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The rice-wheat cropping pattern of South Asia has seen a phenomena growth in
area, production and yield in the last two decades. This cropping system encom-
passes the four countries of Bangladesh, India, Nepal and Pakistan along the
Indo-Gangetic Plains (IGP) and into the mid-hills of the Himaayas. Traditionaly,
wheat was grown mostly in the northwestern belt and rice in the eastern belt of the
IGP. With the introduction of improved high yielding, input responsive, short
duration rice and wheat varieties, the rice-wheat pattern became feasible and saw
both crops grown in the same year. In this pattern, rice is grown during the summer
months followed by wheat in the winter months. It is now found as amajor system
throughout the IGP. However, there are signs that the productivity of this cropping
system is either stagnating or declining. Severa site-specific benchmark and
diagnostic farm level surveys have been conducted in the region to understand the
constraints of this cropping system and ways to improve its productivity and
sustainability. This article analyzes the trend in the area, production and yields of
rice and whest as awhole and assumes these trends are similar in rice-whest areas.



It aso summarizes the results of the farm level surveys and productivity analyses
done in the IGP on rice and wheat.
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iments found that rice yields usualy declined with time but that wheat yields were
more stable. Nutrient response curves indicated that insufficient N was added to
achieve maximum yield in some experiments, suggesting that crop lodging pre-
vent genetic yield potential from being reached. Substantial decreasesin response
of riceto N were observed in some experiments, indicating constraints to produc-
tivity other than N supply. Organic inputs used in integrated nutrient management
strategies generally substituted for fertilizer nutrients but occasionally increased
yield potential. Neither organic inputs nor increased soil organic matter contents
markedly affected the sustainability of the rice-wheat system. Wheat yields in the
northwest Indian States of Haryana and Punjab increased linearly between 1965
and 1998 and are the major reason for increased wheat production in these States.
In contrast, rice yields follow a curvilinear pattern, have stagnated in many dis-
tricts, and are showing signs of possible decline. Increased areain production has
been the magjor factor behind increased production of rice in Punjab State since
about 1975.
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monsoon. The cool, dry winter is followed by a warming trend with daytime
temperatures reaching as high as 45°C in June or July. The temperature rise is
broken by the onset of the monsoon rains, when the daytime maximum tempera-
ture will immediately drop 5°C or more with the first rains. Summer temperatures
are generally higher in the northwest part of the IGP, corresponding to later onset
of therainy season. In most of the |GP proper, winter temperaturesis mild alowing
production of wheat, potatoes and other cool season crops where irrigation is
possible.

Annua precipitation varies from less than 400 mm in western Pakistan to over
1600 mm in eastern Indiaand in Bangladesh. Based on acritical vaue of 0.5 for the
ratio of precipitation to potential evapotranspiration, most of the IGP have abun-
dant water for summer rainfed crops. Thisis reflected in the widespread cultiva
tion of lowland rice.



Variation in rainfall over years heavily influences risk in agricultural produc-
tion in the IGP. Over a 90-year period, the mean annual rainfall a Ludhiana, India
was 710 mm, but in 1899, it received only 240 mm as compared to over 1400 mmin
1988. Failures of the monsoon rains cause crop failures and in the past have
contributed to famines. Flooding due to excess rain can also be destructive, partic-
ularly in the eastern IGP. Attempts to predict the time of onset and amount of
monsoon rains based on the El Nifio-Southern Oscillation (ENSO) process and
other information show promise but are not yet reliable enough for routine usein
guiding agricultural management.
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Grain, forage and green manure legumes have along heritage in South Asia. This
paper attempts to summarize the merits of legumes from historical, cultural, hu-
man nutrition, animal nutrition and agronomic perspectives. Despite well estab-
lished and numerous benefits associated with legumesin South Asig, their produc-
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The last three decades or more have witnessed the phenomenal growth of cereal
crop productivity in the developing world, particularly for rice and wheat in Asia.
High levels of investmentsin research and infrastructure development, especialy
irrigation infrastructure, resulted in the rapid intensification of the lowlands.
Consequently, the irrigated and the high rainfall lowland environments became
the primary source of food supply for Asia's escalating population. The emergence
of the rice-wheat system in South Asia as the most important source of food
supply, is a testament to the success of the Green revolution in wheat and rice.
Recent signs indicate, however, a slow down in productivity growth of the
primary cereals, rice and wheat, especidly in the intensively cultivated lowlands
of Asia, and particularly in the intensively cultivated rice-wheat zones of South
Asia. Slackening of infrastructure and research investments and reduced policy



support partly explain the sluggish growth. This paper argues that in addition to
the above factors, degradation of the lowland resource base due to intensive use,
over thelong term, aso contributes to declining productivity growth rates. Intensi-
fication per seis not the root cause of lowland resource base degradation, but
rather the policy environment that encouraged inappropriate land use and injudi-
cious input use, especially water and chemical fertilizers.

Trade policies, output price policies aswell as input subsidies have all contrib-
uted to the unsustainable use of the lowlands. The dual goals of food self-suffi-
ciency and sustainable resource management are often mutually incompatible.
Policies designed for achieving food self-sufficiency tend to underval ue goods not
traded internationally, especially land and labor resources. As aresult, food self-
sufficiency in countries with an exhausted land frontier, particularly the countries
of South Asia, came at a high ecological and environmental cost. Appropriate
policy reform, both at the macro as well as at the sector level will go along way
towards arresting and possibly reversing the current degradation trends.

This paper provides an extensive review of the existing evidence on intensifi-
cation induced degradation in the rice-wheat systems of the Indo-Gangetic plains
of South Asia. Policy re-directions and corrections that can contribute to arresting
and/or reversing the current degradation trends are recommended.
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Rice-wheat systems in the Indo-Gangetic Plains may seem simple, but in redlity
they are enormously complex, with numerous productivity and sustainability
problems, each embedded in aweb of interactions. By unraveling and understand-
ing these interactions, and harnessing their power, scientists working with the
Rice-Wheat Consortium for the Indo-Gangetic Plains are fostering sustainable
improvements in system productivity. Rice-wheat system problems include late
sowing, low water and nutrient use efficiency, groundwater depletion (in some
areas) or waterlogging and poor water control (in other areas), salinity and sodic-
ity (in defined locales) and the build-up of problem weeds and possibly of pests
and diseases. The low soil fertility scenario is due to the increasing micronutrient
deficiencies, widening NPK ratios or imbalanced fertilizer use, and decreased use
of organic sources of nutrients. At first glance, these problems seem random and
unrelated but in fact, many of them are closely linked through system interactions.
L ate sowing, for example, reduces water and nutrient use efficiency, and restricts
the time available within the rotation for break crops, thereby contributing to the
build-up of problem weeds and to soil fertility decline. Reduced and zero tillage
for rice and wheat improve timeliness of sowing and, through these same system
interactions, help farmers cope with multiple productivity and sustainability prob-
lems.
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of South Asia
Trends, Constraints and Productivity—
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SUMMARY. Therice-wheat cropping pattern of South Asiahas seen a
phenomenal growth in area, production and yield in the last two de-
cades. This cropping system encompasses the four countries of Bangla-
desh, India, Nepal and Pakistan along the Indo-Gangetic Plains (IGP)
and into the mid-hills of the Himalayas. Traditionally, wheat was grown
mostly in the northwestern belt and rice in the eastern belt of the IGP.
With the introduction of improved high yielding, input responsive,
short duration rice and wheat varieties, the rice-wheat pattern became
feasible and saw both crops grown in the same year. In this pattern, rice
is grown during the summer months followed by wheat in the winter
months. It is now found as a major system throughout the IGP. Howev-
er, there are signs that the productivity of this cropping systemis either
stagnating or declining. Several site-specific benchmark and diagnostic
farm level surveys have been conducted in the region to understand the
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2 THE RICE-WHEAT CROPPING SYSTEM OF SOUTH ASA

constraints of this cropping system and ways to improve its productiv-
ity and sustainability. This article analyzes the trend in the area, produc-
tion and yields of rice and wheat as a whole and assumes these trends
are similar in rice-wheat areas. It aso summarizes the results of the
farm level surveys and productivity analyses done in the IGP on rice
and wheat. [Article copies available for a fee from The Haworth Document
Ddlivery Service: 1-800-342-9678. E-mail address. <getinfo@haworthpressinc.
com> Website: <http:/Ammw.HaworthPress.com> © 2001 by The Haworth Press,
Inc. All rights reserved.]

KEYWORDS. Bangladesh, cropping pattern, cropping system, Hima-
layas, India, Indo-Gangetic Plains, Nepal, Pakistan, productivity, rice,
South Asia, wheat

INTRODUCTION

The “rice-wheat cropping system” (RWCS) region of South Asia
spans the fertile Indo-Gangetic Plains (IGP) of four countries, from
western Pakistan, northern, northwestern and eastern India, the Teral
plains and portions of the Himalayan mid-hills of Nepal, to the west-
ern and northwestern region of Bangladesh (Figure 1). Traditionally,
eastern India, Nepal and Bangladesh were rice-growing areas with
very little wheat being cultivated, while in northwestern India and
Pakistan, wheat was the major cereal crop with very little or no rice
being grown in the early 1960’s. The traditional varieties of rice and
wheat were of longer duration; thereby requiring more time to reach
physiological maturity for harvest, and were not responsive to inten-
sive inputs and management. The green revolution introduced shorter
duration, dwarf, largely photo-insensitive, high yielding, and fertilizer
responsive varieties of rice and wheat during the 1960's and 1970's.
Due to these varietal changes, it was possible to grow rice during the
monsoon months following wheat in the otherwise non-rice growing
northwestern region of these fertile plains. Simultaneously, it was also
possible to plant wheat in November/December after rice harvest in
the eastern region of the IGP. During the last two decades, the spread
of this cropping system in this fertile region earned it the terminology
“The Rice-Wheat Cropping System” region.

Over twenty cropping patterns are practiced in South Asia, but the
rice-wheat cropping sequence dominates in area, production and pro-
ductivity (Yadav, Prasad and Singh, 1998). Besides appropriate vari-
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FIGURE 1. Schematic map of the Indo-Gangetic Plains (IGP) showing the
rice-wheat growing regions (shaded areas) of Bangladesh, India, Nepal and
Pakistan.

Pakistan

Bangladesh

etal development, a key to the success of the rice-wheat rotation has
been the development of irrigation facilities in the hotter and drier
western region of the IGP. Regions with assured irrigation has favored
the rice-wheat cropping system, while the rainfed and dryland regions
support alarger variety of cropping patterns in addition to rice-wheat,
due to the greater risks involved (Yadav, Gangwar and Prasad, 1998;
Yadav, Prasad, Gangwar, 1998).

This article analyzes the trend in the area, production, and produc-
tivity of rice and wheat in the region, followed by a summary of the
site-specific farm level surveys conducted in the region that identified
the constraints in this cropping system. Finally, productivity analysis
done on rice-wheat is discussed in the last section of this article. The
data for the analysis of the acreage, production, and yield trends for
this paper has been taken from country and international publications
(multiple years) including the Fertilizer Association of India, Ministry
of Agriculture, Nepal, Ministry of Agriculture, Pakistan, Bangladesh
Bureau of Statistics, International Rice Research Institute, and FAO.
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Statistical | ssues

Unfortunately, production and yield statistics are not collected on a
cropping system basis, but rather for individual crops of rice and
wheat, and so specific data solely for the rice-wheat cropping system
isnot available. Thiswould require aggregating District level dataand
making assumptions for each District on what percentage of each crop
isin the rice-wheat system. That was not feasible and so the following
data is based on statistics for the entire region and includes data from
all cropping systems. It is estimated that there are 12 million hectares
of rice-wheat in the region, 9 million in India, 1.5 million in Pakistan
and the rest in Nepal and Bangladesh. In Nepal and Bangladesh
80-85% of the wheat follows rice, so wheat statistics should follow
total statistics. However, only 30% and 5% of the rice in Nepa and
Bangladesh isin the rice-wheat system. In India, only 21% of therice
area and 35% of wheat is rice-wheat, so some caution should be given
to interpreting the following trends. In Pakistan, 18% and 70% of the
wheat and rice, respectively, are in the rice-wheat areas. The assump-
tion is made that growth rates in area, production and yield for thosein
rice-wheat systems mimic rice and wheat in the whole country.

AREA, PRODUCTION AND YIELD TRENDS
OF THE RICE-WHEAT CROPPING SYSTEM
IN THE INDO-GANGETIC PLAINS

Area Trend: Rice

The acreage under rice has been steadily increasing in South Asia
from 1958 to 1997. The increasein rice area growth in South Asia has
been linear at 0.64% per annum rising from 43 million to more than 58
million hectaresin 1998 (Figure 2A). The total rice acreage is highest
for India, followed by Bangladesh, Pakistan and Nepal. Total acreage
under rice increased from 33 million to over 43 million hectares in
India at 0.6% per annum growth between 1958 and 1998 (Figure 2B).
In Bangladesh, acreage under rice increased rapidly between 1958 and
1970 from 8 million hectares to over 10 million hectares at 1.9% per
annum growth (Figure 2D). But between 1970 and 1997, the increase
in the acreage growth under rice has slowed to 0.24% and was around
10.5 million hectares in 1997. The rice area growth increase in Paki-
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FIGURE 2. Rice area trends in South Asia, 1958-98.
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stan was initially slow at 0.7% per annum, thereafter increasing rapid-
ly from 1.2 million hectares in 1963 to two million hectaresin 1979 at
2.6% annual growth rate. After 1979, the growth in the acreage of rice
in Pakistan slowed to arate of 0.76% per annum (Figure 2C). The total
acreage under rice in Pakistan during 1997 was approximately 2.3
million hectares. Overall, the percent annual area growth increase for
rice in Pakistan between 1958 to 1997 was 1.7% per annum. The
growth in area under rice in Nepa started later in 1961, but this
increase has been linear at 0.9% per annum ever since (Figure 2E).
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Rice acreage in Nepal increased from 1.1 million hectares in 1961 to
above 1.5 million hectares in 1997.

Area Trend: Wheat

Unlike the linear growth increase in area for rice in South Asia, the
increase in the acreage of wheat has followed a sigmoid pattern (Fig-
ure 3A). Between 1958 and 1967, before the introduction of new
varieties, wheat acreage growth for all of South Asia was as low as
0.6% per annum and grew from 17 million to about 18 million hect-
ares in this period. Subsequent increase in wheat acreage growth was
rapid at 2.8% per annum and area grew from 20 to more than 32
million hectares between 1967 and 1982. After 1982 area growth of
wheat has slowed to 1.1%. Wheat acreage is highest for India, fol-
lowed by Pakistan, Bangladesh and Nepal. The increase in the wheat
acreage in India has followed a sigmoid pattern. Initial growth be-
tween 1958 and 1966 was slow at 0.1% annualy with 13 million
hectares in 1966 (Figure 3B). Between 1966 and 1983, wheat acreage
growth rate in India increased at 3% per annum to reach 25 million
hectares, after which the growth rate slowed to 1% a year to reach 26
million hectares in 1997. The overall growth rate in India during the
period of Green Revolution (1967-1997) was 2%. The wheat acreage
growth trend in Pakistan was linear since 1958 at 1.5% per annum
(Figure 3C). The acreage rose from alittle over 4.5 million hectaresin
1958 to around 8.5 million hectaresin 1997.

Wheat acreage growth rate in Bangladesh was initially at 3% per
annum between 1968 and 1977, then rose to 4% per annum to reach
0.85 million hectares in 1997 (Figure 3D). Overal increase in whesat
acreage in Bangladesh was a phenomenal 7.3% per year mainly due to
arapid increase from 1977-1980. Wheat acreage growth rate in Nepal
followed a three-step process (Figure 3E). Initial growth rate was
stagnant at —0.1% from 1961 to 1966 at 0.1 million hectares. From
1966 to 1986, the growth rate accelerated to 5.8% per annum to reach
0.6 million hectares. Thereafter, the wheat acreage growth rate slowed
to 1.3% per annum to reach 0.65 million hectaresin 1997. The overall
growth rate in Nepal from 1966 to 1993 was an impressive 5.3% per
annum.

Areaincrease under rice and wheat for the entire IGP is lowing as
most land becomes double or triple cropped and more land goes for
housing, industry, and other purposes. That means that future growth
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FIGURE 3. Wheat area trends in South Asia, 1958-98.
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in production will have to come from increase in yield growth rates
using technology that ensures sustainable growth and minimal damage
to the resource base. Land will become more limiting and growth rates
may even become negative.

Production Trend: Rice

Total rice production in South Asia has increased from 60 million
tonsin 1958 to 160 million tons in 1997 at an impressive growth rate
of 2.5% per annum (Figure 4A). Total production has been the highest
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for India, followed by Bangladesh, Pakistan and Nepal. The produc-
tion growth rate in India for rice has been generaly linear between
1958 and 1997 at 2.6% per annum (Figure 4B). Tota production in
India was approximately 45 million tons in 1958, which increased to
120 million tonsin 1997. The rice production growth trend in Bangla-
desh has been linear, similar to that of Indias at 2.1% per annum
(Figure 4D). Production in Bangladesh increased from 10 million tons
in 1958 to around 30 million tonsin 1997.

The production growth rate in Pakistan has seen a sigmoid growth

FIGURE 4. Rice production trends in South Asia, 1958-98.
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pattern—a growth rate of 6.3% from 1 million tonsin 1958 to 5 million
tons in 1979 due to the cultivation of modern high yielding varieties
(Figure 4C). This impressive initial growth rate slowed to zero be-
tween 1979 and 1991 with production staying at 5 million tons, and
then grew as production rose to 6.5 million tons between 1991 and
1997 at a growth rate of 5.8% per annum. The stagnant growth rate of
rice production between 1979 to 1991 in Pakistan was largely due to
cultivation with basmati rice, a traditional long duration, low yielding
rice preferred for its aroma and flavor and for export. The overall
production growth rate for Pakistan from 1958 to 1997 was 2% per
annum. The rate of rice production growth increase started later in
Nepa at an initial rate of 0.4% per annum between 1961 and 1973,
after which the production growth increased at 2% per annum to reach
3.6 million tons in 1997 due to the introduction and spread of modern
high yielding varieties (Figure 4E).

Production Trend: Wheat

The wheat production growth rate in South Asia was very rapid at
4.3% between 1967 and 1997 after an initial slow growth rate of 1%
per annum from 1958 and 1967 (Figure 5A). For South Asia, the
overal production growth rate since 1958 was an impressive 5.2% per
annum for registering 90 million tons of wheat production in 1997.
Wheat production has been the highest for India, followed by Paki-
stan, Bangladesh and Nepal. The overall wheat production in India
registered a growth rate of 5.4% after an initial slow growth of 1% per
annum between 1958 and 1967, followed by a rapid growth of 4.4%
between 1967 and 1997 (Figure 5B). The total production in India
reached 70 million tons in 1997. The overall wheat production in
Pakistan was 4.2%, the increase being slow between 1958 and 1966 at
1.4%, thereafter increasing rapidly at 3.6% per annum between 1966
and 1998 (Figure 5C). Total wheat production in Pakistan reached 18
million tonsin 1997.

Production growth rate increased in Nepal at a phenomena 6.1%
per annum from slightly over 0.1 million tons in 1961 to more than 1
million tons in 1997 (Figure 5E). In Bangladesh, wheat production
trend was slow at 0.8% between 1968 and 1974, being stagnant at
around 0.1 million tons (Figure 5D). Thereafter, production increased
at 21.8% between 1974 and 1983 to register more than 1.2 million
tons of wheat. From 1983 to 1992, wheat production in Bangladesh
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FIGURE 5. Wheat production trends in South Asia, 1958-98.
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stagnated with only 0.4% growth rate, but, after 1992, wheat produc-
tion increased again at 11.1% per annum to reach around 2 million
tons. The overall wheat production growth rate for Bangladesh was
10.35% per annum. The slack in the production growth in Bangladesh
between 1983 and 1992 was largely due to the popularity of growing
“Boro’”’ or winter rice, which coincided with the wheat-growing sea-
son. Cultivation of ““Boro’” rice was possible due to development of its
new varieties, and the popularity of shallow tubewell installations,
which alowed winter rice to be grown in adry season through assured
irrigation. After 1992, the wheat production in Bangladesh increased
again for several reasons. First, **Boro” rice required too much water
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on coarser soils, where wheat is preferred. Second, the introduction of
two-wheeled Chinese tractors made it easier to prepare land for wheat
and allowed timelier planting and better yields.

Yield Trend: Rice
Overdl yield growth rate for rice in South Asia was 1.85% per

annum between 1958 and 1997 (Figure 6A). This includes the stag-
nant period from 1958 to 1967, after which yield growth rate regis-

FIGURE 6. Rice yield trends in South Asia, 1958-98.
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tered an increase of 2% per annum. Mean rice yield of 2.8 tons per
hectare in 1997 was double that of the mean rice yields of 1958. The
overal yield growth rate in Pakistan for rice was 1.8% per annum
(Figure 6C). This increase was characterized by a gradual growth of
1.8% between 1958 and 1967, followed by a very rapid growth be-
tween 1967 to 1973 of 6%, decreasing thereafter to 0.56% per annum
between 1973 and 1997 as more land was grown to low yielding
Basmati rice varieties. After an initial stagnating rice yield growth rate
between 1958 and 1967 in India, yield increased at 2.2% per annum to
reach around 2.8 tons per hectare in 1997 (Figure 6B). Though scented
or basmati rice is grown in selected districts of India, its acreage
compared to non-scented high yielding modern varieties is only a
fraction. Therefore, overall yield growth rate for India has been almost
linear at 2% per annum.

The rate of rice yield growth in Nepal hasn't been consistent. The
overall growth rate has been 0.5% between 1958 and 1997; this was
due to a decline in rice yield from 1958 to 1973, followed by an
increase inyield at 1.2% per annum from 1973 and 1997 (Figure 6E).
The fluctuating yield trend for this water-loving rice crop in Nepal isa
reflection of the yearly variation in the onset and duration of monsoon
rains, as assured irrigation sources in Nepal is not as widespread asin
the neighboring countries. In Bangladesh, the rate of rice yield in-
crease has been a steady 1.6% per annum (Figure 6D). The initia
years saw an increase of only 0.7% between 1958 and 1973, followed
by arapid increase of 2% per annum between 1973 and 1997 to alevel
of 2.8 tons per hectare. The latter rapid increase in rice yield can be
attributed to an rapid increase in Boro rice during this period.

