

36

8,207

- Agricultural
labor

22 d

7a

11 b

7a

25 e

18 c

16

36

8,207

- Other labor

12 b

6a

22 d

16 c

13 b

16 c

13

34

8,207

- Service

9a

17 b

43 e

44 e

24 c

27 d

23

42

8,207

- Business

5a

9b

12 c

15 d

16 d

22 e

11

31

8,207

aAverages for adopters and nonadopters of RCTs by region (across survey villages, including control and project villages) from farm household listing. Numbers followed by different letters differ significantly—Duncan (0.10), withinrow comparison.
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Table 25. Wheat tillage and establishment system characteristics in survey villages (village
averages).
Operation

Tillage (no. of operations)

Machine sowing (% using)

Tillage
practice

NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

CT

5.0

3.8

3.8

4.4

1.5

39

0.03

RT

2.8

2.6

1.0

2.5

1.1

22

0.05

OT

2.0

1.3

–

2.0

1.9

24

0.54

CT

7.4

7.9

0.0

6.9

19

33

0.82

RT

57

OT

19

3.9
50

100
–

40

46

21

0.00

23

40

20

0.32

are derived from the village surveys and provide preliminary indicators of impact.
These will be substantiated further in a separate report with findings from household
surveys at the same sites (Singh and Erenstein 2009).
Wheat tillage and establishment systems
Tillage in the NW IGP is tractor-based and in the EGP based on power tillers, with a
mixture in the Central Zone, including some manual and animal tillage in the Nepal
midhills. For wheat, four tillage and establishment systems were distinguished:
	1. Conventional tillage (CT) involves intensive tillage of the soil, with an average
of five operations in the NW IGP and four in the other two regions (Table 25).
CT typically uses cultivators and harrows, in Pakistan often in combination
with disc plows. CT still largely relies on broadcasting (CT-BCW), with only
7–8% using mechanical sowing (CT-DSW, Table 25).
2. Reduced tillage (RT) implies an average of 2.5 tillage passes (Table 25), typically using the same tillage implements as in CT (cultivators and harrows). In
the NW IGP, about three-fifths of RT is sowed mechanically, typically using
a ZT drill (RT-DSW, Table 25). In the EGP, RT typically implies a single
pass with a power-tiller-operated seeder (RT-DSW [PTOS]), which implies a
shallow but intensive tillage. The use of the PTOS thus implies mechanized
seeding, which provides a stark contrast with the prevalent manual seeding
under CT in the EGP (Table 25).
3. Zero-tillage (ZT) by definition implies no tillage operations at all. In the
survey villages, ZT implies the use of a mechanical ZT seed drill that allows
seeding in uncultivated soils (ZT-DSW).
4. Other tillage (OT) typically implies one to two passes with a tractor-drawn
rotovator and often still relies on manual sowing (RT-BCW [rotovator], Table
25).
CT tillage intensity typically did not change much over the past 5–10 years,
and where it declined somewhat this appeared primarily associated with increased
mechanization and not the advent of RCTs per se. The other systems typically evolved
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Table 26. Farmer-reported benefits of new wheat tillage and establishment systems in
survey villages.
Tillage
practice
ZT

RT

OT

NW IGP

Central Zone

Savings of cost (12/20),
time (7), water (2), inputs
(1), labor (1)
Fertilizers and seed together
(4/20)
Crop stand (2/20)
More tillering (2/20)
Weed control (2/20)
Good in problem soil (compact, 1/20)
Line sowing (easier weeding,
1/20)
More yield (1/20)
Soil texture (4/9)
Savings of cost (2/9), time
(2)
Looking good (1/9)
Leveling (1/9)
More yield (1/9)
Plant stand (1/9)
Residue incorporation (1/9)
Soil texture (8/20)
Savings of time (8/20), cost
(3), water (4), inputs (1)
Residue incorporation
(5/20)
More yield (2/20)
Plant stand (2/20)
Fertilizers and seed together
(1/20)
Leveling (1/20)
Looking good (1/20)

