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Rice based cropping systems accounts for more than half of the total acreage in South Asia,
where rice is grown in sequence with rice or upland crops like wheat, maize or legumes. Rice
based cropping systems occupy 13.5 m ha in the Indo-Gangetic Plains (IGP) of South Asia (Gupta
& Seth, 2007) which provides food security and livelihoods for millions. The productivity and
sustainability of the rice based systems are threatened because of (1) inefficient use of inputs such
as fertilizer, water and labor; (2) increasing scarcity of resources, especially water and labor; (3)
changing climate; (4) changes in land use (cropping practices and cropping systems) driven by a
shortage of water and labor; (5) socio-economic changes (urbanization, labor migration, chang-
ing attitude of people to shun away from farm work); and (6) increasing farm pollution (Ladha et
al., 2009). Countries with a large population like China and India face the challenge of maintain-
ing and increasing high yield levels in a scenario of increasing climatic variability. Over the last
few decades, the growth in agricultural production has come mainly from yield increase and to
alesser extent from area expansion. Now the agricultural land available per capita is expected to
decline (FAO, 2002). Furthermore, in high intensity agricultural production areas, yield increase
seems to have reached a ceiling despite higher input use. Crop yields even decline in some cases,
for example in the grain producing areas of Punjab in India (Aulakh, 2005). Water is one of the
most precious natural resources for agricultural production and agriculture accounts for 70
percent of water use (FAO, 2002). In the Indian state of Punjab, characterized by intensive irri-
gated agriculture, the groundwater table is falling at a rate of 0.7 m per year (Aulakh, 2005).
Agriculture contributes to the problem by pumping excess water and by sealing and compacting
the soils so that excess rain water can not infiltrate and recharge the aquifer; one of the causes of
the growing number of flood catastrophes (DBU, 2002).

Reduced recycling of crop residue, minimal and unbalanced fertilizer addition, limited op-
tions for crop rotation and the regular intensive tillage are some of the factors responsible for the
soil degradation over time. Tillage primarily helps in weed management and to create a seed bed
with a fine soil tilth suitable for germination and seedling establishment. Additional reasons for
practicing conventional tillage by manual, animal powered or mechanized means, include min-
eralization of nutrients, incorporation of fertilizers, crop residues and soil amendments, tempo-
rary alleviation of compaction, and management of some soil-borne diseases and insects (Hobbs
etal., 2008; Kassam et al., 2009). However, regular tillage breaks down soil organic matter through
mineralization, more so in warmer climates (Kirschbaum, 1995), thus contributing to deteriorat-
ing soil physical, chemical and biological properties (Wall, 2007). Tillage also adversely affects
soil structure, with consequences for water infiltration and soil erosion through runoff, and
create hardpans below the plough layer (Thierfelder & Wall, 2009). These adverse effects of
tillage have been addressed over recent decades by the development of conservation agriculture
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(CA) (Garcia-Torres et al., 2003). Conservation agriculture is defined as cropping systems based
on minimal soil disturbance, permanent surface cover through crop residue retention and di-
verse crop rotations and associations (Hobbs et al., 2008; Kassam et al., 2009).

Soil quality is governed primarily by the tillage practices used to fulfill the contrasting soil
physical and hydrological requirements of the rice and subsequent crop (Mohanty et al., 2007).
Current crop cultivation practices in these systems degrade the soil and water resources thereby
threatening the sustainability of the system (Fujisaka et al., 1994; Byerlee & Siddiq, 1994; Hobbs
and Morris, 1996; Ali and Byerlee, 2000; Duxbury et al., 2000; Kumar and Yadav, 2001; Gupta et
al., 2003; Ladha et al., 2003a). Evidence from long-term experiments shows that crop yields are
stagnating and sometimes declining (Duxbury et al., 2000; Ladha et al., 2003a,b). Agricultural
technologies that can save resources reduce production costs and improve production while
sustaining environmental quality are therefore becoming increasingly important (Gupta et al.,
2002; Hobbs & Gupta, 2003).