Yield Trend: Wheat

The overall wheat yield growth rate in South Asia has been 3.2%
per annum between 1958 and 1997 (Figure 7A). Thisincludes a slow-
er growth of 0.8% between 1958 and 1967 followed by a more rapid
2.8% annual yield growth rate between 1967 and 1997. The average
wheat yield in South Asia was around 2.5 tons per hectare in 1997.
After a stagnant yield growth rate between 1958 and 1967, whest yield
increased at 2.3% in Pakistan from 0.8 tons in 1967 to 2.2 tons per
hectare in 1997 (Figure 7C). Wheat yield increased from 0.8 tons per
hectare in 1958 to 2.8 tons per hectare in 1997 in India (Figure 7B).
The overal wheat yield growth rate in India was 3.3% per annum.
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FIGURE 7. Wheat yield trends in South Asia, 1958-98.
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Initially, from 1958 to 1967, yield growth rate increase was slow at 1%
per annum, but increased rapidly to 3% per annum between 1967 and
1997 in India.

Whest yield growth increase in Nepal fluctuated over the years. The
overall wheat yield increase in Nepal has been 0.8% per annum from
1962 to 1998 (Figure 7E). The average yield in Nepal was around 1.6
tons per hectare in 1998. The yearly fluctuations in wheat yield for
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Nepal isareflection of late planting of wheat over large areas especial-
ly for yearsregistering low yields. Despite an overall yield increase of
3% per annum in Bangladesh between 1958 and 1993, the trend dur-
ing these years has been very inconsistent (Figure 7D). Yield growth
rate was stagnant during 1968 and 1974, increased rapidly between
1974 and 1983 at 6.9% per annum, and then declined almost at a
similar rate of —5.9% between 1983 and 1992.

Unlike the rest of the IGP, total area under irrigated rice in Bangla-
desh increased 100% between 1980 and 1990 due to the popularity of
shallow tube wells. Asaresult of this single factor and the availability
of newer varieties, acreage under winter ““Boro’ rice during the post-
monsoon winter season increased by 87% and spring ““Aus” rice by
51% during this period. These changes in the rice production scenario
in Bangladesh brought about stagnation in the production and yield of
wheat between 1980 and 1990 since “Boro” rice competed with
wheat for land (Bhuiyan et a., 1993; Razzague, Badaruddin and Meiss-
ner, 1995). But between 1992 and 1997, the wheat yield increased at
3.9% per annum to around 2.3 tons per hectare in 1997. This post 1992
surge in wheat production and yield of wheat in Bangladesh was
probably due to faling prices of rice, and more cost of production,
specialy irrigation, of Boro rice. It was aso helped by introduction of
two-wheel Chinese tractors that allowed timelier and easier wheat
planting and higher yields. Thus areas with coarser soils and poor
water retention capacity, which were being cultivated under Boro rice,
were reverted to wheat cultivation (Bhuiyan et al., 1993).

REGIONAL DIAGNOSTIC AND BENCHMARK SURVEYS:
CONSTRAINTS OF THE RICE-WHEAT CROPPING SYSTEM

““Sustainability’” as a research objective is well recognized but its
appropriate quantitative measurements is not well defined given the
vast array in which it can be characterized and assessed (Harrington et
al., 1992). Thetotal production of rice and wheat in the Indo-Gangetic
region has increased steadily in the last two decades. Under this sce-
nario, it is often difficult to produce evidence of stagnating or declin-
ing productivity of the rice-wheat cropping system in the farmer’s
field. For this article, we define production as the total quantity of crop
produce of economic value and productivity as the quantity produced
per unit factor of interest. The unit factor of interest could be unit land



Kataki, Hobbs, and Adhikary 15

area (e.g., yield), or any input. Other factors are also important to be
considered but it is more difficult to document with sufficient accura-
cy the usage of these factors and its quantities in farmer’s field, since
farmers rely on memory, estimation, and experience rather than well-
maintained records in South Asia.

Monitoring agronomic efficiency on a long-term basis within and
between farmer’s field and agro-climatic zones require a lot of re-
sources and long-term commitment is essential. The quality and rec-
ommended quantity of crop inputs, the ease of access to these inputs,
crop management and post-harvest storage and processing, economic
condition of a farm household, market access and incentives, and
prevailing weather conditions form a network of intertwined factors
that determine agronomic efficiency. However, a regional effort be-
tween the national Institutes of the host countries of the IGP and the
International agricultural centers has been to answer the question—s
the productivity of the rice-wheat cropping system stagnating or de-
clining? Answering in the affirmative should be followed by an effort
in understanding the underlying cause of yield stagnation or decline
and searching for remedial solutions. As per the evidence provided in
the subsequent articles, it is clear that within the IGP, solutions to-
wards future yield growth will be eco-regional and site specific.

Three forms of simultaneous activities have been on going to col-
lect evidence from farmer’s field for possible rice and wheat yield
stagnation or decline in the IGP. They include farmer’s field diagnos-
tic and benchmark survey, location specific long-term monitoring (8 to
9 years) surveys and research station managed long-term soil fertility
experiments. This section discusses diagnostic and benchmark sur-
veys. Data compilation from long-term monitoring surveys is not
complete, and long-term soil fertility experiments suggests that there
is evidence for rice and wheat yield decline.

Farmers field diagnostic and long-term monitoring surveysin rice-
wheat growing areas of the region were proposed as one way to
measure the sustainability and productivity of the rice-wheat cropping
system of the IGP (Harrington et al., 1992; Harrington et al., 1993a).
In the last decade, several one-time diagnostic and benchmark surveys
have been conducted in the Indo-Gangetic region, collecting either
qualitative, semi-quantitative or a combination of both forms of data.
Since the diagnostic surveys were conducted in different locations,
years and crop seasons, and at one time only, it is difficult to combine
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information from these surveys to analyze multi-locational trends of
riceewheat in farmer’s field over time. However, these surveys are a
major source of information about the constraints and practices of
riceewheat as it exists in the farmer’s field and is therefore very valu-
able.

This section summarizes information (Table 1) from 15 diagnostic
surveys (Ahmed et a., 1993; Baksh and Razzaque, 1999; Byerlee et
al., 1984; Fujisaka et al., 1994; Gami et a., 1997; Harrington et al.,
1993a; Harrington et al., 1993b; Harrington et a., 1993c; Hobbs et al.,
1990; Hobbs et al., 1992; Meisner, 1992; Meisner, 1996; Saunders,
1990; Saunders, 1991; and Singh et a., 1996), and three benchmark
surveys (Adhikari et a., 1999; Dhiman et al., 1999; and Hobbs et al.,
1996) conducted in this region on rice-wheat in the last 10 years.
Multidisciplinary teams of scientists conducted the diagnostic surveys
using informal and semi-formal rapid rural appraisal approaches. The
surveys lasted from 1 to 2 weeks and featured informal but structured

TABLE 1. List of problems for rice-wheat cropping systems in the Indo-Ganget-
ic Plains based on 15 diagnostic surveys.

Wheat

e Late planting

¢ Inadequate plant stand

¢ Weed problems, especially grassy weeds

e Early season waterlogging

¢ Nutrient deficiencies, both macro- and micro-nutrients
¢ Late season moisture stress and water management
e \Various leaf diseases

e Varietal problems

Rice

¢ Pests and disease

¢ Mid-season and late season water stress and water management
¢ Nutrient deficiencies

¢ Weeds for direct seeded rice
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farmer interviews and covered farmers practices and knowledge on
land types, cropping systems and crops, management, production,
field observations and problem identification. Teams met in the after-
noon to discuss findings and develop problem and cause diagrams
before planning the next day’s activity. Most problems were identified
by farmers and researchers and prioritized using simple scoring meth-
ods. Opportunities for research and extension interventions were iden-
tified. A systems rather than a single commodity analysis was done.
The three-benchmark surveys were conducted at sites that were cho-
sen for longer term monitoring farmer practices. These surveys pro-
vide a detailed description of farms and farmer practices in selected
rice-wheat fields.

Characteristics of the Rice-Wheat System

Rice is grown in the Indo-Gangetic Plains in areas with as little as
120 mm rain to areas with more than 1800 mm. Rice is grown in some
areas with full irrigation and others with supplemental or just as a
rainfed crop. The sameis the case for wheat athough in the rice-wheat
system the majority of fields of wheat get at least oneinitial irrigation.
Drought is therefore an issue in the rice-wheat system where lack of
rain can affect the start on the rice season and the yield of the subse-
quent crops. This can lead to delays in rice planting, but where irriga-
tion isavailable rice planting can start as early as May (Punjab, India).

Soils and hydrological situations differ throughout the IGP. On the
lower terraces with heavier, poorly drained soils wheat is less suited
whereas on higher terraces with coarser soils and good drainage, rice
is less suitable. In the Eastern IGP two or three rice crops may be
grown instead of rice-wheat on the lower terraces. Whest is then found
on higher terraces where there is better drainage and better soils. On
coarser textured soils in the Western IGP rice is grown with irrigation
and wheat follows rice.

In the rice-wheat systems, rice and wheat are not the only crops
grown. Rotations include many substitute crops for wheat in the win-
ter season including oilseeds (brassica, flax, sunflower, etc.), pulses
(gram and lentil) and fodders (berseem clover, maize, etc.). In some
rainfed areas mixtures of oilseeds and legumes are grown with wheat
and in some irrigated areas brassica is commonly mixed with wheat.
In some areas, sugarcane is grown in rotation with rice and wheat.
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Otherwise there are not many alternatives for rice in the wet monsoon
period, except some fodder crops, athough in Bangladesh jute can
substitute for rice. In the western reaches of the IGP only one crop of
rice and one of wheat is possible in a year, but in eastern areas,
temperatures are higher and growth duration less and two rice crops
and one wheat crop is possible. Or in lower lying areas two or three
rice crops are grown in ayear.

Rice in the rice-wheat system is normally seeded in late May and
June and transplanted in late June through July. Harvest can be as
early as October and continue through November, especialy where
photosensitive local or quality rice is grown (e.g., Basmati rice).
Wheat can be planted as early as late October, is best planted in
mid-November and can be planted late in December or even January.
Harvest startsin March in the east and continuesinto May in the west.

The most common problems identified from the various diagnostic
surveys are listed in Table 1. Each of these will be discussed in the
following text with some researchable issues and solutions suggested.
Some are simply issues for the single commodity programs and are
presently being researched. Others have a systems perspective and
these will be highlighted here.

One of the magjor problems of this system is the completely different
way that rice and wheat soils are managed. Transplanting rice seed-
lings into puddled soils is the traditional way to grow rice in this
region (soils plowed when wet). There is some dry seeded, non-
puddled rice but thisis mainly found in rainfed areas. The puddling is
done to restrict water percolation and losses and through the water
better control the weeds. This is optimal for rice, but does create
problems for the following wheat crop that are planted into physically
degraded, puddled rice soils. The repeated cycle of wet puddling soils
for transplanted rice over many years has led to several problems.
These include the deterioration of soil physical structure, formation of
a hard pan at a shallow depth, poor infiltration and waterlogging and
poor rooting. It is also one of the main causes for late planting of
wheat since farmers need to plow their fields many times to get a good
seedbed for planting wheat. The lack of soil physical structure pro-
duces a cloddy structure when medium to heavy puddled soils is
plowed. This excessive tillage and poor soil structure also creates a
problem during the first irrigation. Water stands in the plot due to poor
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infiltration, oxygen stress occurs and wheat plants turns yellow and
are stunted and set back in growth.

One solution to this problem is zero-tillage. This is described in
another chapter. In this system, wheat is planted into the rice stubble
with minimum disturbance. This can be done from merely broadcast-
ing the seed on the surface to use of planting equipment designed to
place seed in the soil without tillage. Results are impressive and farm-
ers who adopt this technology are describing awhole array of benefits.
These range from cost and fuel saving, to better yield, no yellowing
after irrigation, less weeds, less water needed and less lodging. There
are al'so many environmental benefits including less carbon emissions
and less globa warming, less herbicide and water use. This solution
overcomes the problem of late planting and poor plant stands.

Another research tact is to do away with puddling in soils where
this is not needed (heavy, poor draining low land and salt affected
soils). Weeds become amajor issue in this case and weed strategies are
needed to overcome this new problem. Use of integrated weed man-
agement is a key to solve this problem. Without puddling, soil physi-
cal poperties are improved and the subsequent wheat crop, especially
with zero-till is much better.

Nutrient imbalance and mining by rice and wheat has led to prob-
lems in some areas. Both these cereal crops are heavy users of nutri-
ents. In many areas, most of the crop residues are removed for animal
or fuel use, especialy in the east. Nitrogen and phosphorus are two of
the most important macro-nutrients that become limiting in the rice-
wheat system. Of course application of fertilizer, either organic or
inorganic or a combination of the two can overcome this problem.
Potassium is also starting to become limiting in some rice-wheat areas.
This element is usually present in adequate amounts in the IGP soils,
but because many farmers remove the entire residue and don’t apply
potassium, this imbalance is leading to deficiency. Zinc, boron, man-
ganese are micronutrient problems in some areas. Boron leads to
sterility in wheat and zinc is essential for rice yield in some areas,
especially where there are alkaline soils. Soil organic matter declines
have been suggested as a problem with the rice-wheat system. The use
of organic fertilizers in combination with inorganic ones shows better
results. However, organic manures are in short supply since they are
needed for fuel purposes and it is costly to transport to the fields.
Some long-term experiment results also indicate that organic matter
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can increase or stabilize over time in this system (Duxbury et al.,
2000).

Solutions to this nutrient problem are found in finding ways to more
efficiently utilize applied nutrients. This is also covered in another
chapter. Essentially a system is needed to maintain a balance between
what is supplied and what is removed. Studies are underway to deter-
mine the nutrient supplying capacity of individual soils. Based on this
a recommendation can be calculated on how much external nutrients
are needed to meet a certain yield level without causing a soil imbal-
ance.

Continuous rice-wheat has led to buildups of pest and diseases of
rice and wheat. One of the best examples of this is the spread of the
grassy weed, Phalaris minor. This is a major problem in NW India,
where this weed has devel oped resistance to the commonly used her-
bicide, Isoproturon™ . Use of new reduced tillage options can help
since the soil is not disturbed and weeds germinate less. Also through
timely planting, the wheat can emerge and then shade out the later
planted weed plants. Use of bed planting can be used to reduce the
weed population while reducing herbicide use. New herbicides are
also available, but their cost is high and they are also susceptible to
herbicide resistant weeds. Rotations with other crops are also a viable
integrated strategy to adopt in rice-wheat systems. Stemborer issuesin
zero-tillage wheat have been raised as a possible problem if these new
technologies are adopted. This is being closely monitored but initial
data indicates this is less of a problem than anticipated. In fact in
zero-tillage where the residues are left on the surface and not buried,
beneficia insects have a better habitat and survive to reduce this insect
problem. The occurrence of diseases that carryover from rice to wheat
and are perpetuated by the system are less than anticipated although
they are being monitored, both foliar and soil pathogens.

Issues of water management figure high in this system. Many farm-
ers list water stress as an issue. Water pricing policy is to blame in
some areas, since the incorrect policy can lead to misuse of this natural
resource. In many areas of NW India and Pakistan water tables are
declining rapidly as more water is removed than replaced. This is
obviously not a sustainable situation. In other areas water tables are
rising and leading to waterlogging or salinity/sodicity. Sound water
use policies and good water management strategies are needed. Wa-
tershed water balance studies are needed at the macro-level. At the
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field level, zero-tillage, bed planting, laser leveling and dry seeded
rice are being monitored as ways to improve water use efficiency.

Varietal use is another problem in the rice-wheat system. This is
especially a problem in areas where late maturing rice varieties are
grown. Basmati rice is high quality scented rice grown in NW India
and Pakistan (80% in Punjab Pakistan). It matures in November and
therefore interferes with timely wheat planting. Researchers are work-
ing to find shorter duration Basmati rice varieties but at the moment
farmers must reduce turnaround time using reduced tillage techniques
to overcome this problem.

In India, in addition to the agronomic reasons, the yearly declara-
tion of aremunerative support purchase price for rice and wheat by the
government has helped the rice-wheat rotation to spread from west to
east. This spread has happened in many statesin India by displacing a
Sizeable area under legumes and other less productive crops, e.g.,
oilseeds and millets. Obviously policy is a major issue in rice-wheat
systems.

A magjority of the farmers save their own seeds for planting the
following year. Farmers cite this as a factor that limits optimum plant
population. Thisis more of a problem for wheat because wheat seeds
need to be stored through the hot and humid summer months and then
directly seeded at the time of planting. Rice seeds are stored through
the cooler and less humid winter months and secondly, only germi-
nated and healthy rice seedlings are transplanted, therefore, rice seed
quality for transplanted rice is less of a concern than wheat seed
quality.

Itisironic that in aregion that supports more than a billion people,
labor shortages during the major cultural operations, i.e., at planting,
harvesting and threshing is increasing. Renting of farm equipmentsin
the northwestern IGP and the adoption of small-scale mechanization
in the eastern IGP is increasing. In the northwestern IGP, renting of
tractors for land preparation, and combine harvesters for harvesting
rice and wheat is common. The use of locally manufactured threshers
for wheat and rice is more common in the western IGP compared to
the eastern IGP. It is envisaged that with the introduction and spread of
two-wheeled hand operated tractors in the eastern IGP for the major
cultural operations, labor shortages will be overcome to some extent.
Though substantial improvements have been made in the availability
of credit for farmers, farmers till cite the easy and timely access to
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credit and effective marketing of their produce asamajor limitation in
their overall farming needs.

PRODUCTIVITY OF THE RICE-WHEAT CROPPING SYSTEM

The total production of rice and wheat in South Asia has been
increasing on ayearly basis, but there are concerns that the productiv-
ity of this system is either stagnating or declining. Productivity trend
analysis can be done on a regional scale based on published govern-
ment statistics, at the farm level to understand changesin farmers field
through long-term farm monitoring, or on research stations based on
the data of long-term experiments. This section summarizes results
from reports of productivity analysis done on data reported in govern-
ment publications (Chand, 1999; Chand and Haque, 1998; Hobbs and
Morris, 1996; Indian Council of Agricultural Research, 1998; Kumar
et al., 1998).

Changesin theyield trend of acropping system should be studied in
terms of the inputs used, to make a realistic assessment of the produc-
tivity of a cropping system. Few total (TFP) and partial factor produc-
tivity (PFP) analyses have been done for the rice-wheat cropping
system of South Asiaas a measure of sustainability. A positivetrend in
the factor productivity over several years of a cropping system would
indicate increases in the quantity and quality of input used, and favor-
able changes in the technological, physical and economic environment
(Harrington et al., 1992). Hobbs and Morris (1996) have appropriately
summarized the factor productivity studies done on rice-wheat crop-
ping system prior to 1996. The few TFP studies on rice-wheat crop-
ping system indicate a declining or a negative productivity for the
system (Ali and Velasco, 1994; Cassman and Pingali, 1995) due to
deterioration of resources, and changes in the physical and chemical
properties of the soil thereby reducing nitrogen-supply capacity of the
soil. PFP studies also indicate a decline in the productivity of the
rice-wheat system (Byerlee and Siddique, 1994; Kumar and Rose-
grant, 1994). The TFP analyses done by Kumar et al. (1998) shows a
declining productivity in the IGP region of India. The authors argue
that the yield growth has been more input based, and higher growth in
yield and production in the IGP is only possible through better man-
agement of existing soil and water resources. Pingali and Heisey
(1999) have also made similar conclusions during their analyses of
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cereal crop productivity of developing countries. Therefore, in inten-
sively cultivated areas where two or more cereal crops are grown in a
rotation, there is evidence of finite resource base limiting productivity
growth (Pingali and Heisey, 1999), and its growth can only be sus-
tained by conserving the natural resource base, increasing input use
efficiency, and by increasing the investments in agricultural research
and education.

CONCLUSIONS

To conclude, the rice-wheat systems are here to stay. They are a
major source of cereal food production in the region and it will be
difficult to replace them. Farmersfind very few substitutes for rice and
wheat that provide similar low risk and profit. Research has to find
ways of sustaining this system and making it more efficient and profit-
able. Continued growth in rice and wheat areais very unlikely sincein
the future there will be more competition for domestic and industrial
uses. This leaves just yield growth available to increase production
growth. The use of cost reducing, more efficient systems will be
required if agriculture in the region is to keep pace with population
demand and food security is to be maintained.
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Long-Term Yield Trends
in the Rice-Wheat Cropping System:
Results from Experiments
and Northwest India

J. M. Duxbury

SUMMARY. Recent reports have questioned the long-term sustain-
ability of the rice-wheat cropping system. Evaluation of yield trendsin
fifteen long-term rice-wheat experiments found that rice yields usually
declined with time but that wheat yields were more stable. Nutrient
response curves indicated that insufficient N was added to achieve
maximum yield in some experiments, suggesting that crop lodging
prevent genetic yield potential from being reached. Substantial de-
creases in response of rice to N were observed in some experiments,
indicating constraints to productivity other than N supply. Organic in-
puts used in integrated nutrient management strategies generally substi-
tuted for fertilizer nutrients but occasionally increased yield potential.
Neither organic inputs nor increased soil organic matter contents mark-
edly affected the sustainability of the rice-wheat system. Wheat yields
in the northwest Indian States of Haryana and Punjab increased linearly
between 1965 and 1998 and are the major reason for increased wheat
production in these States. In contrast, rice yields follow a curvilinear
pattern, have stagnated in many districts, and are showing signs of
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possible decline. Increased area in production has been the major factor
behind increased production of rice in Punjab State since about 1975.
[Article copies available for a fee from The Haworth Document Delivery
Service: 1-800-342-9678. E-mail address. < getinfo@haworthpressinc.com>
Website: <http://mmww.HaworthPress.com> © 2001 by The Haworth Press, Inc.
All rights reserved.]

KEYWORDS. Crop productivity trends, integrated nutrient manage-
ment, nutrient responses, yield sustainability

INTRODUCTION

Suggestions of stagnating productivity in the rice-wheat rotation
of South Asian countries, declining yields in rice-wheat experiments
and declining factor productivity have raised questions about the sus-
tainability of this cropping system (Hobbs and Morris, 1996). Yield
trends of rice and wheat in fifteen long-term soil fertility manage-
ment experiments in India and Nepal that had been carried out for
eight years or longer are analyzed in this paper. The experiments are
spread across the Indo-Gangetic plain (Figure 1) and include soil
typesranging in texture from sandy loam to clay loam (Table 1). Two
sites in Haryana, India had alkali soils that were ameliorated with
gypsum additions.

The contribution of macronutrient nutrition to observed yield trends
is evaluated through nutrient response curves. The effects of organic
inputs on system productivity and sustainability are assessed in exper-
iments that include integrated nutrient management treatments, and
using data from the All India Coordinated Research Project on crop-
ping systems. Results from the experiments are compared with pro-
ductivity trends in Haryana and Punjab, two States in northwest India
with the highest system yields.

CROP YIELD TRENDS IN LONG-TERM EXPERIMENTS

Data were taken from publications on long-term rice-wheat experi-
mentsin India (Abrol et a., 2000; Yadav et al., 1998) and Nepal (Nepal
Agricultural Research Council, 1998). Evaluation of yield trends in
long-term experiments is complicated by considerable year to year
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FIGURE 1. Locations of long-term rice-wheat experiments.
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TABLE 1. Site-author key and selected soil properties.