Savings of cost (7/10),
water (6), inputs (3), time
(3), labor (1)
Less lodging (2/10)
More yield (2/10)
Timely sowing (2/10)
Crop stand (1/10)
Disease control (1/10)
Fertilizers and seed together
(1/10)

Savings of cost (3/8), labor
(2), time (2/8), input (1)
Weed control (2/8)
Crop stand (1/8)
Looking good (1/8)
More yield (1/8)
Residue incorporation (1/8)
Soil texture (1/8)
Timely sowing (1/8)
Cost savings (1/3)
Plant stand (1/3)
Residue incorporation (1/3)
Soil texture (1/3)

EGP
–a

More yield (3/3)
Savings of cost (2/3),
inputs (1), time (1)
Leveling (1/3)
Line sowing (1/3)
Plant stand (1/3)

–a

a – = not reported/practiced. Numbers in parentheses are number of responses per number of villages reporting.
Multiple responses possible.

directly from CT. The various tillage and establishment systems were reportedly used
on both small and large farms. ZT and RT appeared to be primarily used in the ricewheat system, whereas CT and OT were used across the board, including for wheat
after rice, sugarcane, vegetables, and other fields. Farmers reported changing to RT and
ZT for the cost and time savings, whereas yield was the same. The reported attractions
for changing to OT included incorporation of crop residues, fine soil tilth, and cost
savings. Table 26 lists the various benefits and Table 27 the various problems reported
by farmers in relation to nonconventional tillage and establishment systems. The diversity of open responses and relatively limited sample size did not allow for a more
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Table 27. Farmer-reported problems of new wheat tillage and establishment systems in
survey villages.
Tillage
practice

NW IGP

Central Zone

EGP

ZT

Weeds (6/16)
Residue management (burning, 4/16)
Less yield (2/16)
Machine availability (2/16)
Lack of knowledge (1/16)
Not looking good (residue,
1/16)
Diseases (1/16)
Less growth (1/16)
Soil compaction (1/16)
Soil structure (aeration, 1/16)
More cost (compared with
ZT, 3/3)
Depreciation of implement
(1/3)

Machine operation (3/8)
Weeds (3/8)
Soil moisture/lack of irrigation
(2/8)
Machine availability (1/8)
Lack of knowledge (1/8)
More cost (1/8)
Soil compaction (1/8)

–a

RT

OT

More cost (3/7)
Plant stand (2/7)
Soil structure (clots, 2/7)
Machine operation (1/7)
More time (1/7)
Diseases (1/7)
Same yield (1/7)
Soil disturbance (1/7)
Hard pan in soil/compaction
Plant stand (2/3)
(3/14)
Machine operation (mobility,
Lodging (3/14)
2/3)
Needs powerful tractor (3/14) Excess moisture (1/3)
Less growth (2/14)
More time (1/3)
Plant stand (2/14)
Machine availability (rotovator, 2/14)
More water (1/14)
Soil moisture (1/14)
More cost (1/14)
More time (1/14)

Machine availability
(PTOS, 3/3)

–a

a – = not reported/practiced. Numbers in parentheses are number of responses per number of villages reporting.
Multiple responses possible.

quantitative analysis. Savings of cost and time seem a common attraction compared
with conventional tillage. Whereas conservation agriculture recommends reducing soil
tillage and retaining some crop residues as soil cover, farmers were typically attracted
to the reduced-tillage and particularly rotovator options due to soil tilth and the ability
to incorporate remaining crop residues and thereby leave their fields “looking good.”
For ZT, weed control is the most frequently reported problem, followed by residue
management in the NW IGP and machine availability in the Central Zone.
The main problem of RT was typically that costs, compared with ZT, were
higher. The main problem of OT in the NW IGP related to soil compaction, lodging,
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Table 28. Synthesis of conventional wheat production practices in survey villages.
Management practice