Soil affects not only production, but also the management of other natural resources, such as
water. Soil structure is strongly correlated with the organic matter content and the soil life. Or-
ganic matter stabilizes soil aggregates, provides feed to soil life and acts as a sponge for soil
water. With intensive tillage-based agriculture, the organic matter of soil is steadily decreasing,
leading to a decline in productivity (Shaxon & Barber, 2003). World soils play an important role
in carbon (C) cycling. Being a principal terrestrial C pool, soils contain more than twice the C than
in the atmospheric, in the land plant or biotic pool. It is apparent, however, that atmospheric C
pool has increased at the expense of soil pool since the beginning of agriculture. Agricultural
practices with drastic impact on increasing C efflux include deforestation, burning, plowing,
and continuous cropping (Houghton et al., 1983; Lal & Logan, 1995). In general, intensive culti-
vation or continuous cropping leads to decline in soil organic matter content (Post et al., 1990),
and release of soil organic carbon (SOC) to the atmosphere. Agricultural practices affect soil C
reserve by influencing at least two processes: (i) increasing rate of biomass decomposition and
mineralization releasing carbon dioxide (CO,) into the atmosphere, and (ii) exposing SOC in the
soil surface to the climatic elements thereby increasing mineralization of C.

Over the past decades, extreme climatic events such as extreme precipitation as well as ex-
tended drought periods or extreme temperatures have become more frequent and stronger (Met
Office, 2005). Agricultural production systems are highly vulnerable to those changes. Resource
conservation technologies (RCTs) can assist in the adaptation to climate change by improving
the resilience of agricultural cropping systems and hence making them less vulnerable to abnor-
mal climatic situations. Better soil structure and higher water infiltration rates reduce the danger
of flooding and erosion catastrophes after high intensity rainstorms. Yield variations by adopt-
ing combinations of RCTs in extreme years, under either dry or wet conditions, are less pro-
nounced than under conventional agriculture (Shaxon & Barber, 2003; Bot & Benites, 2005).
Conservation agriculture can also help to mitigate climate change by reducing emission of green
house gases. By adopting suitable RCTs, soils can retain C from CO, and store it safely for long
periods of time. It is becoming increasingly difficult to achieve additional gains in productivity,
profit, and product quality by using the single-technology-centric approach. Therefore, a systems
approachis needed to adapt to emerging challenges and to enhance the productivity, profitabil-
ity, and resource-use efficiency of the system on a sustainable basis (Ladha et al., 2003, Gupta &
Seth, 2007).

Resource conservation technologies in rice based cropping system

Irrigated rice is increasingly subject to (i) the high fuel costs of puddling and the reduced
availability of labor, (ii) the water consumption of traditionally puddled rice is too high in many
regions. Hence alternatives must be found. Also the release of greenhouse gases such as methane
is high in traditionally flooded rice (Gao, 2006). Rice cultivation has therefore been adapted to
conservation agriculture in several countries. Rice can be cultivated without puddling or perma-
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nent flooding by adopting RCTs. Several efforts have been done in this regard (Gupta & Seth,
2007; Humphreys & Roth, 2008). Cropping systems involving residue retention and zero tillage
perform better in terms of profitability, yields and resource conservation, while conventional
systems and zero tillage systems without residue retention are inferior. Most RCTs have been
aiming at the two most crucial natural resources, water and soil. However, some of them would
also affect the efficiency of other production resources and inputs such as labor and farm power
or fertilizer. Some of the more popular RCTs, particularly in irrigated or rice based cropping
systems, are the following;:

Direct seeding

Direct seeding of rice compared with transplanted rice saves water as there is no puddling.
There are huge savings of labor and fuel. Further, the total growing period from seed to seed is
reduced by about 10 days and yields and water efficiency of the following rotation crops other
than rice are increased (PDCSR, 2005). However, weed management is more difficult in dry
direct-seeded rice. Direct seeding is another complement to conservation agriculture. Although
transplanting of crops, including paddy rice, is possible under zero-tillage, direct seeding is
preferable for the reasons mentioned above. In addition, direct seeding results in less soil move-
ment than transplanting, which often involves some sort of strip tillage. At the same time, CA
facilitates direct seeding by reducing several problems, such as surface crusting or weed control,
encountered when direct seeding is applied in isolation.

Bed planting

Bed planting refers to a cropping system where the crop is grown on beds and irrigation water
is applied in furrows between the beds. This is a common practice for row crops, but not for small
grain crops such as wheat and rice. The advantages are saving of irrigation water, improved
fertilizer efficiency, better weed control, and a reduced seed rate. The most important one as an
RCT is the saving of irrigation water because of reduced evaporation surface and efficiency in
distribution. In addition, the rooting environment is changed and aeration of the bed zone is
better than with flat planting. Water savings compared to flat surfaces of 26% for wheat and 42%
for transplanted rice have been reported, with yield increases at the same time of 6.4% for wheat
and 6.2% for rice (RWC-CIMMYT, 2003). Different type of bed plantings can be used under
different situations which are:

Raised-bed transplanted rice: A bed former-cum-drill seeder is used to form 37-cm-wide raised
beds and 30-cm-wide furrows in well-prepared, pulverized soil. Then, 21-days old seedlings are
planted on both sides of moist beds. Furrows are kept flooded for up to 21 days after transplant-
ing.