Soil Properties

% 0.C.3
Site Author(s) Paper Sourcel pH2 Texture Classification
| F

India
Ludhiana Singh, Yd. etal. A 7.6 loamy sand 0.36 - Typic Ustochrept
Karnal Chabbra & Thakur A 10.3t0 8.5 loam - - Aquic Natrustalf
Karnal Singh & Swarup A 9.2t08.2 sandy clay loam 0.3 - Agquic Natrustalf
Pantnagar Singh, Y. etal. A 7.0 sandy loam 0.99 0.77 Fluventic Haplaquoll
Pantnagar Ram A 7.3 silty clay loam 1.48 0.84 Aquic Hapludoll
Masodha Yadav R.L. et al. Ref. list 7.7 silt loam 0.45 0.65 Inceptisol
Jabalpur Singh and Khan A 7.3 silty clay loam 0.22 - -
Samastipur Sakal A 8.8 - 0.45 - Entisol
Mohanpur Kundu & Samui A 7.2 sandy loam 0.85 0.72 -
Barrackpore Saha et al. A 7.1 sandy loam 0.45 0.41 Euotrochrept

Nepal
Nepalgunj Bhattarai & Mishra B 6.5 silt loam 0.44 0.78 Inceptisol
Bhairahawa Regni et al. B 8.0 silt loam 1.03 - Typic Haplaquept
Parwanipur Gami & Sah B 7.0 silt loam - 0.67 Inceptisol
Tarahara Yaday, C.R. et al. B 6.9 loam - - Inceptisol

1 A'is for papers published in Abrol et al., 2000; and B is for papers published in Nepal Agricultural Research Council, 1998.
2 Values are for baseline soils; where two values are given they represent the baseline and after amelioration with gypsum.

3] and F are initial and final values, respectively. Final values are for recommended NPK treatment.
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fluctuations in crop yields. Causes for this temporal variability include
differences in planting date, weather and pressures from pests and
diseases. Cultivars were also changed in many of the experiments but
it is assumed that the best available germplasm was always used; that
is yields would have been lower had the original cultivars been used
throughout the experiments. In order to improve assessment of tempo-
ral trends yield data were smoothed by plotting as a 3-year moving
average. The one exception to this is an experiment in West Bengal
(Sahaet al., 2000) where 5-year means were used.

Figures 2 and 3 show temporal trendsin crop yields for the highest
yielding treatment in each experiment regardless of nutrient sources.
In all experiments, one combination of treatments gave the best yields
for both rice and wheat. The linear regression model described the
yield trends of rice and wheat reasonably well, except for the experi-
ment at Bhairahawa, Nepal where complex yield patterns were ob-
served for the two rice cropsin the triple crop rice-rice-whest rotation.
However, use of the linear regression model is not meant to imply that
yields will either rise indefinitely or drop to zero. Clearly yield ceil-
ings will be reached whereyields are rising and alow level of produc-
tion can probably be maintained at many sites without fertilizer inputs.

Yields of rough rice declined over time in eight of fourteen experi-
ments (excluding Bhairahawa data), were relatively stable in four
experiments, and showed a modest increase in two experiments. In
contrast, yields of wheat were more stable over time. Clear declinesin
yield were observed in only four of the fifteen experiments. Yields
were stable in seven experiments and increased in four experiments.
Wheat yields were generally lower than rice yields at the beginning of
the experiments but were comparable at the end of the experiments,
mainly due to declines in rice productivity. Rice-wheat system yield
trends were dominated by the trend in rice yields, declining in eight
experiments and increasing in two experiments.

The rates of yield change obtained from the linear regression mod-
els ranged from []0.48 to +0.16 t/halyr for rice, from [J0.09 to +0.12
t/halyr for wheat and from [0.56 to +0.18 t/halyr for the rice-wheat
system (Figure 4). Similar yield trends, namely decreasing rice yields
with stable or increasing wheat yields, have been reported for three
other long-term experimentsin India not included in the current analy-
sis (Nambiar, 1994) and these data are a'so shown in Figure 4. Yield
changes were independent of initial yields which ranged from 3.1 to
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FIGURE 2. Yield trends for highest yielding treatment (shown at bottom of each
panel) in long-term rice-wheat experiments in India. Data are 3-yr moving
average, except for Saha et al. where 5-year averages are used.
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8.5 t/ha for rice, from 1.9 to 4.7 t/ha for wheat and from 5.1 to 13.3
t/hafor the rice-wheat system (average of first three years). The varia-
tion in initial yields most probably reflects a combination of differ-
ences in site fertility, biotic stresses and crop yield potentials. It is
surprising that rice yields are less stable than wheat yields because the
paddy environment is considered to be optimal for rice and leads to a
poor soil physical condition for growth of wheat, especially in heavier
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FIGURE 3. Yield trends for highest yielding treatment (shown at bottom of each
panel) in long-term rice-wheat experiments in Nepal. Data are 3-yr moving
average.

8
Bhattarai & Mishra—Nepalgunj Gami & Sah—Parwanipur
61 = = Rice ® \Wheat
12=0.02
" . . "ul | r2z051 =
4 o bl | ]
o®®%e u .o LIPS
L ® - Ll
2 e r2=0.01 10tFYM plus NSO R 12 = 0.42
© N100; P13; K25 each crop N100; P13; K25 W )
T T T T T
S 0 5 10 15 20 5 10 15 20
a)
o 8
= Regmi et al.—Rupandehi Yadav et al.—-Tarahara
6l O second rice 3

Al . | moye nm L 12=061
... Y

2r ¢ | N100;P13;K25R  12=051
10t FYM each crop  12=0.71 N100; P17; K25 W
T T T . ‘ T
0 5 10 15 20 O 5 10 15 20

TIME-years

FIGURE 4. Relationship between initial crop yield and average yearly yield
change for long-term rice-wheat experiments.
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textured soils. Although wheat yields are more stable, they probably
are still lower than potential yields.

Temporal changes in rice and wheat yields without nutrient inputs
are summarized in Figure 5. Initial yields for rice ranged from 1.6 to
5.8 t/ha, indicating that soil fertility levels and/or other constraints to
crop productivity varied considerably across sites at the beginning of
the experiments. With two exceptions (Yadav C. R. et al., 1999; Prasad
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FIGURE 5. Average yields of rice and wheat without fertilizer addition for the
initial and final three years of the long-term rice-wheat experiments.

104 Rice Wheat
1 W Initial
87 Final
"
8
k)
9]
Qo
£
=3
z
— R
0-1 1-2 23 34 45 56
Yield-t/ha

and Sinha, 2000), the final yields of rice were much lower, ranging
from 0 to 2.7 t/ha. The mean yield of rice dropped from 2.8 to 1.6 t/ha,
a 45% decrease. Wheat yields were again more stable and lower than
rice yields. Initial yields ranged from 0.7 to 2.0 t/ha and fina yields
ranged from 0.2 to 1.6 t/ha. The mean yield for wheat dropped from
1.2 t0 0.9 t/ha, a 21% decrease. The most dramatic change occurred at
Bhairahawa, in the Nepal terai, where severe P deficiency caused
yieldsto drop to zero for rice and to 0.2 t/ha for wheat.

Crop Yield Response to Nutrient I nputs

Decreases in rice and wheat yields over time are expected in unfer-
tilized treatments as nutrient deficiencies intensify due to crop remov-
a of nutrients without replenishment. Similarly, if soil fertility is not
maintained with intensive cropping, nutrient inputs needed to sustain
high crop yields will aso eventually increase. This scenario may apply
to these long-term experiments because nutrient inputs were held
constant over time. Yield response patterns to macronutrient inputs
provide a means of evaluating whether deficiencies of these nutrients
are the cause of yield declines.

Crop yield response patterns to nitrogen inputs for the initial and
final phases of the eleven experiments where treatment combinations
allow this assessment are shown in Figure 6. Data were averaged for
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FIGURE 6. Crop yield responses to nitrogen inputs for the initial and final three
years of long-term rice-wheat experiments.
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order to provide the most representative picture. In five of the eleven
experiments (Saha et al., 2000; Ram, 2000; Singh, Y. et a., 2000;

Singh and Khan, 2000; and Yadav, R.L. et a., 1998) the yield response
has been isolated to a response to N by using data from treatments
where P and K were demonstrated not to be limiting yields. Responses
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to P and K were observed for both rice and wheat in the experiment of
Gami and Sah and for wheat in the experiments of Yadav, C.R. et al.,
1999 and Bhattarai and Mishra, 1999, and consequently it is uncertain
that inputs of these nutrients were optimal. Treatments in three experi-
ments (Sakal, 2000; Kundu and Samui, 2000; and Prasad and Sinha,
2000) were based on increasing additions of N, P and K so that
responses cannot be definitively associated with particular nutrients.

In the initial three years of the experiments, ayield plateau for rice
is approached in only six of the eleven experiments (Saha et a., 2000;
Ram, 2000; Singh, Y. et a., 2000; Prasad and Sinha, 2000; Yadav,
R.L. et a., 1998; and Yadav, C.R. et a., 1999). In the remaining
experiments, the response patterns clearly show that insufficient nutri-
ents were added to reach maximum yield. The choice not to use higher
N inputs may well reflect researcher knowledge that lodging of the
crop, rather than genetic potential, becomes the yield-limiting factor at
higher N levels. Yields without N input were generaly higher at the
beginning than at the end of the experiments and consequently yield
response curves for the initial and final phases of the experiments are
separated. The classical result that higher N inputs were needed to
sustain productivity is evident for three experiments where yields
were relatively stable over time (Saha et al., 2000; Yadav, R.L. et d.,
1998, and Singh, Y. et d., 2000). The response to nutrient inputs actual -
ly improved in two experiments where yield was relatively stable
(Bhattarai and Mishra, 1999) or increased over time (Prasad and Sin-
ha, 2000). However, in four experiments where rice yields declined
over time (Ram, 2000; Singh and Khan, 2000; Sakal, 2000; and Ya-
dav, C.R. et a., 1999), the yield plateau has shifted substantially
downwards, indicating the development of a maor constraint(s) to
crop productivity that is not factored into the experimental design.
This constraint(s) could be a nutrient other than N (and most likely
also P or K) or some non-nutrient factor(s) such as the build up of root
pathogens.

A similar drop inriceyield without N input and shiftsin N response
curves have been reported for the long-term, continuous double and
triple cropped rice experiments at IRRI (Cassman et al., 1996). How-
ever, there are important differences between continuous rice experi-
ments and rice-wheat system experiments. At IRRI, soil N levels did
not change over time but N availability decreased considerably. This
result is explained by changes in the organic forms of N; creation of
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heterocyclic N compounds through the reaction of phenols with am-
monium or amino-containing organics under the more continuous an-
aerobic environment created in double and triple cropped rice systems
(Olk et al., 1998; Olk, Brunetti and Senesi, 1999). The drop in N
availability in the rice-wheat system is caused by the commonly ob-
served decline in soil organic carbon and nitrogen levels with cultiva-
tion of soils (see following section). Presumably, any stabilization of
N during the flooded rice phase is reversed during the wheat phase so
that soil organic carbon and nitrogen levels in rice-wheat systems are
similar to those in upland cropping systems.

In contrast to rice, wheat yields in control treatments were un-
changed over time in eight of the eleven experiments. Yield response
curves in the initia and final phases were essentially identical in five
of these eight experiments (Saha et al., 2000; Ram, 2000; Kundu and
Samui, 2000; Prasad and Sinha, 2000; and Bhattarai and Mishra,
1999). In two experiments (Singh, Y. et a., 2000; and Singh and
Khan, 2000), there was a greater response to nutrient additions and
higher yields (increase of 0.6 and 1 t/ha, respectively) in the last three
years of the experiment. Higher N input was needed to sustain yield in
only one experiment (Gami and Sah, 1999). The yield plateau was
shifted downwards in three experiments (Sakal, 2000; Yadav, R.L. et
a., 1998; and Yadav, C.R. et a., 1999) and yield trends are also
downwards in these experiments. Similar to the result with rice, the
response of wheat to nutrient inputs was linear in the experiment of
Kundu and Samui, 2000, indicating a need for higher nutrient inputs.

Overall, yield response patterns are consistent with the yield trend
data and again show that rice is the more vulnerable crop in the
rice-wheat rotation. The hypothesis that greater inputs of N, P and K
would sustain crop yields as these long-term experiments progressed
is supported in only three cases for rice (al requiring greater N inputs)
and only one case for wheat. Yield response to N consistently dropped
in those experiments where rice and wheat yields declined over time
indicating the development of some other constraint. Although re-
sponse to P inputs was not determined in al experiments, Olsen P
values were above the critical level in all experiments so it is unlikely
that P deficiency was a causal factor. Deficiency of K could be a
contributing factor in some experiments and it is noteworthy that
responses to K are increasingly being observed on farms in the Tera
of Nepal (J. Tripathi and S.K. Gami, personal communication). How-
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ever, other nutrient deficiencies, such as S and micronutrients may be
limiting the response to macronutrient inputs. The possibility that
non-nutrient factors could be constraining productivity also warrants
serious consideration.

Effects of Organic Inputson Crop Yields

Organic inputs were used in eight of the fifteen long-term experi-
ments. Sesbania aculeata was grown as a legume green manure
(LGM) between wheat and rice in two (Singh, Yd. et a., 2000; and
Kundu and Samui, 2000) of the eleven experiments in India. Six
experiments included a farmyard manure (FYM) treatment; two in
India (Ram, 2000; and Prasad and Sinha, 2000) and all four in Nepal.
Three experiments included residue management variables; two in
India (Singh, Yd. et a., 2000; and Prasad and Sinha, 2000) and onein
Nepa (Gami and Sah, 1999). The best yields of rice and wheat were
obtained with an organic input in six of the eight experiments where
organic inputs were used (Figures 2 and 3), indicating that these mate-
rials play an important role in maximizing crop yields in the rice-
wheat system.

In the majority of the experiments, LGMs and FYM were added as
substitutes for commercial fertilizersin an integrated inorganic-organ-
ic nutrient management approach rather than in addition to fertilizer
inputs. Crop yield response to organic inputs over and above response
to fertilizer alone could only be assessed in three of the experiments.
In one of these (Prasad and Sinha, 2000) both FYM and crop residue
additions substantially increased yields of rice and wheat, with the
combination of the two being the most effective (Figure 7a). At the
highest fertilizer input level, the organic additions increased the yield
of rice by 1.1 t/ha (35%) and the yield of wheat by 0.74 t/ha (24%).
The response curves show that addition of the organic materials raised
the yield plateau for both crops and that the yield increases were not
simply due to increased N addition. The organic additions may have
corrected an unrecognized nutrient deficiency, may have promoted an
indirect effect of nutrient addition such as the effect of K on increasing
resistance to lodging, or may have had some effect unrelated to nutri-
ents such as control of soil borne pathogens. Additions of FYM had
small, if any, effects on rice and wheat yields in the other two experi-
ments (Ram, 2000; and Saha et a., 2000) (Figure 7b and c).

Results from twelve rice-wheat experiments carried out for six to
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ten years under the All-India Coordinated Research Project on crop-
ping systems have been summarized by Hegde (1998a and b). The
effects of supplying half of the recommended N for rice through
fertilizer and half through FYM, wheat straw or Sesbania green ma-
nure, while maintaining recommended NPK additions to wheat, on
rice and wheat yields are presented in Table 2. The yield data are the
average of al years from all twelve sites, representing a total of 95
crops for both rice and wheat. Only small, and not always positive,
effects of the integrated nutrient management approach were ob-
served. Supplying half of the N through straw gave consistently lower
yields than the NPK treatment. However, ssmply comparing treatment

FIGURE 7. Effects of organic inputs on crop yields: (a) Prasad and Sinha;
(b) Ram; and (c) Saha et al.
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TABLE 2. Impacts of integrated nutrient management on mean crop Yyields for
95 crop years in All-India rice-wheat experiments.

Mean Crop Yield? (t/ha)

Treatment
Rice (R) Wheat (W) R+W
100% NPK 4.27 3.30 7.57
50% NPK + 50% N from FYM 3.97 3.41 7.38
50% NPK + 50% N from LGM 414 3.27 7.41
50% NPK + 50% N from straw 3.82 3.15 6.97

1 Adapted from Hedge, D.M., 1998a and 1998b
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means may obscure important temporal patterns in yield. Indeed,
yields with organic inputs were lower than those from the NPK treat-
ment initially but became equal to, or higher than, those achieved with
NPK later on at Sabour, Bihar (Raman et a., 1996) and Faizabad,
Uttar Pradesh (Alok and Yadav, 1995). Temporal data were not avail-
able from the other sites but the importance of evaluating temporal
trends in order to properly assess then impact of organic inputs and/or
the integrated nutrient management approach is clear.

A review by Lauren et a. (1998) of the numerous studies with
LGMs in rice-wheat systems documents the substantial direct N sub-
stitution benefits of LGMsto rice and small, if any, residual effects on
wheat. The authors also point out that experiments designed to deter-
mine benefits of LGMs beyond N supply, such as those listed above,
are needed to better define their value.

A major constraint with almost all of the experiments with organic
inputs is that neither nutrient content nor nutrient availability in the
material (s) was measured. Input rates are most often based on results
of generalized analyses. This approach is weak at best for crop resi-
dues and is unacceptable for FYM, which can vary considerably in
quality.

Some interesting recent results that merit further study are:

e Combining different quality organic materials, typicaly LGMs
with straw, together with inorganic fertilizer has been shown to
be more effective than using the organic materials singly (Jha,
Roy and Singh, 1992), possibly because of better synchrony be-
tween N supply and crop growth (Vikas, Kaur and Gupta, 1998).

e Application of ““effective microorganisms” (a mixture includ-
ing lactic acid bacteria, yeasts, actinomycetes and photosynthetic
bacteria) together with NPK fertilizer, LGM or FYM increased
crop yields and nutrient removal compared to treatment without
the microorganisms (Tahir et al., 1999). Similar effects have been
observed by adding cyanobacteria (Singh, Prasad and Sinha,
1997).

e Adding rice straw (5 t/ha) as a mulch to wheat in Himachal Pra-
desh gave yields comparable to FYM addition and higher than
NPK (Verma and Sharma, 2000). Further, an increasing yield
trend was found for mulch and FYM treatments, whereas yields
declined with fertilizer alone. After 5 years, wheat yield in the
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fertilizer plus mulch treatment was 3.6 t/ha compared to 2.4 t/ha
with fertilizer alone. In contrast to the mulch treatment, straw in-
corporation showed the classical N immobilization depression of
wheat yields in the first three years of the experiment, but yields
were comparable to or higher than the no straw treatment thereaf-
ter. The straw incorporation plus FYM treatment tended to give
the highest yields of both rice and wheat, suggesting that straw
addition contributed to nutrient supply after the initia years
where its addition caused net immobilization of N. This result
contrasts with an earlier eleven year study in the Indian Punjab
where straw incorporation depressed yields of both rice and
wheat (Beri et a., 1995).

Effects of Organic I nputs on the Sustainability of Crop Yields

The effects of organic inputs on the sustainability of rice and wheat
productivity can be assessed by comparing the average yearly yield
change for treatments with and without organic additions. The paired
points in Figure 8 represent the latter combinations using mean yield
data. In all cases the higher yield is associated with organic additions.
If productivity were more sustainable with organic additions the year-
ly yield change would be less negative (or more positive if yield
increases were found) than without organic additions, i.e., the upper
point of each pair would be to the right of the lower point. However,
no consistent effect of organic additions on yield change is found for

FIGURE 8. Effects of organic inputs on sustainability of crop yields: (a) Ram;
(b) Singh, Yd. et al; (c) Kundu and Samui; (d) Prasad and Sinha; and (e) Gami
and Sah. Paired points represent [] organic inputs for a given experiment and
the higher yield value is always + organic inputs.
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either rice or wheat. While organic additions increased crop productiv-
ity in these experiments, there is no compelling evidence from the few
data sets available for this analysis that they generally improve the
sustainability of crop yields.

Changesin Soil Organic Matter

Soil organic matter or carbon (SOC) content, which is increased by
the use of organic manures has traditionally been linked with soil
fertility maintenance. The organic carbon content of soils is mostly
regul ated via the formation and dynamics of aggregates, which protect
organic matter from decomposition. The potential to form aggregates
and their stability varies with soil texture and mineralogy. Aggregate
formation protects organic matter by a combination of processes; via
chemical complexation within micro-aggregates (< 250 [Jm) and via
physical protection in macro-aggregates (> 250 [Jm). The potential to
form aggregates and the reactive surface area of soil minerals in-
creases as minera particles become smaller, so fine textured soils
generally have higher SOC levels than light textured soils. This trend
isdramatically illustrated in the IGP where sandy soils generally have
SOC contents in the range of 0.3 to 0.5%, while finer textured soils
can have SOC contents above 1% (Table 3).

Unfortunately, puddling of soils for rice destroys soil macro-aggre-
gates leading to substantial losses of SOC in the rice-wheat system.
An example for a soil initialy high in SOC is the mollisol at Pantna-
gar, where 20 years of cropping reduced SOC from 1.48% to 0.49%
and 0.84% in unfertilized and recommended NPK treatments, respec-
tively (Table 3; Ram). High losses of SOC in the rice-wheat system
contrast with results from double and triple cropped long-term rice
experiments where SOC levels are maintained or even increased (Cass-
man et a., 1996) due to differences in decomposition patterns and
products under more continuous maintenance of anaerobic conditions.

The level of SOC is increased with inputs of organic materias to
soil, including crop residues, green manures and FY M. Inputs of or-
ganic materials via roots and root exudates often increase with crop
yield so that SOC levels can be higher in fertilized than unfertilized
treatments (Table 3). Additions of organic materials result in small
increases in SOC levels in coarse textured soils in the Punjab of India
(see data from Rekhi et al., 2000 and Singh, Yd. et a., 2000) can
maintain or even increase SOC levels beyond initial values in finer



TABLE 3. Effect of the rice-wheat system on soil organic carbon levels

Soil Organic Carbon—% C

Property/ Regmi Bhattarai & Saha Rekhi Yd. Singh Prasad & Gami &
Treatment Ram! etal.? Mishra etal4 etalb etalb Sinha” Sah3.8
Initial level 1.48 1.03 - 0.71 0.18 0.36 0.57 -
Unfertilized 0.49 0.73 0.84 0.40 0.20 0.34 - 0.88
Rec. NPK 0.84 0.88 0.84 0.43 0.37 - 0.68 0.98
NPK + FYM 1.49 - - 0.45 - 0.45 0.75 1.38
NPK + Straw - - - - - 0.47 - 1.27
NPK + LGM - - - - 0.41 0.41 - -
FYM only - 1.75 1.34 - - - - 1.59
silty clay
Soil texture loam silt loam sandy loam  sandyloam loamysand loamysand sandyloam  sandyloam
Expt. time (years) 20 18 19 25 13 7 8 18

1 FYM added at 15 t dry wt/ha/yr before wheat.

2 FYM added at 10 t dry wt/ha/crop (30 t/halyr).

3 FYM added at 10 t dry wt/ha/crop (20 t/halyr); NPK + FYM or straw treatments are 10 t organic material plus 50 kg N/ha for rice and rec. NPK for wheat.
4 Rice-wheat-jute cropping sequence with FYM added at 10 t dry wt/ha/yr before jute.