Characteristics

Land preparation

4.4 tillage operations

Crop establishment

136 kg ha–1 by broadcasting on 21 November

Fertilizer application

200 kg NPK (133:55:11) split in an average of 2.3 applications

Weed control

1 weeding operation (average of 0.4 hand weeding and 0.7 herbicide
application)

Pest control

0–1 pesticide application

Irrigation

3.1 irrigations

Harvesting

Manual on 18 April

Grain yield

3.7 t ha–1, of which 3/4 is marketed

Straw yield

5.2 t ha–1, of which 85% is collected after threshing

and the more powerful tractor needed, whereas in the Central Zone plant stand and
machine operation in relatively small fields were reported as problems.
Implications for wheat production
The conventional wheat production practices across survey villages are synthesized
in Table 28. These average production practices, however, show significant variation
among the three study regions (Tables 29 and 30) and sites. Wheat seed rates, for
instance, increase proceeding eastward, whereas herbicide use, number of tillage
operations, the mechanization of harvest practices, and crop residue burning decline
along the same gradient (Table 29). The significance of the regional group effect is
included in the P column in each table (Anova). The use of improved wheat varieties prevails across sites, but there are regional variations in the prevailing varieties
(Table 31), albeit with no reported association between varietal use and tillage and
establishment systems.
Of the three regions, the NW IGP combines the highest yields with relatively
low wheat prices (Table 30). The price divergence is primarily associated with the
differential domestic prices, these being relatively low (in US$ terms) in Pakistan and
relatively high in wheat-deficient Bangladesh. Still, the relatively large farm size and
wheat areas imply that the share of wheat production marketed is also the highest in
the NW IGP. Straw prices and the share of straw collected diverge from the regional
wheat grain pattern. Although wheat straw prices were the lowest in the EGP, their
collection there was still the most comprehensive (Table 30). This apparent contradiction, however, reflects some underlying causal variables and is in line with earlier
reports (Erenstein et al 2007d). Wheat straw has more value as livestock feed in the
NW IGP, where straw markets are also more developed. Still, prevailing mechanization levels, the high cost of labor, and large farm holdings imply that the collection
of wheat straw tends to be less comprehensive than in the land-scarce EGP.
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Table 29. Prevailing wheat crop management practices in survey villages.

Item

Planting date
Seed rate (kg

ha–1)

No. of fertilizer applications

NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

Tillage
effect

11 Nov

28 Nov

29 Nov

19 Nov

19

49

0.01

S

114

131

192

126

39

47

0.00

S

2.8

1.9

2.0

2.4

0.7

49

0.00

NS

154

159

49

133

146

56

0.08

NS

Fertilizer use
(kg ha–1)

N
P

58

64

37

55

50

56

0.33

K

0.0

26

16

11

50

56

0.23

NPK

212

249

102

200

236

56

0.24

No. of hand weedings

0.0

0.8

0.5

0.3

0.6

46

0.00

NS

No. of herbicide applications

0.9

0.6

0.3

0.7

0.4

46

0.00

S

No. of pesticide applications

0.3

0.0

0.3

0.2

0.4

47

0.06

NS

No. of irrigations per
season

4.3

1.6

3.0

3.3

1.6

48

0.00

NS

Harvesting date

18
April

23 April

29
March

18
April

15

49

0.00

NS

Combine harvester use

39

3

0

23

33

49

0.00

NS

Collecting straw

71

94

100

82

28

49

0.01

NS

Bhusa reaper use

29

2

0

17

30

49

0.00

NS

(Partial) in situ burning of
wheat straw

21

3

0

13

25

49

0.03

NS

aVillage averages. P: significance of group [region] effect (Anova). Tillage effect: S indicates significant and NS
indicates a nonsignificant interaction with tillage and establishment system.