Raised-bed drill-seeded rice: A bed former-cum-zero-till drill is used to form 37-cm-wide raised
beds and 30-cm-wide furrows in well-prepared and pulverized soil, and dry rice seeds are sown
in rows on both sides of moist beds. Frequent light irrigations are applied for quick germination
and crop establishment. Yields of raised bed-dry-direct seeded rice were lower by 29% than
conventional tilled transplanted rice (Kumar & Ladha, 2011).

Permanent (double) bed-planted rice: Drill seeding on raised beds is practiced for both rice and
wheat in a sequence. It helps in good drainage, saves irrigation water and facilitates mechanical
weeding. Permanent-bed-planting with double zero tillage for rice and wheat can significantly
increase rice and wheat yield. Compared with the traditional cropping technique, wheat yield
increased by 6.7%~9.7%, and rice yield by 5.1~6.7% (YongLu et al., 2005).

Reduced and zero tillage

Intensive soil tillage is the main cause for the reduction in soil organic matter and hence
degradation of soils. Tillage accelerates the mineralization of organic matter and destroys the
habitat of soil life. In addition to this, zero tillage results in water savings and improved water-
use efficiency. Since the soil is not exposed through tillage, the unproductive evaporation of
water decreases and water infiltration is facilitated (DBU, 2002). The possible water savings
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through zero tillage vary depending on the cropping system and climatic conditions and about
15-20% water saving can be expected (PDCSR, 2005). Various combinations of RCTs involving
reduced tillage are as follows (Ladha et al., 2009).

Reduced-till (non puddled) transplanted rice: 2-3 dry tillages followed by planking/leveling and
ponding water but without puddling; 21-30 days old seedlings are transplanted at random or in
rows. Good soil structure is maintained due to reduced tillage and no puddling.

Reduced-till (non puddled) dry drill-seeded rice: Dry seeds are drilled in rows by a zero cum ferti-
seed-drill at 2-3 cm depth in a well-prepared leveled and moist soil, followed by one light irriga-
tion applied for good germination.

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

Reduced-till (non-puddled) dry drill-seeded rice + Sesbania: Rice is drill-seeded, Sesbania seeds
either drill-seeded or broadcast on the same day rice is sown in reduced-till plots followed by
Sesbania knocked down at 25-30 days after sowing (DAS) with 2-4,D.

Zero-till (nonpuddled) transplanted rice: Transplanting rice seedlings in flooded field at opti-
mum soil moisture without tillage and seedbed preparation.

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

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

Double zero-till drillseeded rice: Rice is zero-till drill-seeded at optimum moisture in the pres-
ence of residues, along with need-based preplant herbicide for weed control. In winter, wheat is
similarly zerotill drill-seeded in the same field. Compared with conventional tillage systems,
double zero tillage consumed 12-20% less water with almost equal system productivity and
demonstrated higher water productivity in rice wheat system (Jat et al., 2009).

Mulching and green manuring

The supply of organic matter to the soil through mulching and green manure is an important
factor for maintaining and enhancing soil fertility. The mulching material can result from crop
residues or green manure crops. This provides feed for the soil life and mineral nutrients for
plants. If legume crops are used as green manure, they can supply up to 200 kg ha™ nitrogen to
the soil. This can result in savings of 50-75% mineral fertilizer for rice (RWC-CIMMYT, 2003).
Left on the soil surface, the mulch reduces evaporation, saves water, protects soil from wind and
water erosion, and suppresses weed growth.

Crop residue burning is a problem, particularly rice straw after combine harvesting in the
north-west Indo-Gangetic Plain (Ladha et al., 2003). The development of zero-till drill seeding of
wheat and rice under crop residue mulch provides an option to reduce residue burning, thereby
reducing greenhouse gas emissions (Igbal & Goheer, 2008). A soil amendment with residue may
also improve soil quality.