5 LGM added at 2.3 t dry wt/ha plus 60 kg N/ha before rice with rec. NPK to wheat.

6 FYM, straw or LGM added at 6.3, 6.3, and 3.6 t dry wt/ha to rice (plus fertilizer N to bring N rate to 150 kg N) and rec. NPK to wheat.

7 FYM added at 10 t dry wt/ha prior to rice.

8 Data converted to SOC by dividing SOM values by 1.8.
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textured soils. Thus addition of 15 t/ha dry weight FY M/yr maintained
the original level of SOC (1.48%) at Pantanagar, India (Ram) and
additions of 30 t/ha dry weight FY M/yr increased the SOC level from
1.03 to 1.78% at Bhairahawa, Nepa (Regmi et al., 2000). Unfortu-
nately, FYM additions represent a concentration of organic residue
inputs on less land than is required to generate it so it is not possible to
address the widespread declines in SOC levels via manure addition.
Despite evidence that organic inputs have the expected positive
effect on SOC levels, and even increased SOC above initial levelsin
some soils, it is clear that increasing soil organic matter per se does not
counteract the observed yield declinesin rice (Figures 2, 3 and 7).

CROP YIELD TRENDS IN NORTH WEST INDIA

Production of rice and wheat in the states of Punjab and Haryanais
critical to food security in India; these states produce about 20% of the
total rice and wheat production in the country and supplied 68% of the
cereal grain procured by the government in 1994-5. Yield trends for
wheat at the district level are shown in Figure 9 and at the state level in
Figure 10a. State level data from Haryana were highly variable prior
to 1973 and were excluded from the analysis. For the time periods
used, wheat yields show alinear increase over timein al districts and
for the two states overall. The mean annual increase ranges from 70 to
110 kg/ha and is higher in Haryana than in Punjab (Figure 10b).
Although prior analysis of this data by a fact finding committee high-
lighted a declining rate of yield increase (expressed on % basis) over
time (ICAR, 1998), yearly increases in productivity have, in fact, been
constant in absolute amounts of grain. Furthermore, the data do not
justify decadal analysis as was done in the earlier study. The extent to
which yield increases are caused by adoption of HY Vs and improved
irrigation over time are not known, and increases in yield are not
expected to continue indefinitely.

Rice yield trends for the states of Punjab and Haryana are curvilin-
ear and appear to be reaching a plateau (Figure 11). District level
productivity trends in Punjab (Figure 12) show some variation, with
half of the districts reaching a plateau in the early 1980’s. Yield trend
patterns provide evidence for possible declinesin productivity in Lud-
hiana and Sangrur districts in recent years. Yield plateaus for rice are
also observed for many districts in Haryana, but data are not shown
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FIGURE 9. Trends in district wheat yields for Haryana and Punjab States, India.
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because increasing planting of lower yielding basmati varieties is a
contributing factor to yield patterns in this state. Consistent with the
yield trend results, increases in wheat yields have been an important
contributor to gainsin total production in the Punjab since the begin-
ning of the green revolution. Figure 13 shows that yield and area
planted to wheat increased proportionally between 1965 and 1983 and
after that time yield has increased at a more rapid rate than area. For
rice, increases in yield contributed more to total production than in-
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FIGURE 10. Trends in wheat yields in (a) Haryana and Punjab States and
(b) distribution of annual yield increases by district.
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FIGURE 11. Trends in rice yields in Haryana and Punjab States.
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creases in area planted to rice between 1965 and 1975. However, from
1975 onwards increases in area planted to rice are largely responsible
for total production gains.

The productivity trends observed in Punjab and Haryana are consis-
tent with the genera result from long-term experiments that wheat
productivity is more robust than that of rice. The need for increasing
inputs into the rice-wheat system, or decreasing factor productivity
(Hobbs and Morris, 1996), further emphasizes that the system is under
stress. Although there is a tendency to attribute declining yield trends
and decreased factor productivity to declining soil nutrient supply and
poor soil physical conditions for wheat, recent work with soil solariza-
tion (heating by covering with clear plastic) suggests that soil biology
may be a more important constraint (Duxbury, unpublished data). This
isapoorly researched area of soil science.
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FIGURE 12. Trends in district rice yields for Punjab State, India.
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CONCLUSIONS

Rice yields in the rice-wheat system declined in most experiments,
whereas wheat yields were more stable. The greater stability of wheat
yields does not necessarily mean that conditions are as favorable as
they could be for wheat, rather it is likely areflection of the fact that
yields are generaly lower than the yield potential. Reasons for the
decline in rice yields probably vary amongst experiments. The re-
sponse of rice to increasing nutrient inputs was shown to drop over
time in some experiments, suggesting that constraints other than N or
other macronutrients contribute to yield declines. Micronutrient defi-
ciencies and the build up of pest and pathogen pressures are possible
constraints that could be evaluated through the collection of additional
information.

Various organic materials proved to partially substitute for fertilizer
NPK and increased soil organic matter content. However, results from
the experiments did not support the widely held concepts that the use
of organic materialsin an integrated nutrient management approach or
increases in SOC content improve the sustainability of crop yieldsin
the rice-wheat system. In most cases, it was difficult to evaluate effects
of organic additions beyond nutrient substitution because of the ten-
dency to design experiments for this latter purpose. Interpretation of
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FIGURE 13. Temporal patterns in productivity, cropped area and production for
rice and wheat in Punjab State, India.

10
B Yield-t/ha Rice

8 O Area-million ha

A Production—million tons

VPN

o

Y=Vt e

VN
JovaYa s el

TV aYoYatats g

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
YEAR

experiments is also hindered by the fact that the dry mass and nutrient
content of organic inputs were not routinely determined.

There is increasing evidence that manipulating soil biological pro-
cesses can give yield benefits and this area needs much more attention.
Positive effects of combining high and low quality residues have been
observed and appear to have the potential to improve N use efficiency
by providing better synchrony between N supply and plant demand.
Providing microbia supplements also appears to be a promising area
for future research.

Yield trends in the northwest Indian states of Haryana and Punjab
were consistent with the results from the long-term experiments with
the productivity of wheat being more robust than that of rice. District
level data provide strong evidence for rice yields stagnating in Punjab
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since the early to mid-1980’s, and possibly declining yields in two
districts in recent years. Whether the latter is true or not, it is clear that
the riceewheat system is a system under stress and that there are
unlikely to be simple answers to its problems.
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An Agroclimatological Characterization
of the Indo-Gangetic Plains

J. W. White
A. Rodriguez-Aguilar

SUMMARY. The climate of the Indo-Gangetic Plains (IGP) is domi-
nated by the Asian summer monsoon. The cool, dry winter is followed
by a warming trend with daytime temperatures reaching as high as
45°C in June or July. The temperature rise is broken by the onset of the
monsoon rains, when the daytime maximum temperature will immedi-
ately drop 5°C or more with the first rains. Summer temperatures are
generaly higher in the northwest part of the IGP, corresponding to later
onset of the rainy season. In most of the IGP proper, winter tempera-
tures is mild alowing production of wheat, potatoes and other cool
season crops where irrigation is possible.

Annua precipitation varies from less than 400 mm in western Paki-
stan to over 1600 mm in eastern India and in Bangladesh. Based on a
critical value of 0.5 for the ratio of precipitation to potential evapotran-
spiration, most of the IGP have abundant water for summer rainfed
crops. Thisisreflected in the widespread cultivation of lowland rice.

Variation in rainfall over years heavily influencesrisk in agricultural
production in the IGP. Over a 90-year period, the mean annual rainfall
at Ludhiana, Indiawas 710 mm, but in 1899, it received only 240 mm
as compared to over 1400 mm in 1988. Failures of the monsoon rains
cause crop failures and in the past have contributed to famines. Flood-
ing due to excess rain can also be destructive, particularly in the eastern
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IGP. Attempts to predict the time of onset and amount of monsoon rains
based on the El Nifio-Southern Oscillation (ENSO) process and other
information show promise but are not yet reliable enough for routine
use in guiding agricultural management. [Article copies available for a fee
from The Haworth Document Delivery Service: 1-800-342-9678. E-mail
address. <getinfo@haworthpressinc.com> Website: <http://immw.HaworthPress.
com> © 2001 by The Haworth Press, Inc. All rights reserved.]

KEYWORDS. Climate, Indo-Gangetic Plains, monsoons, rainfall,
temperature

ABBREVIATIONS. ENSO, El Nifio-Southern Oscillation; IGP, Indo-
Gangetic Plains; SSTA, Surface Sea Temperature Anomalies

INTRODUCTION

The Indo-Gangetic Plains (IGP) of Pakistan, India, Nepal and Ban-
gladesh represent one of the most productive agricultural regions of
the world. The relatively favorable climate is key to this productivity.
Rainfall is abundant, and mild winter temperatures permit year-round
intensive cropping.

The climate of the IGP, however, is by no means uniform in space
or time. Precipitation and, to alesser extent, temperature, show strong
regional and year-to-year variations that have major impacts on crop
production. This paper reviews the climate of the IGP with afocus on
regional differences and season-to-season variation. Effects on agri-
cultural systems are emphasized as opposed to reviewing underlying
meteorological and climatic processes.

AN OVERVIEW OF THE CLIMATE

The climate of the Indo-Gangetic Plains is dominated by the Asian
summer monsoon. Although summer monsoon systems exist in other
parts of the world, the Asian monsoon system is by far the strongest. It
is driven by heating of the large Asian landmass as the sun moves
north of the equator. This creates a powerful low-pressure center that
brings tropical wind and pressures systems much further north than
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FIGURE 1. Variation in daily maximum and minimum air temperature and
precipitation for Pantnagar, India in 1988.
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what occurs in Africa or North America. Furthermore, the band of
mountains north of the IGP reduces incursions of cold air from the
north.

In this system, cool, dry winter weather is followed by a warming
trend with daytime temperatures reaching as high as 45° to 50°C in
June or July (e.g., Figure 1 and Table 1). The trend of increasing
temperature is broken by the onset of the monsoon rains which usually
first reach the eastern part of the IGP. The daytime maximum tempera-
ture will drop 5°C or more with the first rains.

Summer temperatures are dightly higher in the northwest part of
the IGP (Figure 2), corresponding to later onset of the rainy season.
The largest temperature variations in the region, however, are associat-
ed with cooling at higher elevations, once one leaves the I GP proper.

In much of the IGP proper, winter temperatures are mild allowing
production of wheat, potatoes and other cool season crops where
irrigation is possible (Figure 3). However, frosts occur in Pakistan and
western India.
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TABLE 1. Long term monthly mean maximum and minimum temperatures and
total precipitation for selected sites in the Indo-Gangetic Plains (Adapted from
FAO, 1998).

Mean/
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. total

Dhaka, Bangladesh (Elev. 8 m, Lat. 23 46'N, Long. 90.23'E)

Max. T (°C) 256 278 322 333 328 317 311 311 317 311 289 261 303
Min. T (°C) 128 150 200 233 244 256 261 261 261 239 200 139 214
Precipitation 15 21 54 108 253 420 405 324 256 153 27 3 2039
(mm)

Dinajpur, Bangladesh (Elev. 37 m, Lat. 25 39'N, Long. 88 41'E)

Max. T (°C) 249 273 323 354 338 322 316 316 314 312 288 259 305
Min. T (°C) 103 123 16.7 212 237 253 262 260 255 223 161 117 198
Precipitation 10 12 20 53 166 342 399 328 305 133 10 1 1779
(mm)

Hissar, India (Elev. 221 m, Lat. 29.1'N, Long. 75.44'E)

Max. T (°C) 217 250 30.7 370 416 413 373 355 357 346 296 241 328
Min. T (°C) 55 81 133 19.0 246 277 273 261 239 174 98 6.0 17.4
Precipitation 19 15 17 6 11 34 122 114 81 15 8 5 447
(mm)

Ludhiana, India (Elev. 247 m, Lat. 30.56'N, Long. 75.52'E)

Max. T (°C) 20.2 233 290 360 412 411 36.0 347 353 339 288 229 319
Min. T (°C) 58 84 129 185 242 271 267 261 239 175 101 6.2 173
Precipitation 32 33 27 14 15 56 205 173 113 17 3 17 705
(mm)

Bhairawa, Nepal (Elev. 109 m, Lat. 27.31'N, Long. 83.27'E)

Max. T (°C) 222 247 312 362 366 346 325 325 316 310 282 234 304
Min. T (°C) 6.3 9.6 136 19.7 234 240 250 251 238 207 133 81 17.7

Precipitation 10 0 6 7 35 214 393 367 218 61 0 0 1311
(mm)

Parwanipur, Nepal (Elev. 115 m, Lat. 27.04'N, Long. 84.58'E)

Max. T (°C) 232 256 319 36.2 36.7 350 337 328 321 321 291 249 311
Min. T (°C) 9.0 106 14.1 197 238 247 254 245 241 216 141 9.0 184
Precipitation 12 9 19 32 54 203 324 294 209 55 8 5 1224
(mm)

Dera Ismail Khan, Pakistan (Elev. 172 m, Lat. 31.49'N, Long. 70.55'E)

Max. T (°C) 20.0 22.0 27.7 337 39.7 421 396 381 374 341 277 219 320
Min. T (°C) 4.6 72 128 184 237 275 282 273 242 165 93 51 171
Precipitation 14 18 27 20 9 9 65 36 14 2 3 6 223

(mm)




J. W. White and A. Rodriguez-Aguilar 57
Mean/
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. total
Islamabad, Pakistan (Elev. 508 m, Lat. 33.37'N, Long. 73.06'E)
Max. T (°C) 16.3 20.1 236 29.7 355 39.7 355 332 335 298 242 191 284
Min. T (°C) 2.7 48 103 146 202 244 249 238 218 144 7.2 34 144
Precipitation 47 50 44 33 27 45 165 190 71 11 6 23 712
(mm)
Lahore, Pakistan (Elev. 214 m, Lat. 31.33'N, Long. 74.2 120'E)
Max. T (°C) 193 224 278 348 402 411 371 358 359 337 279 219 315
Min. T (°C) 5.1 8.1 131 184 231 26.8 272 266 241 173 9.6 57 171
Precipitation 24 22 23 13 15 38 150 131 63 8 2 13 502

(mm)

FIGURE 2. Variation over the IGP for mean maximum temperature for the three
hottest months. Based on interpolated data for mean monthly temperatures
from P. Jones (1999, personal communication) with additional processing us-
ing the SCT (Corbett and O'Brien, 1997).
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FIGURE 3. Variation over the IGP for mean minimum temperature for the three
coolest months. Data source is as in Figure 2.

Annual precipitation within the IGP varies from less than 400 mm
in parts of Pakistan to over 1600 mm in eastern India and in Bangla-
desh (Figure 4). Neighboring hill regions can receive much larger
amounts, with locations such as Lumle, Nepal reporting an annual
totals over 4000 mm.

A critical value of 0.5 for the ratio of precipitation to potential
evapotranspiration (P/PE) is often used to indicate whether rainfed
agricultural production is feasible. Most of India, Nepal and Bangla-
desh have P/PE values well in excess of thislimit (Figure 5).

SIMILARITIES TO CLIMATES ELSEWHERE
IN THE WORLD

The climate of the IGP shows limited similarities with regions with
summer monsoon rains, reflecting the uniqueness of the Asia mon-
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FIGURE 4. Variation in total annual precipitation (mm) over the IGP. Data
source is as in Figure 2.

soon system. However, if one focuses on growing seasons for specific
crops, important similarities are seen. One example is the west-central
coast of Mexico where the Green Revolution wheat technologies were
first developed. The winter climate of this region shows similaritiesto
large areas of the IGP (Figure 6).

CLIMATIC RISK

Variation in rainfall over yearsis akey determinant of food security
in the IGP. Ludhiana, India has mean annual rainfall of 720 mm but in
1899, it received only 240 mm as compared to over 1400 mm in 1988.
Failures of the monsoon rains have caused crop failures and contrib-
uted to famines.

However, it is important to understand that a drought in one loca-
tion of the IGP does not always imply low rainfall throughout the
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FIGURE 5. Variation over the IGP for the ratio of precipitation to potential
evapotranspiration for the three wettest months. Data source is as in Figure 2.

region. Correlations among annual rainfall totals at different sites are
low (Table 2), and for agricultural planning, it may be more appropri-
ate to identify sub-regions with similar rainfall regimes (Gadgil, 1989).

Flooding due to excess rain in the IGP and surrounding mountains
can be destructive, particularly in the eastern IGP. However, flooding
can aso be viewed as a normal feature of the ecosystem, which re-
stores soil fertility and permits activities such as fish farming in tem-
porary ponds.

Another aspect of climatic risk in the IGP that affects agricultureis
rainfall outside of the normal monsoon period. Excessive soil moisture
can delay sowing of wheat and other crops after the summer rice crop
(Fujisaka, Harrington and Hobbs, 1994). Rains exacerbate this prob-
lem in October and November. While long-term mean rainfalls are
low during these months (Table 1), mean values hide years with rain-
fall totals that are considerably higher (Figure 7). This uncertainty isa
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FIGURE 6. Distribution of regions within the IGP with a winter climate (coolest
three months) similar to Ciudad Obregon, Mexico where Green Revolution
wheats were first selected. The criteria for similarity were all regions having
rainfall within [J 200 mm and maximum and minimum temperatures within []

2°C of Obregon for the coolest consecutive three months. Source of base data
is as in Figure 2.

L -
) rk
_ | ~ S,
——— VJJ 4 —1. o s
- -1 rd
L {,- ““““-.,_ﬂ\ -r—ry i,
— "'h_ - ™
-~ i I"'. --\,__i- .-__I
L— _ '“.I " - :l
e -
et i -\.""ﬂ-'rlu 'I
- L} a1
"x &1 "h.'l.:-‘\-"""l by
a f i
."l i
| -
| ~
| L
I| _|".. I
= f
+
1 |
{ 300 0 300 60D Miloreles
A _———
L

major impetus for seeking alternate methods to establish crops after
rice by using practices such as surface seeding and reduced or zero
tillage (Hobbs, Giri and Grace, 1997).

CLIMATE PREDICTION

Given the importance of the monsoon cycle, it is not surprising that
meteorol ogists have long sought to predict the strength of the coming
rainy season. As early as 1880, H. Blanford, the first Imperial Meteo-
rological Reporter to the Government of India noted that the monsoon
faillure of 1878 was linked to very high atmospheric pressures over
much of Asia. In 1885, the Indian Meteorological Department pub-
lished summer monsoon rainfall forecasts (Allan, Lindesay and Park-
er, 1996).
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TABLE 2. Correlations among annual rainfall totals for Peshawar, Pakistan and
Ludhiana, Agra, Allahabad, Patna and Calcutta, India, representing a series
running west to east across the IGP. Data are for 93 years from 1868 to 1960
from the Global Historical Climate Network (adapted from Vose et al., 1992).

Mean annual
rainfall (mm) Peshawar Ludhiana Agra Allahabad Patna
Peshawar 340
Ludhiana 710 0.20
Agra 710 [p.03 0.29%*
Allahabad 1000 0.00 [.01 0.33*
Patna 1150 0.02 [0.04 0.02 0.24*
Calcutta 1600 0.05 [10.06 [P.04 [.04 0.18

*, ** Correlations significant at the P = 0.05 and P = 0.01 levels, respectively.

FIGURE 7. Frequency of total rainfall in November (as percentages) falling in
three ranges (0 to 5 mm, 5 to 25 mm and over 25 mm) for Lahore, Pakistan and
Ludhiana and Patna, India.
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There is a strong relation between the monsoon rains and various
indices based on the El Nifio-Southern Oscillation (ENSO) process
and other information. As a single example, Figure 8 presents the
relation between the all-India monsoon rainfall index, which averages
rainfall for 29 geographical subdivisions (Parthasarathy, Rupa Kumar
and Munot, 1993) and June to September Surface Sea Temperature
Anomalies (SSTA; Kaplan et al., 1998). Unfortunately, this relation
weakens as one moves to SSTA vaues for month’s preceding the
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FIGURE 8. Relation between the All-India monsoon rainfall index (Parthasara-
thy et al., 1993) and June to September SSTA (Kaplan et al., 1998) from 1871
to 1994.
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monsoon season, and used alone, SSTA values are of limited use for
predicting monsoon conditions.

Various groups are using more sophisticated models for seasonal fore-
casts of rainfal and temperatures, typically with ranges of one to three
months in advance (e.g., Shukla and Mooley, 1987; Webster et d., 1998;
European Centre for Medium-Range Weather Forecasts, 1999). These
approaches show promise and merit closer attention by agronomists.

A COMMENT ON DATA SOURCES

Two recent improvements in data availability greatly facilitate cli-
matic analyses in relation to agricultural problems of the IGP. Thisis
reflected in the data presented herein and merits further commentary.

The Internet now provides access to many climatic data sets that
can be freely down-loaded for non-commercial purposes. These in-
clude monthly and annual temperature records dating to the 1860's,
rainfall indices, various indices related to the ENSO, and sets of daily
data weather from the 1970's onward (Table 3).

Although not Internet accessible due to the size of the data sets,
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TABLE 3. Some useful sources of climate data for the IGP that are accessible
through the Internet.