ZT implies a drastic reduction in tillage intensity compared with CT and, to a
lesser extent, compared with RT and OT. This implies significant cost savings. For
instance, in the case of the NW IGP and considering only tillage and crop establishment costs, ZT implies an average savings of some US$50 per ha, in line with what
is reported in the literature (Erenstein and Laxmi 2008). The tillage and establishment
system, however, also influences the various production practices, but these effects
are easily dwarfed and/or masked by the regional divergences. To eliminate these site
effects, we have assessed the significance of the tillage effect by focusing solely on
2Based on the average survey data reported above, the cost of tillage and crop establishment operations for CT in the NW
IGP would amount to US$70 ha–1 (4 tillages at $15 ha–1, 1 planking at $7 ha–1, and 1 labor day for broadcasting at $3
ha–1), whereas a single ZT operation costs $23 ha–1.
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Table 30. Wheat yields, prices, and marketing in survey villages (farmer-reported village averages).

Item

NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

Grain yield (t ha–1)a

4.1

2.4

3.5

3.4

1.1

49

0.00

Grain price (US$ t–1)

202

253

401

240

74

49

0.00

Share of grain marketed (%)

82

61

70

74

24

44

0.02

5.7

3.6

7.9

5.2

2.70

48

0.00

Normal

35

35

28

34

19

48

0.74

Peak

50

45

33

46

22

48

0.30

77

95

100

85

30

49

0.07

Straw yield (t ha–1)
Straw price (US$ t–1)

Share of straw collected (%)

aFarmer-reported village averages for 3 years (2004-05 to 2006-07) for most prevailing tillage and establishment systems in each village.

Table 31. Main wheat varieties reported in survey villages (% of villages reporting within
zone).a
NW IGP (n≤27)

Central Zone (n≤17)

EGP (n≤12)

PBW343 (71%)

PBW343 and Bhrikuti (each
41%)

Shatabadi (100%)

WH 711 (29%)

NL 297 (35%)

Partibha, Gaurav, Beeja, and
Agrohni (each 20%)

WH 502 and Bhakar (each 21%)

WH 234, Malvi, Gautam,
and WK 1204 (each 18%)

Watan and Inqalab91 (each 17%)
aMultiple responses per site. Only includes varieties that were reported in at least 15% of surveyed villages in
each region.

a paired contrast of tillage and establishment systems for all sites where these pairs
are available (in the additional column labeled “tillage effect” in Table 29). Table 32
illustrates the associated tillage effect for selected variables. Such a tillage effect, for
instance, illustrates that
	1. Only ZT saves seed compared with CT and RT, linked to the mechanical
seeding and associated line sowing instead of broadcasting.
2. Only ZT reduces the duration of the first irrigation compared with CT.
This is associated with the least soil disturbance under ZT, permitting more
rapid surface flow of irrigation water and hence earlier wetting of the entire
field.
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Table 32. Selected wheat management/productivity and tillage and establishment system interactions in survey villages.a

Item

Tillage
practice

NW IGP
(n≤27)

Seed rate (kg ha–1)

CT
ZT

Planting date

Grain yield (t ha–1)b

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

120

141

205

136

44

107

100

–

105

18

S.D.

P

Tillage
effect

29

0.00

b

31

0.33

a

n

RT

110

114

179

119

28

27

0.00

b

OT

115

113

–

115

17

18

1.00

ab

CT

15 Nov

26 Nov

3 Dec

21
Nov

18

38

0.10

a

ZT

23 Nov

18 Nov

21
Nov

20

31

0.53

b

RT

4 Nov

24 Dec

17
Nov

20

22

0.00

ab

OT

18 Nov

24 Nov

19
Nov

21

20

0.80

b

CT

4.01

2.19

ZT

4.07

3.06

RT

4.43

2.87

OT

4.25

1.93

11 Dec

3.51
4.38

3.34

1.13

39

0.00

a

3.73

0.89

30

0.00

ab

3.86

1.02

22

0.00

b

3.75

1.16

14

0.00

b

aVillage averages. P: significance of group [region] effect (Anova). Tillage effect: data followed by different letters differ significantly—t-test (0.10), within-column comparison between tillage and establishment system-pairs per variable.
bFarmer-reported village averages for 3 years (2004-05 to 2006-07).