Inclusion of grain legumes, green-manure crops, or Sesbania can add some biologically fixed
N (BNF) and organic matter to soils, thereby building up soil fertility in the long run (Peoples et
al.,, 1995, Ladha et al., 1996). Simultaneous sowing of rice and Sesbania and killing of young
Sesbania plants at 3045 days after sowing by selective herbicides (commonly referred to as brown
manuring) could help build up soil fertility in the RW system (Singh et al., 2007).
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Laser-assisted land leveling

For surface-irrigated areas, a properly leveled surface with the required inclination according
to the irrigation method is absolutely essential. Traditional farmers” methods for leveling by
eyesight, particularly on larger plots, are not accurate enough and lead to extended irrigation
times, unnecessary water consumption, and inefficient water use. With laser leveling, the un-
evenness of the field is reduced to about + 2 cm, resulting in better water application and distri-
bution efficiency, improved water productivity, better fertilizer efficiency, and reduced weed
pressure. Water savings of up to 50% have been reported in wheat and 68% in rice (Jat et al., 2006).

Controlled traffic farming

Controlled traffic farming restricts any traffic in the field always to the same tracks. Although
these tracks are heavily compacted, the rooting zone never receives any compaction, resulting in
better soil structure and higher yields. Through border effects, the area lost in the traffic zones is
easily compensated for by better growth of plants adjacent to the tracks so that overall yields are
usually higher than in conventional systems with random traffic (Kerr, 2001). Obviously, con-
trolled traffic farming is the ideal complement to zero-tillage or bed-planting systems.

Sustainable and resource-conserving crop management technologies offer several major ben-
efits under changing climate. These include:

1. Practices such as reduced tillage in combination with crop residue retention can buffer crops
against severe climatic events, for example, by increasing water harvest and thereby offsetting
water shortages that will intensify as global temperatures rise.

2. Improving the overall environment for root growth, such practices permit the genetic poten-
tial of improved cultivars to be more optimally expressed helping to close yield gaps that may
already exist.

3. Diversification of cropping systems helps to control soil borne diseases.

Resource conservation technologies and greenhouse gases emissions

Inter governmental Panel on Climate Change (1995) estimated that 20% of the greenhouse
effectis related to agricultural activities. Therefore, the management of soil resources, in general,
and that of the SOC, in particular, is extremely important. Soil resources of the world may be the
key factor in the creation of an effective carbon sink and mitigation of the greenhouse effect.

Conservation agriculture helps to mitigate the effects of climate change, by sequestering soil
organic carbon and reducing emission of greenhouse gases (GHGs). With the increasing soil
organic matter, soils under CA can retain carbon from carbon dioxide and store it safely for long
periods of time. This carbon sequestration continues for 25 to 50 years before reaching a new
plateau of saturation (Reicosky, 2001). The consumption of fossil fuel for agricultural production
is significantly reduced under CA and burning of crop residues is completely eliminated, which
also contributes to a reduction in greenhouse gas release. Depending on the type of management,
soils under zero tillage might also emit less nitrous oxide (Izaurralde, 2004). With paddy rice in
particular, the change to zero tillage systems combined with adequate water management can
positively influence the release of other greenhouse gases, such as methane and nitrous oxides
(Belder, 2005; Gao, 2006).

Carbon dioxide emission: Atmospheric CO, concentration is increasing at the rate of 5% a year.
Burning fuel and changing land use are two major human activities that result in this increase
(Lal & Kimbel, 1995). Organic carbon in the soil is the main source of GHG emissions from the soil
(Post & Kwon, 2000). In rice based agricultural lands, organic carbon is supplied to the soil as
root exudates, dead roots and stubble of crops. Some other additional organic carbon is also
supplied by organic matter incorporation (Nishimura et al., 2008). The amount of organic carbon
stored in paddy soils is greater than in upland soils because of different biochemical processes
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and mechanisms specifically caused by the presence of flooded water in paddy soils (Liping &
Erda, 2001). The dynamics of carbon in paddy fields significantly differs from that in fields with
upland crop cultivation in which the aerobic decomposition process is dominant. During the
submerged period of paddy rice cultivation, CO, production in the soil is severely restricted
under anaerobic conditions. Chen et al. (2001) has reported continuous rice cultivation has a
tendency to increase CO, emission from soil. On the other hand, researchers also reported that
paddy field acts as net sink of atmospheric CO, (Yin et al., 2008). Liu et al (2007) has reported that
the optimum /high moisture condition in the paddy fields reduces the CO, flux by increasing the
gross primary productivity (GPP) over net ecosystem respiration (NER).