Other
Data description Internet address (URL) references
All-India monsoon rainfall  http://grads.iges.org/india/allindia.html Parthasarathy
index from 1871 to 1993 etal., 1993
Reconstructed sea http://ingrid.ldeo.columbia.edu/SOURCES/.KAP Kaplan
surface temperatures LAN/.EXTENDED/.ssta/ etal., 1998
from 1856 to 1991
Daily temperatures, http://www.ncdc.noaa.gov/ol/climate/climatedata. htmI#DAILY
rainfall and other
variables from 1994
onward
Monthly and annual http://www.ncdc.noaa.gov/ghcn/ghcn. SELECT.html Vose
precipitation and etal., 1992

temperatures from
1860s onward

Long term monthly http://www.fao.org/waicent/facinfo/agricult/agl/aglw/climwat.html
means for temperature,

precipitation, potential

evapotranspiration, and

solar radiation

interpolated climate data such as those used to produce Figures 2
through 6 are also proving invaluable. Interpolating long-term climate
data from large numbers of locations produces the surfaces. The statis-
tical procedures typically include effects of elevation. The monthly
surfaces used in this paper were developed by Peter Jones (persona
communication, 1999) at the International Center for Tropical Agri-
culture (CIAT, Cali, Colombia) using a modified inverse distance
method. Hutchinson (1995) has developed an alternative procedure
using thin plate smoothed splinesthat is also very effective (Hartkamp
et al., 1999). Subsequent processing of the monthly surfaces was done
with a geographic information system (GIS). The specific climate
models (e.g., coolest quarter used in Figure 3) and the site similarity
analysis (Figure 6) were produced using the Spatia Characterization
Tool developed by Corbett and O’ Brien (1997).
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SUMMARY. Grain, forage and green manure legumes have a long
heritage in South Asia. This paper attempts to summarize the merits of
legumes from historical, cultural, human nutrition, animal nutrition and
agronomic perspectives. Despite well established and numerous bene-
fits associated with legumesin South Asia, their production are static or
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HISTORICAL AND CULTURAL PERSPECTIVE

Humankind has long recognized the value of legumes for food,
fodder and soil fertility. Domestication and cultivation of some le-
gume species have been recorded as far back as 8000 BC along with
barley and wheat (Zohary and Hopf 1973). Several grain legumes are
thought to originate in South Asia, including chickpea/Benga gram
(Cicer arietinum), pigeonpea (Cajanus cajan), greengram/mungbean
(Vigna radiata), blackgram (Vigna mungo) and cowpea (Vigna ungui-
culata). These pulse crops were adopted early in South Asia (circa
1000-2000 BC), thereby supplying religious vegetarians and the poor
with inexpensive protein sources (Baldev 1988). While cultivation of
legumes specifically for fodder is a relatively recent practice, feeding
legume residues to livestock is a very old and common custom. In
addition prior to the availability of chemical fertilizers, South Asians
regularly cultivated legume species for green manuring as long ago as
1000 BC (Raychaudhuri 1960).

As aresult of this long history in South Asia, a multitude of food
preparations with grain legumes from simple dal to dosas or kabuli
channa to sweets such as laddoo became an integral part of the daily
life and culture of the region. Besides day-to-day uses, grain legumes
play important roles in religious and cultural events. For example
greengram, chickpea and pigeonpea are referred to in the oldest sacred
writings of Hinduism, the Vedas, with praise and reverence. A hymn
in the Vedas states ““ O, Agni (fire), who consumest flesh, the black
goat is your share, lead is said to be your wealth, and ground black-
gram said to be your offering” (quoted from Baldev 1988-Atharva
Veda, Anuvaka 474, hymn 63). In Nepal, roasted black-seeded soy-
bean and flattened rice is a common offering to a Newari goddess.
Likewise in the fall months of August/September, atraditional legume
soup “kwati”’ is prepared by mixing more than nine different grain
legumes together on the occasion of Jamnai Purne (the changing of a
sacred thread which Brahmin and Chetri caste Hindu males and Newar
priests wear around the torso). And in northwest India, marriages and
specia festivals are often marked with mungbean halwa sweets
(Singh, Chhabra, and Kharb 1988).
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BENEFITS FROM LEGUMES
Human Nutrition

Grain legumes are well known for their high protein concentrations,
ranging from 17 to 40% (Bressani and Elias 1978). Protein contentsin
paddy rice or wheat are substantially lower; however, when produc-
tion is considered, wheat and rice are often similar or higher in protein
yield than the pulses (Table 1). Perhaps more important are the differ-
ences in protein quality that exist between cereals and pulses. Wheat is
deficient in the amino acid, lysine, while rice has inadequate levels of
lysine and threonine (Deshpande, Singh, and Singh 1991). By con-
trast, grain legumes are deficient in sulfur containing amino acids,
methionine and cystine (Jansen 1974). Combined consumption of ce-
reals and grain legumes is a well known practice for overcoming the
respective amino acid deficiencies in cereals and pulses, thereby
achieving near complete protein balance and nutritional improvement
in cereal based diets. Studies of the protein complementarity between
legumes and cereal's show that maximum protein is obtained when the
grain legume content is around 10% in a wheat-pulse diet, while with
rice, maize or barley, maximum protein is found when the pulse con-
tent is around 20% of the diet (Chatterjee and Abrol 1975).

Often overlooked are the significant concentrations of minerals and
vitamins also found in grain legumes, such as folic acid, the B vita-
mins, riboflavin, thiamin and niacin as well as calcium, zinc and iron
(Table 2). Iron, zinc, thiamin and niacin contents in wheat are on par

TABLE 1. Comparison of protein yields between cereals and grain legumes.

Average Yields

Crop in South Asia Protein Content Average Protein
(t hal1) (%) Yield (kg halt)
Cereals
Paddy Rice 2.78 7.5 208.5
Wheat 2.17 12.0 260.4

Grain Legumes

Soybean 1.01 38.0 383.8
Lentil 0.73 29.6 216.1
Beans 0.57 22.0 125.4
Chickpea 0.74 20.0 148.0

Adapted from Norman et al. 1995; FAOSTAT 1999; Bressani and Elias 1974.
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TABLE 2. Vitamin and mineral content of select grain legumes compared with
rice and wheat.

Crop Calcium? Iron2 Zinc2  Folic Acidl  Thiamin®  Niacin3  Riboflavin
(mg/100 g) ([o/100 g) (mg/100 g)
Chickpea 105 8.3 2.2 557 0.46 1.2 0.20
Lentil 51 10.1 2.8 433 0.46 1.3 0.33
Mungbean 132 6.9 2.3 625 0.53 2.5 0.26
Pigeonpea 130 6.8 29 456 0.49 2.2 0.21
Soybean 277 11.5 3.9 375 0.66 2.2 0.22
Rough Rice 40 4.2 1.8 20 0.40 5.1 0.09
Wheat 50 7.8 2.6 41 0.42 4.9 0.11

LUSDA 1999, 2Kumar and Kapoor 1984, 3Pulses: Aykroyd et al. 1982; Cereals: USDA 1999.

with legumes, but calcium, folic acid and riboflavin are clearly lower
than legumes. Relative to pulses and wheat, paddy riceis lower in all
the considered minerals and vitamins, which is aggravated by the rice
milling process. For example, thiamin levels drop from 0.26-0.33
mg/100 g to 0.02-0.11 mg/100 g with milling, and iron contents de-
crease from 1.4-6.0 mg/100 g to 0.2-2.8 mg/100 g with milling (FAO
1993).

Although significant gains have been made towards reducing pro-
tein-energy malnutrition through dramatic increases in cereal produc-
tion, consumption of critical vitamins and mineralsin grain legumesis
decreasing in South Asian diets. The current health status of the popu-
lace in these countries is a direct reflection of the low supply. For
example, a 1996 nationwide study by the Indian National Nutrition
Monitoring Board found that the diets of children and adult women
only fulfilled 47-59% of recommended riboflavin requirements (Bam-
ji and Lakshmi 1998). Likewise folic acid consumption amongst In-
dian children and women were only 33-55% of recommended levels
in 1976, and most likely have not improved since then (Babu 1976;
Bamji and Lakshmi 1998). Regional estimates of iron deficiency ane-
mia in young children and women of child-bearing age are 47-77%,
30-95%, 60-78% and 45% in Bangladesh, India, Nepal and Pakistan,
respectively (FAO, 1998a; 1998b; 1999; Seshadri 1997). Finally stunt-
ing in children under 5 years old are currently estimated at 55%,
20-83%, 14-65% and 50% in Bangladesh, India, Nepal and Pakistan,
respectively (FAO 1998a; 1998b; 1999; Vaidya 1990); while wasting
measures are at 18%, 8-32%, 7-12% and 6-10% in Bangladesh, India,
Nepal and Pakistan, respectively (FAO 1998a; 1998b; 1999; Vaidya
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1990). Historically child wasting and stunting was associated with
protein-energy malnutrition; but lately these anthropometric measures
also have been related to nutrient deficiencies of zinc, iron, calcium
and folate (Golden and Golden 1981; Chwang, Soemantri, and Pollitt
1988; Gopalan 1998).

Antinutritional factors found in food legumes can reduce bioavail-
ability or cause toxic reactions (Deshpande and Deshpande 1991).
Phytates are of particular concern since they complex proteins and
minerals such as calcium, zinc or iron, making them unavailable for
human nutritive benefit. Fortunately various cooking and processing
techniques can substantially remove or denature phytates and many
other antinutritional compounds. Chang, Schwimmer, and Burr (1977);
Deshpande, Sathe, and Salunkhe (1984) showed reductions in phaseo-
lus bean and black gram phytates of 50-80% through soaking and
cooking procedures.

Some legume grains have the additional advantage of reducing
cholesterol and blood sugar in humans. Dietary fiber from chickpea
and mungbean has been reported to reduce the level of cholesterol
(Jaya, Venkataraman, and Krishnamurthy 1979; Thomas, Soni, and
Singh 1987), while chickpea dal and kidney bean has reduced plasma
glucose levels in humans (Dilawari et al. 1981).

Animal Nutrition

Forage cultivation has never been very extensive in South Asia,
even though there is a significant deficit of fodder materia in the
region. Traditionally farmers have invested very little capital in animal
feed, but supplying tree loppings, weeds and crop residues, rather than
high quality forages.

Livestock diets dominated by cereal straws are generaly low in
paatability and digestibility, and deficient in protein and essentia
minerals (Schiere, Ibrahim, and Rond 1985). It is noteworthy that
India’s recent impressive milk production increases were achieved by
the traditional approach without major increases in quality forage
production (Kurien 2000). Nevertheless protein concentrates from ce-
real by-products, oil seed cakes and meals have had to partially correct
the nutritional deficits in the current system, thereby increasing the
costs of production (Patil et al. 1987). Recent annual imports of feed
concentrates to India have increased up to 53,000 Mt (FAOSTAT
1999).
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Poor quality livestock feeds can aso be improved by supplementa-
tion with legume forage materials. Cereal crop residues supplemented
with forage legumes significantly increase liveweight gains and over-
all animal productivity (Moog 1986; Peoples and Herridge 1990). For
example cowpea forage fed in combination with maize fodder in-
creased liveweight gain in buffalo calves by 10% over maize fodder
alone (Ahuja et al. 1991), and milk production of 4.5 L day[ ! was
sustained, which gained the farmer a net profit of Rs 5600 halL
(Rekib 1980). The benefits from legume supplements are not limited
to cows or buffalo; a study from Bangladesh reported improved poul-
try liveweight gains of 6% and 53% greater egg production when
pulse grains were included in feed (Rukonuddin, Kabirullah, and Khan
1994).

Besides benefiting the health and production of livestock, consump-
tion of forage legumes can help reduce of methane (CH4) greenhouse
gas emissions. Ruminant animals (cattle, buffalo, sheep, and goats)
produce about 65-85 x 1012 g of CHy annualllﬁ,ladding to the increas-
ing atmospheric concentrations of 10 ppbv y-+ (Mosier et a. 1998).
The work by Leng (1991) indicates that improved digestion of poor
quality feeds through strategic supplementation with feed concen-
trates, forage legumes or chemically treated straw could reduce CHg
by 30 to 50%. In terms of milk production, these reduction strategies
could decrease CH, from 250 g CH4 L to 40-80 g CH,4 LEE milk.

Agronomy

Agronomic benefits to rice or wheat from grain, forage or green
manure legumes are well documented (Ahlawat et al. 1998; Buresh
and DeDatta 1991; Lauren et al. 1998; Saraf et al. 1998). Much re-
search has focussed on N benefits, because the ability of leguminous
plants to biologically fix atmospheric nitrogen provides a relatively
low cost method for replacing nitrogen removed through agriculture
and for building soil N pools. Also there has been great interest in
measuring N> fixation rates to determine the limitations on legume
productivity or biological nitrogen fixing (BNF) capacity (Ladha, Wa-
tanabe, and Saono 1988; Peoples and Herridge 1990).

There is little doubt that legumes contribute to significantly higher
yields in succeeding rice or wheat crops. Direct effects are well sum-
marized in review articles by Peoples and Craswell (1992); Yadvinder-
Singh, Khind, and Singh (1991); and Becker, Ladha, and Ali (1995).



Lauren et al. 73

Ahlawat et al. (1998) reported that rice yields after early summer grain
legumes were 0.76 to 1.77 t hal L higher than rice following fallow or
a maize fodder. Wheat yields after summer soybean, pigeonpea, or
mungbean were 1.3 to 1.6 t hal-&L greater than wheat following pearl
millet or sorghum. Similarly substituting winter grain legumes, such
as lentil, chickpea, or pea for wheat increased subsequent rice yields
from 190 to 550 kg hal* (Saraf et al. 1998). Reported yield responses
from soils amended with green manure legumes ranged from 0.4 to
4.1 t/harelative to controls without green manure (Lauren et al. 1998).
Rahman (1994) reported that incorporating berseem (Trifolium alex-
andrinum), a forage crop, between aman (summer) rice and boro
(winter) rice increased the grain yield of the succeeding boro rice by
7-18% and straw yield by 35%. Carangal et al. (1994) and Ladha et al.
(1996) also noted rice yield increases of 0.6 to 2.4 t hal- following
forage legumes.

Residual effects in a second crop after the legume are much less
dramatic than with the first crop. In India Boparai et a. (1992); Rekhi
and Bajwa (1993); Kolar, Grewal, and Singh (1993); and Gill, Singh,
and Rana (1994) found quite low responses in wheat of only 4-11%
over controls. In Bangladesh residual fertility from a berseem forage
legume cropped before aboro rice crop increased the grain yield of the
second rice crop by 4-14% and straw yield by 2-9% (Rahman 1994).
Rice biomass in Nepal increased by 3-t hal with every 5-t hal- L of
legume residual dry matter incorporated followed by a 17-81% in-
crease in spring potato yields (Khatri and Wells 1999). The bulk of
studies reported intermediate wheat yield increases by 15 to 38% (Shar-
ma, Prasad, and Singh 1995; Sharma and Mittra 1988; Bhardwaj,
Prasad, and Singh, 1981; Chaudhary 1990; Rathore, Chipde, and Pal
1995). Tiwari, Tiwari, and Pathak (1980a); Tiwari, Pathak, and Ram
(1980b); Mahapatra, Sharma and Sharma (1987); Mahapatra and Sharma
(1989); and Mann and Ashraf (1997) measured relatively high residual
effects between 54 and 94%. In addition legumes contributed to sig-
nificant increasesin wheat N uptake ranging from 4-17 kg/ha (Goswa-
mi et al. 1988; Rekhi and Bajwa 1993; Sharma, Prasad, and Singh
1995).

Research records give the impression that N is the only contributing
factor to observed yield responses in rice or wheat from legumes.
However, several workers have established clearly that legumes can
have an effect on the overall yield potentia that no amount of fertilizer
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N can overcome (Dargan, Chillar, and Bhardwa] 1975; Chatterjee et
al. 1979; Tiwari, Tiwari, and Pathak 1980a; Rekhi and Meelu 1983;
Beri, Medlu, and Khind 1989). Improvements in soil physical proper-
ties (Yaacob and Blair 1981; De Datta and Hundal 1984; Boparai,
Yadvinder-Singh, and Sharma 1992); increased acquisition and mobil-
ity of macronutrients (Yadvinder-Singh et a. 1988; Nagargjah, Neue,
and Alberto 1989) and micronutrients (Thind and Chahal 1983; BRRI
1985; Benbi and Brar 1992); as well as reductions in soil-borne pests
and pathogens (Reddy et al. 1986; Pariselle and Rinaudo 1988) have
all been demonstrated in cropping systems where legumes have been
included.

PRODUCTION, AVAILABILITY AND ACCESSIBILITY

Despite the well established and numerous benefits associated with
legumes in South Asia, production is static or declining in the region.
Over the past 35 years, pulse production has stayed more or less the
same in India and Pakistan, while small increases in pulse production
have been noted in Nepal and Bangladesh (Figure 1). Nevertheless
these increases have not kept pace with population as seen in per
capita pulse availability trends (Figure 2). India and Pakistan exhibit
declinesin pulse supply at rates of approximately 200 g per person per
year, while pulse availability in Nepal and Bangladesh has remained
constant at 5 and 8 kg per person per year, respectively. Such low
availability provides only 3-7% of daily caloric needs and 4-12% of
protein requirements (FAO and WHO, 1973; FAO, 1998a; 1998b;
1999).

After the Green Revolution, the more productive and less risky
cereals, rice and wheat (Yadav et al., 1998) gradually replaced grain
legumes. As a result, pulse prices have increased to varying extents
following supply and demand (Figure 3). Efforts to correct deficitsin
supply and demand for pulses have resulted in increased imports.
Since 1987 the proportion of pulses imported into India to meet food
demands has averaged about 5% of the total supply, whereas pulse
imports have been as high as 26% (1990) in Bangladesh, 18% in
Nepa and 19% in Pakistan (1994) (FAOSTAT, 1999). Such require-
ments are difficult burdens for these countries given their low foreign
exchange capacities.
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FIGURE 1. Pulse production in South Asia, 1961-1998 (FAOSTAT 1999).
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FIGURE 2. Per capita pulse supplies in South Asia, 1961-1997 (FAOSTAT
1999).
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Devendra (1997) estimated that annual livestock feed availability
from cerea residues alone is 1.2, 0.9, 1.7 and 0.6 tons per ruminant
animal in Bangladesh, India, Nepal and Pakistan, respectively. Based
ona‘good’ average annua intake of 1.28 t for buffalo and 0.73 t for
cattle, one can see that substantial gaps between ruminant animal feed
demand and supply exist for India and Pakistan. Such an analysis
excludes feed needs for non-ruminant animals (goats, sheep, and poul-
try) and recognizes that quality forage supplements are necessary for
good livestock productivity. In India alone, it is estimated that 1.1
billion tons of green forage would be required for livestock popula-
tions by the year 2000 (Singh 1988). Likewise in Pakistan, total di-
gestible nutrients and digestible crude protein are in deficit by 57%
and 39%, respectively (Singh et al. 1997). Despite these clear deficits,
forage legume cultivation in South Asiais still very limited, primarily
because of land competition with intensive cereal production. For
example, only 4% of India’s cultivated area (6.6 million ha) is devoted
to forage production (Singh et a. 1997).

Cultivation of green manure legume species has declined since the
Green Revolution. Although little datais available about current farm-
er practice, it appears that <5% of the area in Asia as a whole (6
million ha) receives additions of legumes as green manures (Garrity
and Flinn 1988; Lizhi 1988).
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FIGURE 3. Trends in South Asia pulse prices, 1965-1994 (FAOSTAT 1999).
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LEGUME OPTIONS FOR RICE-WHEAT

Grain Legumes

Area and productivity for the dominant grain legume species culti-
vated in Bangladesh, India, Nepal and Pakistan are presented in Table 3.
Lathyrus, lentil, chickpea, black gram, mungbean, pigeonpea and soy-
bean are often included within rice-wheat rotations of South Asia as
substitutes for rice or wheat or as relay/catch crops between the cere-
als. Winter legumes lathyrus, lentil and chickpea substitute for wheat
or are intercropped with wheat followed by summer rice (Miah and
Rahman 1993; Neupane and Bharati 1993; Yadav et al. 1998); while
black gram, mungbean and soybean are cultivated in early or mid-
summer, followed by winter wheat (Hume, Shanmugasundaram, and
Beversdorf 1985; Dhingra and Sekhon 1988; Rahman and Miah

TABLE 3. Areas and average national yields of common grain legumes grown

in South Asia.
Average Yield
Species Area (x 108 ha) (kg/ha)
Bangladesh?
Lathyrus 226 815
Lentil 206 790
Chickpea 84 593
Black gram 64 765
India?
Chickpea 6888 735
Black gram 3335 477
Mungbean 3302 431
Pigeonpea 3256 756
Nepal®
Lentil 162 699
Lathyrus 26 543
Pigeonpea 26 729
Black gram 27 654
Soybean 21 731
Pakistan4

Chickpea 1045 393
Lathyrus 138 536
Mungbean 168 411
Black gram 65 446

1Bangladesh Bureau of Statistics, 1999.

2Bhan & Mishra, 1998.
3Anonymous 1998
4Government of Pakistan, 1995.
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1988). Recent breeding progress with short duration pigeonpea has
made it possible to grow pigeonpea either as a summer substitute for
rice or asawinter crop in rice-fallow cropping systems (Ali 1990).

It isinteresting to note that lathyrus (Lathyrus sativus) is one of the
leading pulse crops in terms of acreage in most of the countries. As
both a grain and forage crop, lathyrus is well known for its relative
disease and insect resistance as well as its ability to grow well under
adverse soil and climatic conditions (low soil fertility, flood, drought)
(Deshpande and Deshpande 1991). The popularity of lathyrus in Bang-
ladesh, Nepal, and Pakistan speaks to the increasing, poor production
by preferred grain legumes, the abundance of poor soils, and farmers
desire to grow some kind of pulse crop. It isironic; however, that this
easy to grow crop is also the source of a neurotoxin that can cause
lathyrism, a permanent, disabling, neurological disorder. Some prog-
ress has been made towards reducing the neurotoxin, 3-oxalyl-L-2,
3-diaminopropanoic acid ([(J-ODAP), through plant breeding efforts
(Mehra, Raju, and Himabindu 1995; Shaikh, Majid, and Lahiri 1995).
Also arecently identified inverse relationship between soil zinc levels
and [FODAP content suggests a possible management practice to
reduce the toxin (Lambein et al. 1994). Nevertheless lathyrism is still a
concern for people and livestock who consume large quantities of the
grain and foliage.

Average national yields of the leading grain legume species in
South Asiaare low (Table 3). Generally grain legumes do not have the
potential for the same level of productivity as cereals, because of
physiological energy costs which reduce yields. These costsinclude N
fixation (10% reduction in yield), protein generation and photorespira-
tion (30% reduction in production) (Phillips 1993). In addition to the
inherent characteristics that keep legume yield potentias less than
cereals, magjor gaps also exist in South Asia between optimum experi-
mental yields and average national yields (Tables 3, 4). The biotic,
abiotic and socioeconomic constraints responsible for these gaps will
be discussed in the next section

Green Manure and Forage Legumes

Legumes utilized as green manures in rice-wheat cropping systems
can be broadly characterized as pre-rice or post-rice. Species such as
Crotalaria juncea, Sesbania aculeata, S. rostrata, Cyamopsis tetrago-
noloba and Vigna unguiculata have been used as 45-60 day catch
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TABLE 4. Optimum experimental yields for recently released popular grain
legumes grown in South Asia.