3. Contrary to expectations, CT planting dates were earlier than for ZT or OT.
ZT and OT both reduce the turnaround time compared with CT. This suggests that ZT and OT may be preferentially used in late-sown wheat fields,
whereas farmers adhere to CT when sufficient time is available for wheat
tillage and establishment.
4. ZT yields were not statistically different from the other tillage and establishment systems (CT, RT, OT). However, both RT and OT had relatively higher
yields than CT.
Tillage and establishment systems reportedly did not affect fertilizer doses.
The impact assessment using village survey data is further hampered by the limited
number of observations in terms of survey villages. The complementary household
survey will therefore allow for a more robust assessment of impacts. However, based
on the village survey data alone, ZT appears to be primarily a cost-saving technology
for farmers. RT and OT also present cost savings, but these are typically less than
with ZT, in addition to a yield advantage over CT.
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Table 33. Rice tillage and crop establishment system characteristics in survey villages (village averages).

Item

Tillage
practice

NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

Tillage (no. of operations)

CT-TPR

4.2

3.6

4.5

4.1

1.5

54

0.28

CTDrumR

–

4.3

2.3

3.4

2.1

7

0.26

RT-DSR

1.3

2.3

–

1.8

1.2

16

0.11

Machine sowing
(% using)

P

RT-BCR

1.5

1.0

–

1.4

0.5

5

0.50

CT-TPR

0.0

6.3

0.0

1.9

14

54

0.31

CTDrumR

–

100

100

100

0.0

5

–

RT-DSR

100

100

–

100

0.0

15

–

RT-BCR

8.0

10

–

8.3

4.1

6

0.70

Rice tillage and establishment systems
For rice, four tillage and establishment systems were distinguished (Table 33):
	1. Conventional-till transplanted rice (CT-TPR) typically involves intensive
tillage and puddling (wet cultivation) of the soil, with an average of four
operations across sites and subsequent transplanting of rice into ponded fields.
CT typically uses cultivators and harrows, in Pakistan often in combination
with disc plows.
2. Conventional-till drum-seeded rice (CT-DrumR) still involves intensive soil
tillage but uses a drum seeder to seed the rice into ponded fields.
3. Reduced-till drill-seeded rice (RT-DSR) is typically mechanical seeding
of rice (using a ZT drill) into unpuddled and unponded fields. Often some
limited tillage is still applied prior to seeding.
4. Reduced-till broadcast rice (RT-BCR) is rather uncommon across sites, but
implies reduced tillage (1–2 passes) with a tractor-drawn cultivator and/or
rotovator and subsequent broadcasting.
CT tillage intensity had typically not changed much over the past 5–10 years,
whereas the other systems typically evolved directly from CT. CT is used on both small
and large farms, whereas the use of the new tillage and establishment systems was
more limited to large farms. The tillage and establishment options were primarily used
in the rice-wheat system. Table 34 lists the various benefits and Table 35 the various
problems reported by farmers in relation to nonconventional tillage and establishment
systems. Cost, time, and labor savings seem a common attraction compared with
conventional tillage. RT-DSR and CT-DrumR also allowed for line sowing, whereas
rotovator-based RT-BCR enhanced leveling of the field and incorporation of crop
residues. Weeds are perceived as the major problem in RT-DSR and CT-DrumR.
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Table 34. Farmer-reported benefits of new rice tillage and establishment systems in survey
villages.
Tillage
practices

NW IGP
–a

CT-DrumR

RT-DSR

Savings of cost (6/9), time
(6), water (5), labor (3)
Soil texture/tilth (1/9)
Field health (1/9)