Nitrous oxide emission: Nitrous oxide (N,O) is an important greenhouse gas, accounting for
about 5% of total global warming (Robertson et al., 2000). The emission of N,O occurs as a result
of nitrification and denitrification processes occurring in aerobic and anaerobic soil conditions,
respectively. Total emissions of N,O-N were lower (0.002 kg ha™) under continuous submer-
gence than under alternate wetting and drying (0.050 to 0.054 kg ha™). Over a period of 12 days,
approximately 0.12% of applied N was emitted as N,O from soil under alternate wetting and
drying (AWD), whereas this value was negligible under continuous submergence (Mohanty et
al., 2009). Thus, growing rice in unpuddled soil under aerobic conditions will have implications
for the emission of GHG N, O (Pathak et al., 2007). However, emissions of methane (CH,), another
greenhouse gas, are less under aerobic conditions than under flooded rice cultivation (Gupta-
Vandana et al., 2009). In rice, it has been observed that strategies to reduce emissions of N,O often
lead to an increase in emissions of CH,. There is tradeoff between these two gases. Both of these
gases have different global warming potential (GWP), hence the RCTs with lesser GWP need to
be recommended for rice based systems.

Methane emission: The regional distribution of the rice—wheat system warrants a comparative
assessment of CH, emissions in Central China and Northern India, because these two regions
collectively account for more than 75% of the global rice-wheat area. The available CH, emission
records from rice fields in Central China showed a relatively high background level of CH,
emissions ranging from 200 to 900 kg CH, ha™ under mineral fertilization (Zheng et al., 1997;
Wassmann et al., 1993) and up to 1100 kg CH, ha following organic amendments (Khalil et al.,
1998). Emission records from Northern India were consistently lower and did not exceed 30 kg
CH, ha! under mineral fertilization (Mitra et al., 1999) and 50 kg CH, ha™ under organic treat-
ment (Debnath et al., 1996). Methane is mainly generated from organic material that is recently
formed or added during the growing season of the rice itself. Moreover, the post-wheat fallow
period until the transplanting of rice crop should result in converging soil conditions. Wheat
straw only slightly deviates from rice straw in its C content, so that an impact deriving from
distinct residues is rather unlikely even under high doses of straw application. The composition
of organic residues, however, could become a factor when rice-wheat system is compared to rice—
legume rotations. In rice fields applied with residues from the preceding season, CH, emissions
were reduced by approximately 50% when cowpea was grown instead of wheat (Abao et al.,
2000).

Resource conservation technologies to enhance carbon sequestration

Resource conservation technologies involving no or minimum tillage with direct seeding, bed
planting and crop residue management are now being advocated as alternatives to the conven-
tional rice based cropping system for improving the input-use efficiency, productivity, and
sustainability of the system (Gupta et al., 2003, Bhushan et al., 2007). The SOC content depends
on the type of conservation tillage and amount of crop residues returned to the soil surface, and
may be linearly related to crop residue returned to the soil. Crop residues produced in the world
are estimated at 2962 million Mg yr. Even a fraction of these residues returned to the soil through
conservation tillage can increase SOC content and lead to C sequestration.
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Tillage effects on soil organic matter: While thorough tillage of the soil has immediate advan-
tages for controlling weeds and creation of a fine soil tilth for sowing seed and for seedling
emergence, there are adverse consequences of regular tillage on soil quality which become more
apparent over the longer term. Soil quality is largely determined by soil organic matter (SOM)
status and there is much accumulated evidence in temperate and tropical soils of declining SOM
with tillage as compared to relatively undisturbed soil (Ogle et al., 2005). There is a range of soil
physical, chemical and biological consequences to declining SOM caused by tillage. A decline in
SOM reduces soil particle aggregation (Chaney & Swift, 1984), which slows water infiltration
(Thierfelder & Wall, 2010), reduces aeration and increases bulk density, thereby restricting root
distribution and function. With reduced SOM, soil water holding capacity is decreased and
susceptibility to water erosion increased through increased runoff (Thierfelder & Wall, 2010).
Declining SOM also diminishes the ability of the soil to release nutrients in approximate syn-
chrony with crop demand (Drinkwater & Snapp, 2007). Soil organic matter provides exchange
sites for nutrient ions, minimizing their leaching or sorption on clay minerals, but increases their
availability for plant uptake through slow release to the soil solution. A decline in SOM results in
an inevitable decline in soil biological activity (Soon & Arshad, 2005). Depending on soil type,
frequent tillage may cause the development of a hardpan at the bottom of the ploughed or hoe
cultivated layer which can impede water infiltration and root penetration (Thierfelder & Wall,
2009).