Optimum Experimental Yields (kg hallt)

Species

Bangladesh India Nepal Pakistan
Black gram 1500-17001 1360-17602 1000-15003 NA
Chickpea 1400-3100% 1500-3200°6 2000-34007 1559-33008.9
Lathyrus 1310-174010 NA 1000-1700% NA
Lentil 2300-347012.13 170014 1500-41007 384315
Mungbean 968-110816 1000-150017 15007 1021-150018
Pigeonpea NA 2650-457019.20 2000-27007 NA
Soybean NA 3500-450021 1800-36007 NA

NA = not available; 1 BARI 1998; 2 Singh and Srivastava 1988; 3 Regmi 1990; 4 Islam et al. 1991; 5 Bahl 1988;
6 Saxena and Johansen 1990; 7ACD 1997; 8 Haq et al. 1999; © Ali 1999; 10 Rahman et al. 1991; 11 NARC 1998;
12 sarkar et al. 1999; 13 Sarkar et al. 1992; 14 Solanki et al. 1993; 15 Tufail et al. 1995; 16 Shaikh et al. 1988;
17Tickoo and Jain 1988; 18 Malik 1987; 19 Singh 1988; 20 Wallis et al. 1983; 21 Bhatnagar and Ali 1995.

crops in the pre-rice phase between wheat and rice (Yadav et a. 1998;
Zahid, Mann, and Shah 1998). Biomass from these legumes is incor-
porated into the soil at the onset of the monsoon season, just prior to
rice transplanting. Post-rice species include forage legumes Stylo-
santhes, Trifolium alexandrinum, Trifolium repens, Vicia bengalensis,
Vicia villosa, Clitoria ternatea, Desmanthus virgatus, Cyamopsis te-
tragonoloba, and Macroptilium atropurpureum which are substituted
for wheat or other winter crops (Meelu and Rekhi 1981; De, Rao, and
Ali 1983; Bhattarai 1996; Ladha et a. 1996; Schulz 1997). Lathyrus
sativus is cultivated in Pakistan during the winter months primarily as
afodder crop (Zahid, Mann, and Shah 1998).

CONSTRAINTS TO PRODUCTIVITY

Diversifying the rice-wheat cropping system in South Asia with
grain, forage or green manure legumes is a reality, but at too small a
scale to significantly impact human and livestock diets or to improve
the soil resource base for rice and wheat. Poor and uncertain produc-
tivity makes cultivation of legume crops an option that resource-poor,
risk-adverse farmers are unlikely to adopt for either health or long
range sustainability reasons. Lack of knowledge about the health
benefits of legumes in cereal-based diets may also contribute to the
lack of enthusiasm for growing legumes.

Proceedings from conferences convened in the 1980's and 90's
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thoroughly elucidate the constraints to high yields with grain legumes
(Summerfield and Roberts 1985; Wallis and Byth 1987; Baldev, Ra-
manujam, and Jain 1988; Muehlbauer and Kaiser 1994). A recent
workshop hosted by the International Center for Research in the Semi-
Arid Tropics (ICRISAT) specificaly examined the constraints and
opportunities for grain legumes in rice-wheat cropping systems of the
Indo-Gangetic Plain (Johansen et a. 2000). Table 5 summarizes the
disease; insect and weed pests identified as major biotic problems for
the leading grain legumes in the region.

The most pervasive of the diseases appear to be: yellow mosaic
virus in black gram and mungbean; botrytis gray mold (Botrytis cener-
ea) in lentil and chickpea; ascochyta blight (Ascochyta rabiei, Asco-
chyta lentis) in chickpea, lentil and mungbean; cercospora leaf spot
(Cercospora cruenta) in black gram, mungbean and soybean as well
aswilt (Fusarium oxysporum) of chickpea, lentil and pigeonpea. Esti-
mates of yield reductions from such diseases range from 42-90%,
10-70%, 50%, and 12-50% in Bangladesh, India, Nepal, and Pakistan,
respectively (Rahman et al. 2000; Ali et a. 2000; Pandey et al. 2000;
Haqggani and Zahid 2000).

Likewise major insect pests are considered to be hairy caterpillar
(Diacrisia abliqua) in black gram, mungbean and soybean as well as
various pod borers (Helicoverpa armigera, Maruca testulalis, Euchry-
sops cnejus) of black gram, chickpea, lentil and pigeonpea. Yield
reductions from these pests also are high, varying from 15% to 90%
across South Asia (Rahman et al. 2000; Ali et al. 2000; Pandey et al.
2000; Haggani and Zahid 2000).

Weeds are serious constraints to grain legume production, yet only a
few species have been identified in India and Nepal namely, lambs-
quarters (Chenopodium album), purple nutsedge (Cyperus rotendus)
and bermudagrass (Cynodon dactylon). Similarly parasitic nematodes
such as root knot (Meliodogyne incognita, Meliodogyne javanica),
cyst (Heterodera cajani), lesion (Pratyenchus spp.) and stunt (Tylen-
chorynchus spp.) have been described in India, but not in the other
countries. Yield reductions from weeds and nematodes are estimated
at 10-80% and 12-19%, respectively (Rahman et al. 2000; Ali et al.
2000; Pandey et al. 2000; Haggani and Zahid 2000).

Abiotic constraints to good legume production reflect sub-optimal
management and the secondary status of legumes relative to cereals.
Unlike wheat that usually receives 2-3 irrigations, winter legumes
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TABLE 5. Summary of biotic constraints to increased grain legume production in South Asia.

DISEASES INSECTS NEMATODES WEEDS
Black gram
* Hairy caterpillar (B, N, P)
¢ Yellow mosaic virus (B,I, N, P) e Aphids (N)
e Cercospora leaf spot (B, I, N) e Whitefly (B)
e Powdery mildew (B, I) e Helicoverpa (B) ¢ Meloidogyne incognita (1) e Significant but unspecified (B, I, N, P)
e Pod/leaf blight (N) ¢ Blue butterfy pod borer (B) e M. javanica (1)
e Leaf crinkle virus (P) ¢ Monolepta beetle (B)
e Cutworm (B)

Chickpea
e Botrytis gray mold (B, I, N) e Helicoverpa (B, I, N, P) e Meliodogyne incognita (1) e Chenopodium album (1)
¢ Ascochyta blight (I, P) e Cutworm (B, 1) e M. javanica (1) e Cyeprus rotendus (I)
e Wilt (B,P) e Semilooper (I, P) e Pratyenchus spp. (I) e Cynodon dactylon (1)
* _Root/collar rot (B, ) e Tylenchorynchus spp. (1) * _Significant but unspecified (B, P)

Lathyrus
* Powdery mildew (B, N) « Aphids (B, N) — «  Sgnificant but unspecified (P)

Lentil

e Stemphylium blight (B, I)
¢ Rust(B, I, N) e Helicoverpa (B) ¢ Chenopodium album (I,N)
e Wilt (I, N) e Cutworm (B) e Meliodogyne incognita (1) e Cyperus rotendus (I, N)
e Botrytis gray mold (I, N) e Aphid (I, N) e M. javanica (1) e Vicia sativa (N)
e Ascochyta blight (I, P) e Etiella pod borer (1) ¢ Significant but unspecified (B)
e Powdery mildew (1)

Mungbean
¢ Yellow mosaic virus (I, N, P) e Hairy caterpillar (P)
e Cercospora leaf spot (I, N, P) e Aphids (N) ¢ Meloidogyne incognita (1) « Significant but unspecified (B, I, N, P)
e Ascochyta blight (I, P) e Whitefly (1) e M. javanica ()
e Powdery mildew (1) e Leaf hopper (1)
» Pod/leaf blight (N, P) e Thrips (1)

Pigeonpea
¢ Sterility mosaic disease (I, N) e Helicoverpa (N, I)
¢ Phytophthora blight (1) e Spotted pod borer (I)
e Alternaria leaf spot (I) ¢ Blue butterfly pod borer (1) e Heterodera cajani (I) ¢ Significant in early stages but
e Wilt (I, N) e Podfly (1) unspecified (I, N)
¢ Root/collar rot (N) e Blister beetle (1)

Stem canker (N)

Soybean

Cercospora leaf spot (N)
Pod/stem blight (N)
Rust (N)

Hairy caterpillar (N)

Significant but unspecified (N)

Occurrence: B = Bangladesh; | = India; N = Nepal; P = Pakistan; Adapted from Johansen et al. 2000.
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often are expected to grow on residual soil moisture and rainfall.
Inadequate winter precipitation or late planting in soils with insuffi-
cient moisture reserves often leads to drought stress at critical plant
growth stages (Ali et a. 2000). On the other hand, precipitation early
in the cropping season may leave soils waterlogged, thereby prevent-
ing good land preparation and stand establishment. Excess moisture
later in the season results in too much vegetative growth and problems
with diseases and insects (Pandey et al. 2000). Temperatures above
30°C often accompany droughty conditions, reducing vegetative
growth and causing flower abortion or slower pod filling (Rahman et
al. 2000). Low winter temperatures in some parts of the Indo-Gangetic
Plain retard legume vegetative growth; increase competition with
weeds and cause flower drop (Haggani and Zahid 2000).

As discussed in other chapters of this volume, soil constraints are a
major factor regarding the sustainability of rice and wheat production
in South Asia. The once highly fertile soils of the Indo-Gangetic Plain
now have low fertility; and soil organic matter levels less than 1% are
common. Given this situation on the ““best”” lands, it is not surprising
that legume cultivation in the region suffers from soil nutrient prob-
lems. Farmers do not generally apply fertilizers to legumes, expecting
the crop to grow on low, native soil fertility reserves. Yet significant
legume yield responses to N, P and K as well as micronutrients B, Zn
and Mo have been reported throughout the region (Mondal et al.,
1991; Karim, Miah, and Hassain 1992; Kushwaha 1993; Sakal 1993;
Arif et a. 1996; Nagaraju and Yadahalli 1996; Pasricha and Bahl
1996; Sakal et a. 1998; Singh and Singh 1998; Gupta and Satinder
1999; Rashid, Din, and Bashir 1999; Singh 1999; Srivastava et al.
1999). In addition to low soil pH, saline-sodic soils, flooding and
nutrient deficiencies adversely affect nitrogen fixation processes, there-
by preventing the short- and long-term agronomic benefits of legumes
from reaching their potential (Sharma, Minhas, and Masand 1988;
Peoples and Craswell 1992). Finally many of the soil physical proper-
ties that constrain good wheat productivity after rice (restricted root-
ing zones, poor infiltration, low water holding capacity) also apply to
legumes, leading to poor plant stands, lodging and vulnerability to
drought stress (So and Woodhead 1987).

Socioeconomic limits to increased legume production are quite sim-
ilar in Bangladesh, India, Nepal, and Pakistan. Some of the more
important issues include:
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Cost-benefit ratios-Despite lower cultivation costs for grain le-
gumes relative to rice-wheat, and higher market prices for legumes,
farmers consider grain legumes low economic return crops. The cost-
benefit ratio of pulse cropsis less attractive as compared with that of
rice and wheat, primarily because of poor legume yields. So while the
output price of pigeonpea is double that of rice, the yield level of rice
is four times higher than pigeonpea (Ali et al. 2000).

Low output price at harvest—Most farmers do not have storage
facilities, so growers must sell grain legumes at the market soon after
harvest. Prices tend to be very low at harvest time, then rise steeply
soon afterwards. As a result, the margin between prices paid by con-
sumers and those received by the farmer is very high (Joshi 1998).
Non-remunerative prices at the farmers' level are amajor disincentive
and are considered responsible for lowering pulse production overall.
Government policies for proper marketing systems and fair farm-gate
prices are an urgent need.

Poor economic condition of the farmers-Most farmers are econom-
icaly below the poverty level and own very small land holdings. The
input-mobilization power of the poor farmer is very limited, primarily
because of high input costs like quality seeds, fertilizers, pesticides,
etc. In addition timely availability and quality of these inputs is not
aways assured.

Poor linkages between farmers and extension service-At present,
there are few, if any, extension service programs for increasing legume
cultivation. Suitable technology packages along with strong technolo-
gy transfer efforts are necessary to increase legume production.

Lack of appropriate policy support—t is well known that current
government policies in the region emphasize cerea production over
legumes. Institutional credit, subsidies for inputs and crop failure,
provision for support service, etc., are very much lacking for pulses.

ADDRESSING POOR PRODUCTIVITY

Despite the heavy burden of constraints, there is hope for increased
legume production in South Asia. Crop improvement efforts are re-
sponsible for this optimism. Over the last 25 years, plant breeders in
the international centers ICRISAT, ICARDA and AVRDC as well as
the Bangladeshi, Indian, Nepali, and Pakistani national programs have
focussed on increasing grain legume yield potentials and improving
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tolerance or resistance to major insects and diseases. Table 4 indicates
the gains made in yield potentials, while Table 6 details some of the
recent grain legume varietal releases aimed at pests and diseases.
These cultivars provide environmentally friendly and accessible op-
tions for resource-poor farmers instead of chemical pest and disease
products that can cause pollution and are often beyond the financial
resources of farmers.

Such genetic advances need to be strongly coupled to extension and
the legume seed industry, so that farmers are adequately informed
about the capabilities of improved varieties, and that seed supplies are
readily available in response to increased adoption. Such factorsled to
the successful and expanded adoption of improved pigeonpea and
chickpea varieties in some sectors of India (Bantilan and Parthasarathy
1998; Joshi et al. 1998). However, in the Terai region of Nepal, adop-
tion of improved chickpea varieties Sita, Dhanush, and Kalika (Table 6)
were only 10-37%, 32%, and 14% of the area, respectively (Gurung
1998). Much of the slow adoption was attributed to the absence of a
legume seed industry and dissemination infrastructure. Approximately
9 to 103 t of improved chickpea seed were required by farmers in this
area of Nepal; however, the capacity of the government ingtitution
responsible for distributing legume seed was only 2-3 t. A smilar
Situation exists in Bangladesh (Hussain 1991). These conditions are not
promising for promoting legume production in Nepal and Bangladesh.

Good agricultural practices must be integrated with improved germ-
plasm in order for legume productivity to reach its potential. A few
management approaches that have promise for synergistic effects with
improved germplasm follow.

Land Preparation

Farmers generally invest little in land preparation for legume plant-
ing, leaving seeds exposed to bird and insect scavenging as well as to
extreme heat and dry soil conditions. As a result, low germination,
poor stand establishment and high weed pressure are common (McWil-
liam and Dillon 1987). The increasing popularity of power tiller units
in Bangladesh, parts of Indiaand Nepal provide new opportunities for
improved land preparation and seeding of legume crops. Preliminary
efforts by national agricultural scientists (NARS) in Nepal and Ban-
gladesh have shown that seeding with a power tiller-cum-seeder en-
sures uniform seed placement at the appropriate depth (SM-CRSP
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TABLE 6. Improved grain legume varieties released through South Asian

national programs.

BANGLADESH

INDIA

NEPAL

PAKISTAN

Chickpea

Hyprosola, Sabur, Nabin,
Barichola2 (W, RR),
Barichola3 (W),
Barichola4 (W), Barichola5
(W,BGM)
Barichola6-8(W),
Binasola2(W)

GL83119, 84038, 84096,
84107(AB, W), H86-84,

86-18 (W, RR), BG276,

ICC1069 (BGM), PDE2,
PDG84-10 (PB), K1122,
BG302, 1G218,

GCP 11 (RKN)

Dhanush (BGM), Trishul, Sita,
[lccc4]

Radha [JG74] (W)

Kalika [ICCL82108] (W)

Koselee [ICCC32], ICCV6 (W, PB)

CM 98 (AB, W), AUG480
(AB, W)

CM72, CM88 (AB), DG89
(PB, RR)

DG92, Noor91, Paidar91,
Punjab91 (AB),

NIFA-88 (AB)

Lentil

Utfala, Barimasur-1 (SB, R),
Barimasur-2 (SB, R),
Barimasur-3 (SB, R),
Barimasur-4 (SB, R)

PL406, PL639®,

LL30, 56, 78, 112,

116 ®, UPL175, PL81-17,
L1304,

DPL16 (W, RR), PL 639,
LL301,

LG 178 (AB)

Sishir, Sindur, Simrik, Simal,
Sikhar ®,
Khajura 1, Khajura 2

Mansoor85 (AB, R),
Masoor93 (AB, BGM, R, SR)
Manserha89 (AB, R)

Mungbean

Mungbean

Pigeonpea

Mungbean

Mubarik, Kanti,
Barimung2-5 (CLS, YMV),
Binamoog1-5 (CLS, YMV)

Pusal101,105 (YMV, PM)
ML131, 267, 337 (YMV)

Sujata, Dhauli Mut. (CLS, PM)

ICPL366 (W, SMD)
Rampur Rahar (W, SMD)
ICPL87133 (W, SMD)

NIAB Mung 92 (YMV)
NIAB-M51, -M54 (YMV, CLS)
NM 19-19, 121-25, 13-1,

Pant M1, 2, 3 (YMV) ICPL84072 (W, SMD), 20-21 (YMV)
Gujarat2 (CLS) ICP11384
Lathyrus Pigeonpea Soybean Blackgram
Barikhesari-1 ICPL85010 (SMD, PB) Seti, Lumle-1 Mash-1, 2, 3 (YMV)

ICPM 93003 (W, SMD)
ICPL87162 (SMD)
ICPL87119 (W, SMD)
BSMR736 (W, SMD)
BSMR175 (SMD)

R = Rust, SMD = Sterility mosaic disease, AB = Ascochyta blight, YMV = Yellow mosaic virus, W = Wilt, CLS = Cercospora leaf spot, RR = Root rot, SR = Stem rot, PM =

Powdery mildew, SB = Stemphylium blight; PB = Pod borers, BGM = Botrytis gray mold, RKN = Root knot nematode.
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2000). Additional research is needed to quantify the benefits on le-
gume germination, stand establishment and yields. Although econom-
ic assessments of this technology for legumes have not yet been per-
formed, similar studies for wheat have shown the power seeder option
to be more profitable than traditional animal traction (Hasan, Miah,
and Mandal 1991; Hossain and O’ Callaghan 1996).

Seedling Vigor

In addition to planting stresses, high temperatures and humidity, oil
content, insects, pathogens and mechanical damage contribute to low-
er viability and vigor of legume seeds (Hedlehurst, Imrie, and Butler
1987). Recent work by Harris et al. (1999) and Musa et al. (1999)
shows that a simple water priming procedure of farmer chickpea seeds
was able to overcome some of the loss in viability and vigor. Seeds
were soaked in water overnight, surface dried and immediately planted.
Earlier chickpea seedling emergence, better plant stands and seedling
vigor along with increases in grain yield of 25-67% and 47% were
observed on multiple farmer fields in India and Bangladesh, respec-
tively. Also less soil-borne diseases and pod borer damage were found
on the primed compared to unprimed seedlings (Musa et al. 1999).
Even more encouraging was the finding that some farmers used fertil-
izer on their primed crops because they perceived less risk (Harris et
al. 1999).

Soil Fertility

Research and on-farm trials in the region have shown that legume
crop establishment and yields are responsive to phosphorus fertilizer
applications (Kushwaha 1993; Singh et al. 1994; Nagaraju and Yada-
halli 1996). Phosphorus also shows benefits in terms of increased
nodulation (Jan et al. 1994; Singh, Singh, and Singh 1995), and dis-
ease resistance (Sharma, Verma, and Chauhan 1996; Singh and Chand
1996). Likewise deficiencies of lime in acid soils and micronutrients
such asZn, B, and Mo are amagjor cause of low grain legumeyieldsin
some parts of South Asia (Craswell, Loneragan, and Keeratai-Kasi-
korn, 1987; Srivastava et al. 1999).

While legume crops are often recommended as a low cost, sustain-
able means for improving soil fertility, few benefits are likely, if the
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legume crops themselves do not grow well. However, affordability,
accessibility and fertilizer quality often preclude critical fertilizer in-
put use by farmers. Strong extension networks, coupled with farmer
participatory schemes, and concerted government intervention appear
to be the best approaches for addressing these constraints (Gowda,
Faris, and Maniruzzaman 1994). Government interventions could in-
clude fertilizer subsidies, low rate credit facilities, price supports and
fair market price policies aswell asfertilizer quality certification.

Weeds

As discussed earlier, unchecked weed growth in legume cropsis a
common situation and a cause of significant yield reductions. Row
planting and mulching are low cost and environmentally benign meth-
ods for overcoming weeds, whereas numerous herbicides offer more
capital intensive options. Row planting alows efficient mechanical
cultivation by hoe or other means, relative to broadcast seeding (Shar-
ma and Thakur 1993). Likewise mulching with wheat or rice straw
shades out weeds, while conserving valuable soil moisture (Kolar,
Grewal, and Singh 1979; Hamada et al. 1991).

Forage and Green Manure Legume Value

Many of the technical problems detailed for grain legumes also
apply to forage and green manure legumes. In addition green manures
or forage legumes are often perceived as crops with no economic
return, because of competition with cereal production. Thisisalogical
approach given the importance of supplying enough food for rapidly
expanding populationsin the region. However, it should be recognized
that a thorough analysis of the positive and negative trade-offs of
increasing forage or green manure legume acreage has not been under-
taken. Some questions that might be asked are: Would increased ani-
mal productivity change the quantity/quality of manures applied to
fields for maintenance of soil fertility? What effects would increased
rice or wheat production after forage legumes or green manure crops
have on residue supply? Would more residues be available for soil
incorporation and soil fertility improvement? How might increased
income from better animal productivity or fewer purchased inputs
(concentrates, N fertilizer) influence the decisions that farmers make?
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Understanding the impacts of forage or green manure legumes from a
systems perspective may be helpful in encouraging adoption or lead to
government policies that would promote legume cultivation.

CONCLUSIONS

High yielding rice and wheat crops are critical for food security in
South Asia. We believe that increased cultivation of grain, forage and
green manure legumes are equally critical for regenerating degraded/
exhausted soils, and for providing essential protein, minerals and vita-
mins to needy humans and livestock in the region. There is ample
scope for increased legume production within the rice-wheat cropping
system without jeopardizing food security. However, in order to real-
ize sustainability and human/livestock health impacts, existing pro-
duction of legumes must increase significantly. Promising genetic and
agronomic options have been presented for increasing yields, with the
hope of encouraging farmers to grow legumes more frequently within
the rice-wheat system.

Much additional work still remains to ensure increased legume
productivity including the identification of genotypes resistant to more
insect pests, tolerant to drought or waterlogging stresses and competi-
tive with weeds. More importantly strong government commitments,
investments and institutional support are essential, if legume produc-
tion is to increase and if South Asian farmers are to be persuaded to
invest in legumes.
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Policy Re-Directions
for Sustainable Resource Use:
The Rice-Wheat Cropping System
of the Indo-Gangetic Plains

P. L. Pingdli
M. Shah

SUMMARY. The last three decades or more have witnessed the phe-
nomena growth of cereal crop productivity in the developing world,
particularly for rice and wheat in Asia. High levels of investments in
research and infrastructure development, especialy irrigation infra-
structure, resulted in the rapid intensification of the lowlands. Conse-
quently, the irrigated and the high rainfal lowland environments be-
came the primary source of food supply for Asia's escalating
population. The emergence of the rice-wheat system in South Asia as
the most important source of food supply, is atestament to the success
of the Green revolution in wheat and rice.