RT-BCR

Savings of time (3/5), cost
(3)
More yield (2/5)
Incorporation (1/5)
Good ponding (1/5)
Plant stand (1/5)
Soil texture/tilth (1/5)
Weed control (1/5)

Central Zone
Savings of labor (2/2), cost
(1)
Timely establishment (1/2)
Savings of cost (3/6), time
(1), labor (2), water (1)
Early establishment (2/6)
More yield (1/6)
Soil texture/tilth (1/6)
Weed control (1/6)
Savings of time (1/1), labor
(1)
Incorporation (1/1)

EGP
Savings of cost (1/2),
time (1)
Line sowing (1/2)
–

–

a – = not reported/practiced. Numbers in parentheses are number of responses per number of villages reporting.
Multiple responses possible.

Table 35. Farmer-reported problems of new rice tillage and establishment systems in survey villages.
Tillage
practice
CT-DrumR

NW IGP

Central Zone

EGP

–a

Weeds (2/2)
Untimely rain after seeding
(2/2)
More water (1/2)

Weeds (3/3)
More labor (2/3), water
(1/3)
Low yields (1/3)
Plant stand (seedling
mortality, 1/3)
Machine availability (1/3)
–

RT-DSR

Weeds (9/9)
Low yield (3/9)
Diseases (1/9)
Plant stand (1/9)

RT-BCR

Ponding not possible (4/4)
Machine availability (2/4)

Weeds (6/8)
Low yield (2/8)
More water (1/8)
More pests (rats, 1/8)
Plant stand (1/8)
Knowledge (1/8)
More water (1/1)

–

a – = not reported/practiced. Numbers in parentheses are number of responses per number of villages reporting.
Multiple responses possible.
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Table 36. Synthesis of conventional rice production practices in survey villages.
Management
practice

Characteristics

Land preparation

4 tillage operations, including puddling (wet tillage)

Establishment

Transplanting from nurseries into ponded fields on 5 June

Fertilizer application

177 kg NPK (129:43:6) split into 3 applications

Weed control

1–2 weeding operations (both hand weeding and herbicide applications)

Pest control

1 pesticide application

Irrigation

18 irrigations

Harvesting

25 September

Paddy yield

5 t ha–1

Straw yield

4 t ha–1

Implications for rice production
The conventional rice production practices across survey villages are synthesized in
Table 36. These average production practices, however, again show significant variation among the three study regions (Tables 37 to 39) and sites. For instance, in the
Central Zone, rainfed rice prevails, explaining the low number of irrigations applied
to paddy. Rice production is primarily marketed in the NW IGP and increasingly for
home consumption proceeding eastward. Combine harvesting prevails in the NW IGP
and manual harvesting elsewhere. Rice straw is also primarily collected in the Central
Zone and EGP and only partially collected in the NW IGP, where the remainder tends
to burned, sometimes after mechanical stubble shredding. However, in the northwest,
there is also a marked divergence between nonscented and scented basmati rice. The
latter has lower grain yields, higher grain and straw value, and more intensive straw
collection. The relatively low straw yield in the northwest is likely associated with
the straw yields being primarily reported for basmati. In addition to the divergence
between scented and nonscented rice varieties, regional variations exist in the extent
of the use of improved rice varieties.
There appear to be a number of interactions between the new rice tillage and
establishment systems and rice production practices and productivity (Tables 37 and
40). However, at this stage, these interactions are difficult to interpret based on the
village survey data alone in view of the limited number of villages reporting their use
and the regional variation in practices. RT-DSR does lower the number of irrigations
needed, primarily as it foregoes the need for ponding. It also allows for earlier rice
establishment and harvesting. However, these changes come at a cost as the yield of
RT-DSR was significantly lower than that of CT-TRP (Table 40). The complementary
household survey is expected to provide a more robust assessment of the impacts of
the new rice tillage and establishment systems.
Boro (winter) rice was reported in survey villages only in the EGP. Yields of
boro rice under CT-TPR averaged 6.4 t ha–1 in the EGP for 2005 to 2007 (S.D. =1.4,
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Table 37. Conventional rice crop management practices in survey villages.a