Conservation tillage and carbon cycling: Conservation tillage, a generic term denoting a range of
tillage practices that reduce soil and water losses in comparison with conventional or plow-
based tillage method and use crop residue mulch to provide a protection against raindrop im-
pact, increases SOC through enhancement of soil aggrading processes and reversal of soil de-
grading processes (Lal, 1989; Carter, 1993). The SOC content also depends on the type of conser-
vation tillage and amount of crop residues returned to the soil. Several experiments conducted in
temperate and tropical regions have demonstrated the beneficial effects of conservation tillage on
SOC (Juo and Lal, 1978; Lal, 1979; Dalal, 1989; 1992; Lal et al., 1989; Carter, 1993). On an Ultisol
in Eastern Nigeria, Ohiri and Ezumah (1990) observed about 8% higher SOC in conservation
tillage compared with conventional tillage systems. Conservation tillage is known to enhance
SOC in the surface soil horizons through several mechanisms (e.g., alterations of soil temperature
and moisture regimes, and erosion control) (Lal, 1989; Kern & Johnson, 1993).

Crop residue and its role in soil organic carbon management: Crop residue management, quantity
and quality of biomass applied to the soil, has a significant impact on soil quality and resilience,
agronomic productivity, and carbon sequestration. Crop residue is an important and a renew-
able resource. Developing techniques for effective utilization of this vast resource is a major
challenge. Improper use of crop residues (e.g. removal and burning) can accelerate erosion, de-
plete soil fertility, and pollute environment through burning and eutrophication of surface and
contamination of groundwater. If managed properly, residue management may save energy,
recycle nutrients, enhance soil fertility, improve soil structure and sequester carbon.

The quantity of crop residue produced depends on the arable land area, crops and cropping
systems, and soil and crop management. The global arable land area is about 1.4 billion ha with
about 31% in Asia (FAO, 1993). Based on the mean residue:grain ratio for different crops, annual
production of crop residue is estimated at 3.4 Pg in the world (Lal, 1997). The amount of residue
produced by cereals is usually high because of a high straw:grain ratio, low decomposition rate,
and high C:N ratio. Residue production by all grain cereals is estimated at 2.5 Pg for the world.
Assuming the mean carbon content of 45%, total carbon assimilated annually in the crop residue
is about 1.5 Pg in the world. If 15% of the carbon assimilated in the residue can be converted to
humus fraction, it may lead to carbon sequestration at the rate of 0.2 Pg yr* or 5.0 Pg of cumulative
C sequestration in the world by the year 2020. Application of 50% NPK + 50% N through FYM in
rice and 100% NPK in wheat, sequestered 0.39 to 0.62 Mg C ha™ yr' over control (no N-P-K
fertilizers or organics) in IGP of India (Nayak et al., 2012). Application of NPK either through
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inorganic fertilizers or through combination of inorganic fertilizer and organics such as farm
yard manure or crop residue or green manure improved the SOC, particulate organic carbon,
microbial biomass carbon concentration and their sequestration rate.

Conclusions

Locally adopted RCTs appropriate to resource endowments of farmers and the biophysical
environment hold potential to improve management of natural resources and provide sustain-
able increases in productivity. The long-term trials, set up at the beginning of the green revolution
era to understand nutrient mining in the system and to develop nutrient management strategies
have provided valuable information to develop future strategies. Appropriate long-term monitor-
ing must continue, and be relevant to future changes in tillage and water management practices.
In addition, benefits of changes in the tillage system and stubble management to the soil ecosys-
tem need to be better understood. Zero-till, permanent bed-planting systems and new nonpuddled
rice establishment techniques coupled with laser land levelling can go a long way to increasing
the use efficiency of these vital natural resources. Resource conservation technologies applied in
isolation have advantages and disadvantages. They are not universally applicable as the prob-
lems can sometimes outweigh the benefits. However, by combining different resource conserva-
tion technologies, synergies can be created to eliminate the disadvantages of single technologies
and accumulate the benefits. Different RCTs are successfully applied under the concept of con-
servation agriculture in different cropping systems around the world, allowing stable agricul-
tural production without the known negative environmental impact.

Mitigation options in the rice based cropping system may individually be of limited scope, but
they may achieve a discernable composite effect when implemented in coordinated fashion.
Mitigation programs will rely on win-win opportunities when emissions can be reduced with
another concomitant benefit such as higher yields, less fertilizer, water needs, etc. Targeting one
individual gas alone seems inappropriate due to tradeoff effects in the emissions of CH,, N,O,
and CO,. More research is needed to combine geographic information, emission models, yield
models and socio-economic information to devise site-specific packages of mitigation technolo-

gies.
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