Recent signs indicate, however, a slow down in productivity growth
of the primary cereals, rice and wheat, especially in the intensively
cultivated lowlands of Asia, and particularly in the intensively culti-
vated rice-wheat zones of South Asia. Slackening of infrastructure and
research investments and reduced policy support partly explain the
sluggish growth. This paper argues that in addition to the above factors,
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degradation of the lowland resource base due to intensive use, over the
long term, also contributes to declining productivity growth rates. In-
tensification per se is not the root cause of lowland resource base
degradation, but rather the policy environment that encouraged inap-
propriate land use and injudicious input use, especially water and chem-
ica fertilizers.

Trade policies, output price policies as well as input subsidies have
all contributed to the unsustainable use of the lowlands. The dual goals
of food self-sufficiency and sustainable resource management are often
mutually incompatible. Policies designed for achieving food self-suffi-
ciency tend to undervalue goods not traded internationally, especially
land and labor resources. As a result, food self-sufficiency in countries
with an exhausted land frontier, particularly the countries of South
Asia, came at a high ecological and environmental cost. Appropriate
policy reform, both at the macro as well as at the sector level will go a
long way towards arresting and possibly reversing the current degrada-
tion trends.

This paper provides an extensive review of the existing evidence on
intensification induced degradation in the rice-wheat systems of the
Indo-Gangetic plains of South Asia. Policy re-directions and correc-
tions that can contribute to arresting and/or reversing the current degra-
dation trends are recommended. [Article copies available for a fee from The
Haworth Document Delivery Service: 1-800-342-9678. E-mail address:
<getinfo@haworthpressinc.com> Website: <http://www.HaworthPress.com>
© 2001 by The Haworth Press, Inc. All rights reserved.]
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INTRODUCTION

In 1950-52 rice production for al of South Asiawas only 47 million
tons and by 1996-98 it was 161.5 million tons with India being the
largest producer at 123 million tons. We note a similar story with
wheat production in South Asia. Production increased from 9.8 mil-
lion tonsin 1950-52 to 85.8 million tonsin 1996-98; with India being
the largest producer at around 66 million tons. Chapter 1 of this publi-
cation (Kataki, Hobbs & Adhikary, 2000) provides an account of wheat
and rice production from 1958-1998 for South Asia. It illustrates the
guantum gains in production that have occurred in the region over
time. Between 1958 and 1998 the growth rates of rice and wheat
production in South Asia (2.5% and 5.2% per annum, respectively)
exceeded the rate of growth in population (2.22% per annum), indicat-
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ing an increase over time in the per capita availability of the two
cereals.

The dramatic increase in production came from the intensification
of land use, and to yield growth, the former attributable to investments
in irrigation infrastructure and the latter to the adoption of modern
seed-fertilizer technologies. For example, by 1979, aimost 100% of
the wheat planted in the Indian Punjab, the largest wheat producer in
India, were to HYVs. The average wheat yield in the Indian Punjab
doubled from 2 MT/ha in 1970-71 to over 4 MT/ha in 1993-94. The
area under the rice-wheat cropping systems in India grew at 3.2%
annually from 1959-62 to 1986-89.

While the production of wheat and rice has been increasing at such
arapid rate, real food prices have been declining steadily since mid
1960s. Figure 1 provides an example for wheat in India. A similar
decline in the real price of rice has been observed in India and across
Asia (Pingali, Hossain and Gerpacio, 1997). The tempora decline in
basic food prices has been especially beneficial to urban consumers,
particularly the urban poor, as well as the rural poor who tend to be net
purchasers of food.

The major factors that contributed to the initial success of the Green
Revolution, and to the emergence of the rice-wheat system as an

FIGURE 1. Wheat production and real prices for India
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important source of food supply, were: introduction of the high yield-
ing, semi-dwarf varieties of rice and wheat (modern germplasm); in-
frastructure investments, especially irrigation systems; political com-
mitment and policy support. The latter two were as important as the
first two in the rapid dissemination and adoption of modern technolo-
gies and the rapid growth in food production. The commitment to
achieving food self sufficiency was the driving political force that
made the Green Revolution happen in South Asia. Micro- and Macro-
economic policies that promoted rapid productivity growth through
the adoption of modern wheat and rice technologies were established
in the mid-1960s.

In the early years, input price subsidies and output price supports
were essential as they helped stimulate farmers to adopt new technolo-
gies. Unpriced irrigation water, cheap fertilizers, subsidized power
supply and low interest farm credit were some of the crucial supports
provided by South Asian governments that made intensive rice-wheat
production profitable. However, prolonging the policies of input price
subsidies into the post-green revolution period resulted in a distortion
of farm level incentives for efficient input use and lead to much of the
degradation observed today.

While micro policies have played an important role in leading
South Asian farmers to unsustainable agricultural practices, macro-
policy scenarios have been just asimportant. Since food self-sufficien-
cy was the motivating factor for many of the policy measures during
the 1970s and 1980s, macroeconomic policies protected cereal prices
through import restrictions and tariffs. Domestic prices were kept
artificially high and excessive productive resources were devoted to
the production of rice and wheat. These were ‘safe’ crops that would
get farmers assured prices at subsidized input prices. Thus there was
no real incentive for farmersto diversify from the rice-wheat rotation.
The impact that past micro and macro economic policies have had on
the rice-wheat resource base utilization and degradation are discussed
below.

ECOLOGICAL CONSEQUENCES OF INTENSIFICATION

Intensive rice-whest rotation on the lowlands results in the following
changes in production systems. (i) seasonal wet and dry crop cycles
over the long term; (ii) increased reliance on irrigation and inorganic
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fertilizers; (iii) asymmetry of planting schedules; and (iv) greater uni-
formity in the varieties cultivated. Over the long term, these changes
impose significant environmental costs due to negative biophysical
impacts.

The most common environmental consequences of lowland intensi-
fication are: (i) buildup of salinity and water logging; (ii) depletion/
pollution of (ground) water resources; (iii) formation of a hardpan
(subsoil compaction); (iv) changes in soil nutrient status, nutrient defi-
ciencies and increased incidence of soil toxicity; and (v) increased pest
buildup, pest-related yield losses and associated consequences of in-
creased and injudicious pesticide use. A brief description of each of
these problems and the possibilities for reversing them are discussed
below. At the farm level, long-term changes in the biophysical envi-
ronment are manifested in terms of declining total factor productivity,
profitability, and input efficiencies. Many of the degradation problems
mentioned above were policy induced and the result of inappropriate
and inefficient land, water and input use practices.

Salinity and Water Logging

Intensive use of irrigation water in areas with poor drainage can
lead to a rise in the water table due to the continual recharge of
groundwater. In the semi-arid and arid zones this leads to salinity
buildup, while in the humid zone to water logging. An excess of
evapotranspiration over rainfall causing a net upward movement of
water through capillary action and the concentration of salts on the soil
surface induces salinity. The groundwater itself need not be saline for
salinity to build up; it can occur due to the long-term evaporation of
continuously recharged water of low salt content (Moormann and van
Breeman, 1978).

Excessive irrigation, poor drainage especialy, seepage can induce
salinity problems from unlined canals. Poor irrigation system design
and management are primary factors leading to salinity problems.
Irrigation water provided free or at avery low cost to the farmer tends
to aggravate the problem. For instance, in Pakistan’s Sindh Province,
large areas became saline after the introduction of extensive irrigation.
This led to arise of the water table from a depth of 20-30 mto 1-2 m
within 20 years (Moormann and Van Breeman, 1978); other examples
from South Asia can be found in Chambers (1988), Abrol (1987),
Dogra (1986) and Harrington et al. (1992). Dogra (1986) estimates
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that in India, nearly 4.5 million hectares are affected by salinization
and a further 6 million by water logging. In the short term salinity
buildup leads to reduced yields while in the long term it can lead to
abandoning of crop lands (Samad et al., 1992; Postel 1989; Mustafa
1991).

In higher rainfall areas, such as in East India, induced salinity
buildup is not as much a problem because the rain flushes out the
accumulated salts. However, excessive water use and poor drainage
cause problems of water logging in this zone. Waterlogged fields have
lower productivity levels because of lower decomposition rates of
organic matter, lower nitrogen availability, and accumulation of soil
toxins. In the case of wheat, low plant populations in some areas can
be attributed to water logging, especially water logging occurring
early in the growing season during germination and emergence stages
of wheat. Hobbs et al. (1996) report for the Nepal Terai that water
logging reduced yields by half aton per hectare.

Groundwater Depletion

Development of groundwater resources has been a significant driv-
ing force for agricultural intensification in many parts of Asia. The
massive expansion of private sector tubewell irrigation in Bangladesh,
India, and Pakistan is the most successful example of private sector
irrigation development in Asia. A *“groundwater revolution” in Bang-
ladesh beginning in the 1980s was a key stimulant to rapid agricultural
growth in the 1980s and early 1990s. Nearly 1.5 million hectares of
land were newly irrigated after 1980, in significant part from installa-
tion of shallow tubewells spurred by deregulation of tubewell imports
(Rogerset a., 1994).

However, just as excess use of un-priced irrigation water can lead to
rising water tables and salinization, it can also lead to faling water
tables, in tube well irrigated areas, with negative environmental and
productivity consequences. The problem of overdrafting of groundwa-
ter often occurs because individual pump irrigators have no incentive
to optimize long-run extraction rates, since water left in the ground
can be captured by other irrigators or potential future irrigators.
Groundwater is depleted when pumping rates exceed the rate of natu-
ral recharge of the aquifer. While mining of both renewable and non-
renewable water resources can be an optimal economic strategy, it is
clear that groundwater overdrafting is excessive in many intensive
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agricultural areas in Asia. The problem of ground water overdrafting
is exacerbated when electricity for tubewell operations is subsidized.

Government intervention to prevent depletion of groundwater in the
developing world has proven difficult to implement, subject to corrup-
tion, and in many cases very costly. The most successful tubewell
development has been through small-scale private investment, which
iswidely dispersed and difficult to monitor. Only when private tube-
well imports and markets were deregulated did the small-scale tube-
well revolution take off in Bangladesh. An attempt at re-regulation
through restrictions on well-siting slowed growth in tubewell adoption
during 1985-1987 (Rogers et al., 1994). India has been ineffective at
implementing licensing laws at the state level, where ownership of al
water resources resides. Pakistan has no lega system for licensing
groundwater withdrawals, and limited attempts to give ownership of
underlying aguifers to municipalities have been challenged in the
courts (Pingali and Rosegrant, 1998).

Changesin Soil Nutrient Status

The most commonly observed effect of intensive rice-wheat sys-
temsisadeclinein the partial factor productivity of nitrogen fertilizer
(Hobbs and Morris, 1996). Recent work at IRRI (Cassman et al.,
1994) indicates that the declining partial factor productivity of nitro-
gen in rice monoculture systems is due to a decline in the nitrogen
supplying capacity of intensively cultivated wetland soils. Rice-wheat
systems could be facing a similar phenomenon. Fertilized rice and
wheat obtain 50-80% of their nitrogen requirement from the soil;
unfertilized rice obtains an even larger portion, mainly through the
mineralization of organic matter (De Datta, 1981). The soil’s capacity
to provide nitrogen to the plant declines with continuous (two to three
crops per year) flooded rice cultivation systems. Declining soil N
supply results in declining factor productivity of chemical nitrogen,
since soil N isanatural substitute for chemical nitrogen. Cassman and
Pingali (1993) estimate the magnitude of yields foregone due to de-
clining soil nitrogen supply. Using long-term experiment data from the
IRRI farm, Cassman and Pingali estimate the decline in yields to be
around 30 percent, over a 20-year period, at all nitrogen levels.

In addition to nitrogen, phosphorus and potassium are the two other
macronutrients demanded by the rice and wheat plants. Phosphorus
and potassium deficiencies are becoming widespread across Asia in
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areas not previously considered to be deficient. These deficiencies are
directly related to the increase in cropping intensity and the predomi-
nance of year-round irrigated production systems. For example in
China, it is estimated that about two-thirds of agricultural land is now
deficient in phosphorus, while in India, nearly one-half of the districts
have been classified as low in available phosphorus (Stone, 1986;
Tandon, 1987; Desai and Gandhi, 1989). Desai and Gandhi note that
this is due to the emphasis on nitrogen rather than a balanced applica-
tion of al macronutrients required for sustaining soil fertility. The
result of unbalanced application of fertilizers has been adeclinein the
efficiency of fertilizer use over time (Desai and Gandhi, 1989; Stone,
1986; Ahmed, 1985).

Micronutrient Deficiencies and Soil Toxicity

Perennial flooding of ricelands and continuous rice monoculture as
well as the rice-rice-wheat rotation lead to increased incidence of
micronutrient deficiencies and soil toxicity. Zinc deficiency and iron
toxicity are the ones most commonly observed in the tropics. Water
logging and salinity buildup, often caused by poor water pricing and
water management practices, aggravate these problems. In Asia, zinc
deficiency is regarded as a major limiting factor for wetland rice on
about 2 million hectares (Ponnamperuma, 1974). In the rice-wheat
zone also, zinc deficiency ranks number one in importance among the
micronutrient deficiencies (Ivan Ortiz Monasterio, personal commu-
nication). These are mainly soils of low zinc content. Soils that are not
initially of low zinc content also show signs of induced zinc deficiency
due to perennial water saturated conditions and continuous cropping.
Drainage, even if temporary, helps alleviate this deficiency by increas-
ing zinc availability (Lopes, 1980; Moormann and van Breeman,
1978).

Most irrigated lowlands do not start off with any soil toxicity;
however, toxicity may build up in some soils due to continuous flood-
ing, increased reliance on poor quality irrigation water and impeded
drainage, especially on soils where a hardpan is formed due to alter-
nating wet and dry cycles. Iron toxicity is the most commonly ob-
served soil toxicity due to intensive irrigated crop cultivation.

Once diagnosed at the farm level, micronutrient deficiencies are
relatively straightforward to correct. Zinc deficiencies can be cor-
rected by adding zinc, for instance. Diagnosisisitself not easy though;
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quite often micronutrient deficiencies are misdiagnosed as pest-related
damage. In the case of soil toxicity, farm level diagnosis is equally
complicated and corrective actions are not as straightforward. In both
cases, however, the problem ought to be attacked at the cause rather
than the cure stage. Periodic breaks in rice monoculture systems or
rice-rice-wheat systems (two crops of rice followed by a crop of
wheat) and improved water use efficiency goes a long way towards
reducing the incidence and magnitude of the above problems.

Long-Term Changesin Soil Physical Characteristics

Seasonal cycles of puddling (wet tillage) and drying, over the long
term, led to the formation of hardpans in paddy soils. The hardpan
refers to compacted subsoil that is5-10 cm thick at depths of 10-40 cm
from the soil surface. Compared to the surface soil, a plow pan has
higher bulk density and less medium to large-sized pores. Their perme-
ability is generally lower than that of the overlying and deeper hori-
zons. A striking example of the problem of hardpans is seen in the
rice-wheat cropping system in South Asia. The poor establishment of
wheat following puddlied rice affects the productivity of the wheat
crop. If the hardpan is broken through deep tillage and soil structures
are improved through the incorporation of organic matter, it affects the
productivity of the subsequent rice crop by reducing water-holding
capacity of the soil. Thus, intensification has reduced the flexibility of
dry season crop choice by changing the soil physical structure.

Increasing Losses Due to Pests

The use of purchased inputs for plant protection was unimportant
for cereals prior to the mass introduction of modern varieties. Farmers
had traditionally relied on host plant resistance, natural enemies, cul-
tural methods, and mechanical methods such as hand weeding. Agri-
cultural intensification in general and continuous cropping of cereals
in particular has increased the incidence of weed, insect and disease
problems (Pingali and Gerpacio, 1997; Hobbs and Morris, 1996).

In the case of rice, relatively minor pests-eaf folder, caseworm,
armyworm and cutworm-—started to cause noticeable losses in farmers
fields as area planted to modern varieties increased. Hence the rapid
increase in insecticide use in intensive rice monoculture systems (Rola
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and Pingali, 1993). In the case of wheat, insecticide use is not very
prevalent and fungicide use has been largely controlled by the devel-
opment of varieties with resistance to major disease pressures. How-
ever, some diseases, such as Helminthesporium sativum (spot blotch)
are on the rise in intensive wheat production zones, as well as the
rice-wheat zone. Soil borne diseases are also becoming an increasing-
ly important factor in constraining yield growth in the rice-wheat areas
of the Indo-Gangetic plains. On the other hand, the incidence of Kar-
nal Bunt, a very important disease problem in wheat has been reduced
with the advent of rice-wheat system, because the soil saturated condi-
tions under rice are unfavorable to the disease build up over crop
cycles.

Insect and disease problems that have emerged have been exacer-
bated by crop management and pesticide use practices. Injudicious
and indiscriminate pesticide application is related to policies that have
made these chemicals easily and cheaply accessible. Heong, Aquino
and Barrion (1992) argue that prophylactic pesticide application has
led to the disruption of the pest-predator balance and a resurgence of
pest populations later in the crop season. Rola and Pingali (1993) have
argued that pesticide use has been promoted by policy makers mis-
perceptions of pests and pest damage. Policy makers commonly per-
ceive that modern variety use necessarily lead to increased pest-related
crop losses and that modern cereal production is therefore not possible
without high levels of chemical pest control.

Ecologically safe methods of weed management continue to be a
major concern for the rice-wheat system. Phalaris minor became the
major weed problem with the advent of the rice-wheat cropping sys-
tem in South Asia (Hobbs and Morris, 1996). Homogeneity of crop-
ping patterns across large areas contributes to the rapid build up and
spread of Phalaris. Breaking up the cropping pattern reduces the weed
build up and herbicide resistance problems; however, cropping pattern
choices are made on economic grounds rather than sustainability
grounds.

The widespread availability of insect and disease resistant varieties
for the maor cereals has reduced the productivity benefits and the
profitability of applying insecticides and fungicides. See Pingali and
Gerpacio (1997) for a current review of the impact of host plant
resistance for the mgjor cereals and Rola and Pingali (1993) for rice
specific evidence. Even where resistant varieties are used one could
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anticipate pest problems due to a narrowing of genetic diversity on
farmers fields. When many farmers, in the same area, choose to grow
the same high yielding variety or ones with similar resistance genes,
thereis alower level of genetic diversity than would most effectively
protect against the emergence and spread of new disease strains
(Heisey et a., 1997). However, increasing diversity on farmers fields
is not a smple proposition, the socialy optimum level of diversity
might differ quite substantially from the private optimum due to po-
tential yield trade-off and the cost of frequent varietal replacement.
See Heisey et a. (1997) for an excellent case study of wheat rust
management through enhanced genetic diversity in the Punjab of Pa-
kistan.

POLICIES FOR REVERSING THE CURRENT
DEGRADATION TRENDS

Meeting future food requirements in South Asia requires sustained
productivity growth from the Indo-Gangetic plains. Continued high
levels of investments in research and infrastructure improvement, as
well as institutional and policy reforms are necessary to meet the
above goal.

While resource base degradation is increasingly observed in the
rice-wheat belt, intensification per se is not the root cause of environ-
mental and ecological damage. Severe environmental degradation in
intensified agriculture occurs mainly when incentives are incorrect
due to bad policy or alack of knowledge of the underlying processes
of degradation.

Government intervention in the cereal market, especially through
output price support and input subsidies, provided farmers incentives
for increasing cerea productivity. In addition to highly subsidized
irrigation water, South Asian farmers benefited from ‘cheap’ fertiliz-
ers, pesticides and credit. The net result was that rice monoculture
systems as well as rice-wheat systems were extremely profitable
through the decades of the 1970s and the 1980s, despite a long-term
decline in the real world rice and wheat prices through this period.

Input subsidies that keep input prices low directly affect crop man-
agement practices at the farm level; they reduce farmer incentives for
improving input use efficiency, that often requires farmer investment
in learning about the technology and how best to use it. As Asian
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countries liberalize their agricultural sectors and move away from the
single-minded pursuit of food self sufficiency one can expect positive
resource base and environmental benefits.

Many of the degradation problems observed in the intensively culti-
vated rice-wheat lands are not irreversible, appropriate policies will
provide farmers the incentives to invest in more sustainable land and
crop management practices. Techniques for improving fertilizer use
efficiency, for example, are available but will only be viable at the
farm level when fertilizer subsidies are removed. The same isthe case
with the adoption of zero-tillage, Integrated Pest Management tech-
niques, or more judicious water management. Table 1 provides details
on policy interventions that contribute to resource base sustainability.

In order to create incentives for efficient and more environmentally
friendly water allocation, water subsidies (and power subsidies for
operation of tube wells) should be phased-out, with more realistic
water charges in al sectors. In the longer term, markets in tradable
water rights should be established where feasible. Establishment of
secure water rights for water users is an important foundation for the
establishment of economic incentives for efficient water allocation.
Moreover, responsibility for irrigation water management should be
devolved where possible to autonomous local institutions with user
representation and/or joint ownership. Full financial responsibility
should be granted, including right to charge for water and services
(Pingali and Rosegrant, 1998).

To complement the approaches to crop management improvement
in reducing fertilizer-related degradation problems, fertilizer subsidies
ought to be removed to eliminate the incentive for unbalanced and
excessive use. The financia costs of fertilizer subsidies to government
treasuries are high. The true economic costs can be even greater, as
subsidies soak up funds that could be used for alternative investments.
The reduction and eventual removal of fertilizer price subsidies can
substantially improve the efficiency of fertilizer use.

Non-price policies for fertility management are also important, in-
cluding location-specific research on soil fertility constraints and
agronomic practices, improvement in extension services, development
of improved fertilizer supply and distribution systems, and develop-
ment of physical and institutional infrastructure (Desai, 1986; Desai,
1988).

For various environmental and human health reasons (see Pingali
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TABLE 1. Reversing the Ecological/Environmental Degradation Problems.