Item

Planting date
Seed rate (kg

ha–1)

No. of fertilizer applications

NW IGP
(n≤27)

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

Tillage
effect

15 June

29 June

14 April

5 June

56

54

0.00

S

14

58

82

42

32

54

0.00

NS

2.9

2.0

2.7

2.6

0.8

52

0.00

NS

NS

Fertilizer use (kg ha–1)
N

161

76

133

129

58

54

0.00

P

50

35

40

43

21

54

0.09

K

0

5

14

6

12

55

0.00

211

116

187

177

65

54

0.00

No. of hand weedings

0.1

1.0

1.8

0.7

0.9

54

0.00

NS

No. of herbicide applications

1.2

0.4

0.9

0.9

0.6

54

0.00

NS

No. of pesticide applications

1.2

0.5

1.5

1.1

0.7

54

0.00

NS

No. of irrigations per
season

22

5

27

18

16

54

0.00

S

18 Oct

27 Oct

26 June

25 Sept

68

54

0.00

S

NPK

Harvesting date
Combine harvester use

72

2

0

35

44

54

0.00

NS

Collecting straw

53

98

100

77

37

54

0.00

NS

Shredding straw

32

6

0

17

37

54

0.01

NS

(Partial) in situ burning of
wheat straw

51

1

0

25

39

54

0.00

NS

aVillage averages. P: significance of group [region] effect (Anova). Tillage effect: S indicates significant and NS indicates a nonsignificant interaction with tillage and establishment system.

n=12). Only one boro rice under CT-DrumR was reported, with a similar yield of 6.2
t ha–1.

Conclusions
This study shows that the project has had a positive impact on the use of RCTs in the
project communities across northern South Asia. The village surveys also confirm that
RCTs generally save costs without a yield loss, thereby enhancing farmers’ income.
The scale of impacts on yields, returns, and livelihoods in the project area needs
further verification from the complementary household survey. The village surveys
do, however, highlight that the better endowed farmers tend to be the first adopters
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Table 38. Paddy yields, prices, and marketing in survey villages (farmer-reported
village averages).
Item

Paddy yield (t ha–1)a

NW
IGP

Central
Zone

EGP

Overall
mean

S.D.

n

P

5.2

4.5

3.7

4.7

1.6

52

0.03

Share of grain marketed (%)

90

56

36

70

33

50

0.00

Straw yield (t ha–1)

2.9

4.6

3.6

3.6

2.0

47

0.05

Normal

14

18

15

15

8

45

0.35

Peak

19

30

18

22

18

45

0.12

47

98

100

78

33

45

0.00

Straw price (US$ t–1)

Share of straw collected (%)

aFarmer-reported village averages for 3 years (2005 to 2007) for most conventional tillage and
transplanting during monsoon/kharif season in each village.

Table 39. Main rice varieties reported in survey villages (% of villages
reporting within zone).a
NW IGP (n≤27)

Central Zone (n≤17)

EGP (n≤12)

IR6 (31%); PR-14 (27%);
Sarbati and Super (each
23%); Pusa-44 (15%);
CSR-30, HKR-47, and PB1 (each 12%)

Sambha and Sarju-52 (each
38%); Radha-4 (25%);
Savitri, Taichung, and
Khumbal-4 (each 19%);
MTU-7029 and Mansuli
(each 13%)

BR-28 (50%);
Sarvan
(25%); IR8
(17%)

aMultiple responses per site. Only includes varieties that were reported in at least 10% of
surveyed villages in each region.

of RCTs. Purposive efforts are therefore needed to ensure that access to and uptake
of RCTs are more inclusive.
Despite the apparent similarity of rice-wheat systems, this paper shows that
there is significant regional variation in these systems across northern South Asia.
Particularly striking are the gradients of resources, management practices, and RCT
adoption. These reiterate the need to take care before making sweeping generalizations
and extrapolations across northern South Asia or the IGP. The marked regional variation, however, also emphasizes the need for local adaptation—giving further impetus
to the need for such initiatives as the underlying project to help adapt promising technological innovations to the local and diverse circumstances faced by resource-poor
farmers.
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Table 40. Selected rice management/productivity and tillage and establishment system interactions in survey villages.a
Tillage
practice

Item

Planting

CT-TPR
CT-DrumR

Harvesting

Central
Zone
(n≤17)

EGP
(n≤12)

Overall
mean

S.D.

n

P

Tillage
effect

15 June

29 June

14 April

5 June

56

54

0.00

b

–

30 June

8 July

6 July

65

4

0.94

ab

RT-DSR

5 June

6 June

–

5 June

19

14

0.90

a

CT-TPR

18 Oct

27 Oct

26 June

25 Sept

68

54

0.00

b

CT-DrumR
RT-DSR
Paddy
yield
(t ha–1)b

NW IGP
(n≤27)

CT-TPR
CT-DrumR
RT-DSR
RT-BCR

–

7 Nov

9 July

8 Aug

119

4

0.49

ab

12 Oct

26 Oct

–

17 Oct

17

14

0.14

a

5.2
–
4.2
5.2

4.5
6.7
5.2
5.0

3.7
2.6
–
–

4.7
4.3
4.6
5.1

1.6
2.8
1.1
1.4

52
5
14
5

0.03
0.11
0.06
0.93

b
–
a
ab

a – = not reported/practiced. Village averages. P: significance of group [region] effect (Anova). Tillage effect: data
followed by different letters differ significantly—t-test (0.10), within-column comparison between tillage and establishment system-pairs per variable. bFarmer-reported village averages for 3 years (2005 to 2007).
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Annex 1.
Annex 1. Surveyed project and control villages.
Regions
NW IGP

State (site name)

EGP

Project village

Control village

Pakistan Punjab
(Okara)

Okara

18-D, 19-D, 20-D,
Kalia Ibarim

Chack 4,1l
salowal

Pakistan Punjab
(Sheikhupura)

Sheikhupura

Kaker gill, Kot
Sondha

Rani-k-Minara

Haryana (Karnal)

Karnal

Barsalu, Bhaine
Khurd, Ghogripur,
Rambha

Budhakhera,
Nali Khurd

Kurukshetra

Kalsana, Deeg

Ghamurkheri

Kaithal

Chandalana

Chhot

Western UP (Modipuram)

Central
Zone

District

Fatehabad

Pirthala

Meerut

Bafawat

Gautambudh Nagar

Patwari

Bulandshahar

Mandona

Pathanpura

Ghaziabad

Lalpur

Dujana

Eastern UP (Ballia)

Balia

Rohunwa, Ahiraula,
Ratsar, Pindahra

Nuvanagar,
Chhutki Sirya

Nepal (Terai)

Rupandehi

Gargatti, Mudiyari,
Rampur, Manauri

Chhutki Gummi,
Harnaiya

Nepal (Hills)

Kavre Palanchok

Sharda Batase

Ratmate

Bhaktapur

Tanthali, Kutunje

Lakila

Bangladesh (Dinajpur)

Dinajpur

Bataga, Rampur
(Bartala)

Karnai (School
Para)

Bangladesh (Chuadanga)

Jinaidah

Saduhatti

Chuadanga

Shankerchandra,
Sorojganj (Jolivilla),

Bangladesh (Gajipur)

Meharpur

Chandbil

Gajipur

Sahartoki Nagar,
Saluateki

Ruithanpur
(Shanti Para),
Paikapara
(Madhyam)
Rayatpara
(North)
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