Resource Farm Level
Base Possible/Probable Indicators of Economic Possible
Degradation Causes Resource Impact Technology Policy Change
Problem Degradation Intervention
Build up of « Poor design of Reduced ¢ Improved ¢ Pricing
salinity/ irrigation yields and/or irrigation irrigation
Waterlogging systems reduced factor system and water at its
¢ Intensive use productivities design ‘true’ cost
of irrigation Reduced ¢ Increased
water cropping water use
intensities efficiency
Abandoned
paddy lands
in the extreme Declining
trends in
Hardpan * Increased Reduced TTP ¢ Improved * Pricing
(sub-soil frequency of flexibility farm level irrigation
compaction) puddling (wet non-rice crop drainage water at its
tillage) the dry season systems ‘true’ cost
¢ Increased
water use
Declining efficiency
profitability of
Changes in * Changes in Declining rice and wheat ¢ Crop ¢ Output
soil nitrogen organic matter efficiency of cultivation Diversification  price reform
supplying quantity and nitrogen ¢ Increased * Removal of
capacity quality fertilizer use fertilizer fertilizer
* Long-term Reduced use subsidies
flooding/water yields and/or efficiency
saturation of reduced factor * Balance
paddy soils productivities Increased application
social costs of of all
negative nutrients
externalities
Increased « Continuous Increased on the ¢ Improved ¢ Removal of
pest buildup rice pesticide use environment varieties pesticide
and pest- monoculture and human with host subsidies
related yield < Increased health plant ¢ Investments
losses asymmetry of resistance in farmer
planting * Appropriate education
schedules varietal
* Greater turnover
uniformity in * Adoption
varieties and use
cultivated

and Roger,

1995, for detailed evidence in Philippine rice ecosystems),
the Integrated Pest Management (IPM) program has been vigorously
pursued, particularly for rice. To make IPM more attractive, pesticides
should never be subsidized since, as in the case of fertilizers, farmers
would have no incentive to invest time in acquiring IPM skills. Re-
moving al explicit and implicit subsidies on pesticides is essential to
reduce pesticide use on farms.
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With the progression toward global integration, the competitiveness
of domestic cereal agriculture can only be maintained through dramat-
ic reductions in the cost per unit of production. New technologies
designed to significantly reduce the cost per unit of output produced,
either through a shift in the yield frontier or through an increase in
input efficiencies, would substantially enhance farm level profitability
of cereal crop production systems. Increasing input use efficiency
would also contribute significantly to the long-term sustainability of
intensive food crop production and help arrest many of the problems
described above.
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Synthesis of Systems Diagnosis:
“Isthe Sustainability of the Rice-Wheat
Cropping System Threatened?’ —
An Epilogue

L. Harrington

SUMMARY. Rice-wheat systems in the Indo-Gangetic Plains may
seem simple, but in reality they are enormously complex, with numer-
ous productivity and sustainability problems, each embedded in a web
of interactions. By unraveling and understanding these interactions, and
harnessing their power, scientists working with the Rice-Wheat Con-
sortium for the Indo-Gangetic Plains are fostering sustainable improve-
ments in system productivity. Rice-whesat system problems include late
sowing, low water and nutrient use efficiency, groundwater depletion
(in some areas) or waterlogging and poor water control (in other areas),
salinity and sodicity (in defined locales) and the build-up of problem
weeds and possibly of pests and diseases. The low soil fertility scenario
is due to the increasing micronutrient deficiencies, widening NPK ra-
tios or imbalanced fertilizer use, and decreased use of organic sources
of nutrients. At first glance, these problems seem random and unrelated
but in fact, many of them are closely linked through system interac-
tions. Late sowing, for example, reduces water and nutrient use effi-
ciency, and restricts the time available within the rotation for break
crops, thereby contributing to the build-up of problem weeds and to soil
fertility decline. Reduced and zero tillage for rice and wheat improve
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timeliness of sowing and, through these same system interactions, help
farmers cope with multiple productivity and sustainability problems.
[Article copies available for a fee from The Haworth Document Delivery
Service: 1-800-342-9678. E-mail address. < getinfo@haworthpressinc.com>
Website: <http://mmww.HaworthPress.com> © 2001 by The Haworth Press, Inc.
All rights reserved.]

KEYWORDS. Cropping system, Indo-Gangetic Plains, productivity,
rice, wheat

SYSTEMS OF APPARENT SIMPLICITY

To the uninformed, few cropping systems appear simpler than the
rice-wheat systems of the Indo-Gangetic Plains of South Asia. Rice
monoculture (or so goes the story) is followed by wheat monoculture,
time and time again, year in and year out. No need to wait for the
monsoon-irrigation takes care of water requirements. And no need to
be concerned with pests, weeds and diseases-modern varieties and a
suite of external inputs make these a thing of the past. In this favored,
high potential environment, how can there be room for complex sys-
tem interactions? It seems so straightforward!

But the ssimplicity of rice-wheat systemsis only apparent. In redlity,
they are enormously complex, with numerous productivity and sus-
tainability problems; each embedded in a web of interactions. Often
these are not pure rice-wheat systems at all, but rather systems where
rice and wheat are grown in short- or long-term rotations or associa-
tions with legumes, pulses, sugarcane, potatoes or other crops (Razza-
que, Badaruddin and Meisner, 1995). Rotations vary across the land-
scape, and may change from one year to the next in the same location.
Crop-livestock interactions add further complications—crop residue
management, fodder requirements, farmyard manure use, and the ef-
fects these have on soil fertility and system productivity.

Over the past two decades, a number of diagnostic studies of rice-
wheat systems have been conducted. Many of these have looked into
system interactions, and the interplay among productivity and sustain-
ability problems, their causes, and possible solutions, al in a systems
perspective. On the principle that problems are easier to solve when
their causes are understood, these studies have been used to help set
rice-wheat system research priorities (Rice-Wheat Consortium for the
Indo-Gangetic Plains, 1995).



L. Harrington 121

In this paper, a summary is presented of some problems affecting
the productivity and sustainability of rice-wheat systems. Causes of
these problems are then described, and the interactions among prob-
lems and causes are traced. Implications for rice-wheat system sus-
tainability are summarized, and a set of leverage points described.
Leverage points are understood as interventions, technologies or prac-
tices, even if straightforward and simple, that harness system interac-
tions and thereby contribute significantly to sustainable improvements
in system productivity and natural resource quality.

RICE-WHEAT SYSTEM PROBLEMS

Productivity and sustainability problems affecting rice-wheat sys-
tems vary across the Indo-Gangetic Plains, some of them following a
rough east-west gradient. In general, rainfall is higher, water control
more difficult, and soils heavier towards the east. Within these sys-
tems, therice crop typically is affected by pests and diseases, midsea-
son moisture stress and (in direct seeded rice) weeds. The wheat crop
generaly is affected by late sowing, early season waterlogging in
lower terraces with heavier soils, inadequate plant stands, competition
from grassy weeds, late season heat and moisture stress, and problems
of varietal replacement. Nutrient deficiencies are common for both
crops, as are low water and fertilizer use efficiency (Fujisaka, Harring-
ton and Hobbs, 1994).

Longer-term problems tend to include soil fertility decline (Bronson
and Hobbs, 1996), a build-up of weeds, especialy in wheat (Hobbs,
Sayre and Ortiz-Monasterio, 1998; see aso Malik, Gill and Hobbs,
1998) and possibly a build-up of pests and diseases. To these may be
added water management problems. Groundwater depletion affects
areas in the western Indo-Gangetic Plains where groundwater pump-
ing is excessive (Gill, 1992; Harrington et al., 1992). In contrast, other
areas experience poor drainage and waterlogging. Sometimes these
are due to naturally poor drainage or poor irrigation system water
control (especidly in the eastern Indo-Gangetic Plains), and at other
times to specific irrigation practices (Singh and Singh, 1995). Finaly,
some specific areas have become saline or sodic, though other such
areas have been reclaimed (Bhargava, 1989).
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Problems and Causes

At first glance, these productivity and sustainability problems seem
random and unrelated. In fact, many of them are closely linked, as will
be illustrated below. First, however, the notion of land types is dis-
cussed, because some problems and their corresponding causes vary
across land types.

Land Types and the Toposequence

Rainfall, water control and soil texture tends to follow an east-west
gradient across the Indo-Gangetic Plains. Water control and soil tex-
ture in specific locations, however, is aso influenced by land type
(i.e., lower, middle and upper terraces) within atoposequence. Though
aland type may be known by different local namesin different parts of
the Indo-Gangetic Plains, its characteristics, uses and management are
often similar (Harrington et al., 1993; see also Fujisaka 1990 for a
purely rice example).

Lower terraces are characterized by heavier soils and relatively
poor drainage and are more likely to be devoted to long duration
traditional rice cultivars. The lowest of these may be flooded or wet all
year. Middle terraces have somewhat lighter soils and fewer drainage
problems, and typically are sown to modern varieties of rice and
wheat, at times mixed with other crops. Upper terraces have the light-
est soils of all, and tend to have greater agroecosystem species diversi-
ty. Here rice and wheat are sown, but also pigeon pea, sugarcane, and
vegetables.

Understandably, at a given location, waterlogging is more likely to
be a problem in lower terraces, and inadequate moisture in upper
terraces. Because they are poorly drained, lower terraces are more
likely to experience long turnaround time between rice harvest and
wheat sowing. The distinction among lower, middle and upper ter-
races at times may be measured in mere centimeters of elevation-and
one year’s middle terrace may be another year’s lower terrace if the
monsoon is heavy. Land types categories, then, is relative and depend
on fine distinctions in hydrology. Finaly, it should be recognized that
the proportion of lower, middle and upper terraces in alandscape will
vary across the PlainsHower terraces predominate in the east and
middle and upper terraces predominate in the west.
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Timeliness and Tillage

It haslong been recogni zed that timeliness of operationsiscritical-
ly important in rice-wheat systems (Byerlee et al., 1984). Time-re-
lated factors influencing system productivity include the transplant-
ing of old rice seedlings, the late planting of wheat due to delayed
rice harvest, and a prolonged turnaround period between crops. Giv-
en that wheat yields may fall by around 40 kg/haper late-planted day,
that water and nutrient use efficiency are reduced by |late sowing, and
that a third crop (e.g., mung) cannot be introduced when wheat is
sown late, it is easy to understand why practices that foster timely
sowing have been given considerable attention (Hobbs and Morris,
1996).

Short-duration rice varieties can lead to increases in total system
productivity for late planted rice; zero tillage establishment of wheat
may reduce turnaround time; while wheat varieties which are high
yielding over a range of plant dates increase farmer flexibility in
maintaining system productivity (Flinn and Khokhar, 1989). Among
these, a short-duration rice variety is not aways the most attractive
option for farmers—for example, when long season, high value basmati
rice varieties are grown (Sharif et al., 1989). Understandably, turn-
around between rice harvest and wheat sowing is especially challeng-
ing in lower terraces, or in the eastern part of the Indo-Gangetic Plains.
Poor drainage can delay wheat sowing even when rice harvest is
timely.

New reduced and zero tillage and crop establishment practices—for
rice as well as for wheat—promise to finally assure timely rice and
wheat sowing. These practices have been shown in several locations to
advance sowing dates, cut costs, raise yields, improve nutrient use
efficiency, reduce weed germination (in some instances), save water,
reduce fuel use (and thereby carbon emissions) and generate higher
incomes for farm families. Practices have been developed for lower
terraces (surface seeding, Chinese Hand Tractor seeder) as well as for
middle and upper terraces (Chinese Hand Tractor seeder, Pantnagar
drill). (See, for example, Meisner et al., 1999; Hobbs and Rajbhandari,
1998; Rice Wheat Consortium for the Indo-Gangetic Plains, 1995b.
Much of the supporting information resides in very new data summa-
ries, internal memoranda, and unpublished reports.)



124 THE RICE-WHEAT CROPPING SYSTEM OF SOUTH ASA

Soil Fertility and Nutrient Use Efficiency

A magjor threat to the sustainability of rice-wheat system productiv-
ity comes from soil fertility loss. A number of studies have reported on
the outcomes of long-term soil-fertility experiments (e.g., note espe-
cially Abrol et a., 2000). Most of these conclude that soil fertility loss
does indeed take place in rice-rice-wheat and rice-wheat systems, that
rice yields are affected more than wheat yields, and that high NPK
levels do not entirely replace the need for organic amendments, e.g.,
farm yard manure.

Some studies conclude that a decline in soil organic matter is the
most important process at work (Bronson and Hobbs, 1996; Nambiar,
1985). Other studies suggest that the deterioration in productivity is
associated with deficiencies of secondary nutrients and micronutrients
such as sulfur and zinc (Singh and Paroda, 1993). A recent Rice Wheat
Consortium publication on long-term experiments (Abrol et a., 2000)
notes that, ““The yield of rice achievable with nutrient inputs was
shown to drop over time in some experiments, suggesting that
constraints other than macro-nutrients contribute to yield declines.
Micro-nutrient deficiencies and the build-up of pests and pathogen
pressures are possible additional constraints. .. " (p. xxi).

Whether the problem lies with soil organic matter and its nitrogen
supplying capacity, or with secondary and micronutrients, many
causes appear similar (see various rice-wheat system diagnosis re-
ports, e.g., Ahmed et a., 1993; Fujisaka, Harrington and Hobbs, 1994;
Harrington et al., 1993; Hobbs et al., 1992; Hobbs et a., 1991; and
others).

¢ Reduced levels and frequency of farmyard manure applications
to crop fields, attributable to changes in livestock herd size and
composition (sizeable reduction in the number of draft animals,
not fully compensated by a small increase in the number of dairy
animals), combined with increased manure use for household
fuel.

e Fewer crop residues retained in fields (whether incorporated or
left as a surface mulch) attributable to increased use of crop resi-
dues for livestock fodder (linked to reductions in grazing/pasture
area) and increased burning, especially of rice residues.

 |ncreased reliance on continuous rice-wheat rotations and a de-
clinein the attractiveness of break crops, attributable to relatively
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low yields and profits from break crops and/or market access
problems (e.g., with sugarcane), these influenced by the policy
environment.

* Relatively intensive nutrient mining in surface soil layers, attrib-
utable to restricted root growth associated with the plow pan
created during puddle rice culture.

» Relatively low application levels of inorganic fertilizers, insuffi-
cient to replace nutrients extracted during crop production.

e Use of inorganic fertilizer sources that do not contain secondary
or micronutrients.

Interactions between timeliness and tillage on the one hand, and soil
fertility management on the other, are fairly obvious. Reduced and
zero tillage practices reduce turnaround time between rice harvest and
wheat sowing, thereby creating *‘space” in the system that may be
used to establish athird, “break’ crop. Given that soil fertility issues
are concentrated in continuous rice-wheat systems, practices that
make it easier for farmers to introduce break crops can improve soil
fertility. The new tillage and establishment practices also facilitate
better plant stands and timely sowing, improving nutrient use efficien-
cy. Typically, these practices foster residue retention, with favorable
impacts on soil organic carbon. Finally, and most obvious, the introduc-
tion of zero or reduced tillage practices normally requires substantial
changes in how fertilizers are applied.

In contrast, it is unclear whether there is alink between land types
and soil fertility issues. Lower terraces have heavier soils with more
clay and silt. But upper terraces tend to have a greater incidence of
break crops and may receive preferential treatment in farmyard ma-
nure applications (e.g., to high value vegetables). In one sense, the
new rice and wheat tillage and establishment techniques may facilitate
an extension of diverse rotations from upper to middle terraces.

Water Management

Threats from water management problems to the productivity and
sustainability of rice-wheat systems in the Indo-Gangetic Plains may
be even more important than those posed by soil fertility loss. Expan-
sion of irrigated area and intensification of cropping patterns have
increased the demand for water throughout South Asia. Concern over
water availability has mounted especially fast in areas of northwestern
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India and the Pakistan Punjab, where water tables have dropped at a
rate of 0.2-1.0 m per year. This has already raised pumping costs,
reduced irrigation frequency and placed limits on sown area (Hobbs
and Morris, 1996). Poor quality tubewell water, salinity, sodicity, and
poor drainage/waterlogging are problems in different parts of the
Indo-Gangetic Plains.

Many water management problems have their roots in institutional
arrangements, institutional performance, and policy decisions. These
affect farm level water management practices, encouraging wasteful
use. For example, when groundwater is perceived as common proper-
ty (“if 1 don't pump it and use it, someone else will”’), it is in the
interest of an individual farmer to pump as much as possible-unless
collective action arrangements are in place (e.g., restrictions on tube-
well installation) (McCulloch et al., 1998). Subsidies on water and on
electricity for tubewell pumping are also contributing to excessive
water use. Some analysts recommend tradable water rights as away to
ensure efficient use of water resources, while allowing farmers to
benefit from their traditional water rights (Rosegrant and Gazmuri,
1994).

The capacity to examine the feasibility of new practices, e.g., con-
junctive use of surface water and groundwater, is hampered by lack of
sufficient communication and coordination among institutions respon-
sible for management of surface water, public tubewells, electricity
supply, drainage, on-farm works, extension, and the reporting of agri-
cultural data (Murray-Rust and Vander Velde, no date).

At the plot level, water management problems interact with tillage
and establishment, and soil fertility management, in many ways (see
Rice Wheat Consortium for the Indo-Gangetic Plains, 1995a). At
times, these interactions are conditioned by land type:

e Poor field drainage can increase turnaround time between rice
harvest and wheat sowing, delaying wheat sowing and reducing
yields, especially in lower terraces. At times this can substantial-
ly restrict the area sown to wheat after rice.

» Poor leveling of fields and/or poor water control can lead to poor
wheat stand establishment, reduced productivity, and reduced nu-
trient use efficiency—again in lower terraces.
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e Puddled rice culture in light soils in upper terraces can call for an
immense amount of water, feasible only with substantial subsi-
dies.

» Excessive water use contributes to loss of applied fertilizer nutri-
ents, polluting groundwater and reducing fertilizer use efficiency.

e Excessive water use, especially for rice, may result in an increase
in groundwater levels, eventually leading to waterlogging and
perhaps salinity.

Curioudly, given the fact that groundwater levels are falling in some
parts of the Indo-Gangetic Plains and rising in others, it may be most
suitable for farmers to be parsimonious with water in some areas (to
avoid waterlogging) and *‘sloppy’’ in others (to accelerate groundwa-
ter recharge).

Agroecosystem Health

Many observers express considerable concern about a possible de-
cline in agroecosystem health (especially increased incidence of pests,
diseases and weeds) for rice-wheat systems. Continuous rice-whedt, it
is thought, fosters a build-up of pests, diseases and weeds, relative to
more diverse rice-wheat systems featuring break crops. Yet, apart
from grassy weeds in wheat after rice, the evidence is patchy at best.
Regarding pests, apprehension is sometimes expressed about build-up
of stemborers and nematodes in continuous rice-wheat systems.
Savary et al. (1997) note that different crop management practices,
including rotations, do affect the incidence of pests, diseases and
weeds but do not conclude that an unremitting build-up occurs with
continuous rice-wheat. Still, the fact that the evidence is patchy does
not mean that such a build-up does not occur.

In many areas, e.g., Haryana, Phalaris minor is a very important
weed in wheat after rice (Harrington et al., 1992). Left uncontrolled it
can lead to very substantia yield reductions. The problem is exacer-
bated by its devel opment of resistance to the herbicides normally used
for its control (Malik, Gill and Hobbs, 1998). A change in crop rota-
tions can help remedy this problem. But another, innovative way isthe
use of bed sowing systems developed in Mexico. With wheat sown on
beds, the Phalaris (preferring wetter conditions) tends to become con-
centrated in the furrows. This allows control through mechanical cul-
tivation (see Sayre and Moreno Ramos, 1997).
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Issues of agroecosystem health, then, demonstrate at |east one clear
system interaction with tillage and rotations: Zero and reduced tillage,
by fostering earlier sowing and more system *‘ space,” facilitates more
diverse rotations, thereby indirectly helping deal with any build-up in
pests, diseases and weeds that may be associated with continuous
rice-wheat rotations.

LEVERAGE POINTS AND SUSTAINABLE IMPROVEMENTS
IN PRODUCTIVITY

In previous sections, rice-wheat system productivity and sustain-
ability problems were described, along with their causes, possible
solutions, and relevant system interactions. Given this information, is
it possible to conclude that current rice-wheat systems are not sustain-
able? Or that they can be made sustainable by introducing new system
management practices?

Over the past decade, a lot of effort has gone into defining sustain-
ability and developing ways to measure it. Some analysts have ex-
plored sustainable development in the broadest sense (Léé, 1991),
while others have attempted to develop unique sustainability indica-
tors, whether focusing on factor productivity (Ehui and Spencer, 1990)
or land quality (Smyth et al., 1993). The question remains whether any
of these approaches can satisfactorily determine whether a particular
agroecosystem system is or is not sustainable. Or even whether there
aresimple ““yes”’ or ‘““no”’ answers to such questions.

Factor productivity approaches, for example, aim to gauge whether
changes in system productivity are higher or lower than can readily be
explained by changes in input levels. A system is deemed sustainable
if factor productivity trends are positive. But these can be positive
(over alimited range of time) even in the presence of significant and
irreversible resource degradation, e.g., when yield-increasing techni-
cal change is (temporarily) swift, or when labor productivity is dra-
matically increased, e.g., through mechanization (Sidhu and Byerlee,
1992). Moreover, land quality indicators are fairly blunt instruments,
combining as they do into a single value the effects of afew critically
important factors along with many others that may be quite immaterial.

A more pragmatic approach would clearly identify the most impor-
tant threats to sustainable improvements in productivity, and facilitate
efforts to understand and then reverse them. This has been the ap-
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proach of the Rice Wheat Consortium. The RWC does not aim to
answer the question, ** Are rice-wheat systems sustainable?’ but rather
“What are the main threats to sustained improvements in rice-wheat
system productivity and what can be done about these threats?”

In “doing something” about threats to sustainable productivity, the
RWC has sought to identify leverage points. Leverage points are under-
stood as interventions, technologies or practices, even if straightforward
and smple, that harness system interactions and thereby contribute
significantly to sustainable improvements in system productivity and
natural resource quality.

The most important leverage points identified by RWC scientists
are, not surprisingly, tillage and crop establishment practices, especial-
ly zero- and reduced-tillage practices for rice and wheat. These are
important because of their central location in the midst of a web of
system interactions, most of which were introduced earlier. In sum-
mary:

¢ Nutrient management and soil fertility decline-New tillage prac-
tices improve nutrient use efficiency (through improved timeli-
ness of sowing). They also facilitate farmer experimentation with
more diverse farming systems; if these include break crops, soil
fertility can be improved.

* Agroecosystem heath—New tillage practices (e.g., bed systems)
can help overcome the problem of Phalaris minor in wheat, es-
pecially where the weeds have devel oped a resistance to the her-
bicides used for their control. Other tillage practices (e.g., zero
till) results in fewer weeds germinating. Earlier concerns about
build-up of stem borer in crop residues appear unfounded (Mush-
tagq Gill, personal information). Some reduced-tillage practices,
however (e.g., surface seeding) may foster increased problems
with root rots or leaf blight in wheat.

e Water management—inally, new tillage and establishment prac-
tices (e.g., broadcasting of rice seedlings, laser leveling of fields)
can result in dramatic reductions in water requirements, expand-
ing the amount of water available for other uses.

Rice-wheat systems in the Indo-Gangetic Plains may seem to be
simple, but in fact they are enormously complex, with numerous pro-
ductivity and sustainability problems, each embedded in a web of
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interactions. By unraveling and understanding these interactions, and
harnessing their power, RWC scientists are fostering sustainable im-
provements in system productivity—beginning with seemingly simple
innovations in tillage and establishment.
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