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Rice fields are major sources of CH; and N,O. A num-
ber of practices have been suggested to minimize the
emission of either of these gases, but simultaneous
mitigation of these gases are not widely discussed.
Mitigating CH, emission may increase N,O emissions
and vice versa. Reducing their emission and making
the cumulative radiative forcing a minimum is a pri-
ority. The strategies should be effective, applicable on
a large scale, technically feasible, economic, less time-
consuming, environment friendly and should be easily
acceptable. On the basis of the available literature on
CH, and N,O mitigation, the following measures are
suggested by the author to mitigate the emissions of
these two gases simultaneously from irrigated rice
fields: (1) Application of mid-season drainage which
does not coincide with high ammonium in soil, (2)
application of urea and NHj-based fertilizers in

splits with nitrification inhibitors to increase N use
efficiency, (3) replacement of ammonium sulphate
with other sulphate sources to minimize CH, and N,O
emissions, (4) replacement of N broadcasting by
foliar-N spray application, (5) sub-surface application
of urea supergranules, (6) incorporation or deep
placement of prilled urea instead of surface applica-
tion, (7) application of well-composted organic matter
in place of fresh organic matter and green manure, (8)
use of single superphosphate (SSP) basally, which in
addition to supplying phosphorus, could mitigate CH,
production by supplying sulphur to soil and (9) culti-
vation of rice varieties with low gas transport capaci-
ties and low exudate formation. These practices can
be taken up without much difficulty in irrigated rice
fields and can reduce CH; and N;O emission simul-
taneously.

METHANE (CH,) and nitrous oxide (N,O) are two impor-
tant greenhouse gases and lead to chemical changes in
the atmosphere' . Although, atmospheric loading of N,O
is lower than CH, globally*, the former is a 310 times
more potent greenhouse gas than CO, on a 100-year
time-scale while CH, is only 21 times more potent®. Dur-
ing 1990-1999, CH,; and N,O concentrations have
increased 0.007 and 0.0008 ppb yr', respectively’.

Rice cultivation is an important source of CH, and
N,O (refs 6-9). Methane emission from the rice fields is
estimated to be globally 37 Tgyr' by IPCC while N,O
emission is much lower as the total N,O emission from
overall cultivated area was put at 1.8-5.3 Tgyr' (ref.
10). Extent of N,O emission from the rice field is much
lower than CH, since N,O is unstable in anaerobic envi-
ronment of wet-land rice soils®®. N,O is trapped in the
soil long enough to get denitrified to N, (ref. 11) but dur-
ing intermittent drying of the rice fields, N,O emission
increases considerably9’12. In contrast, CH, emission is
pronounced under anaerobic condition while intermittent
drainage appreciably reduces its emission'”'*. Around
80% of CH, produced in the soil can be converted to CO,
in the oxidized zone in the surface soil of rice fields
where CH, reaches by diffusion'’. In irrigated rice fields,
during drying cycles, CH, emissions decline due to low
generation and more oxidation, while N,O emission may
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increase due to lesser reduction to N,. Again, on fresh
irrigation, high amount of dissolved oxygen may help
form a more pronounced oxidized zone in rice soil,
favouring CH, oxidation.

Methane and nitrous oxide are simultaneously emitted
as irrigated rice fields offer favourable conditions for
their production and emission (Figure 1). But it is diffi-
cult to predict the extent of their emission, as it is con-
trolled by the real-time field conditions that control the
production and emission of the gases. Interestingly, the
presence of methane in the rice soil itself may check
nitrification'® and thus can possibly reduce N,O forma-
tion. Although the inhibition of nitrification by methane
is not too strong, appreciable amount of methane in rice
soil may play an important role.

Emphasis should be now laid on the mitigation of CH,
and N,O from rice cultivation, which is one of the most
important contributors to greenhouse gases in the atmos-
phere. It is estimated that irrigated rice accounts globally
for 70-80% of CH, from the global rice area, while rain-
fed rice (about 15%) and deepwater rice (about 10%)
have much lower shares. So, irrigated rice represents the
most promising target for mitigation strategies'’. How-
ever, mitigation options for CH, and N,O are different
and minimizing one gas may increase the emission of the
other. So, there is an urgency to prepare a set of mitiga-
tion options that might mitigate both the gases simulta-
neously and reduce the cumulative radiative force of the
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Figure 1.

two gases to the maximum possible extent. The options
have to be carefully considered so that the crop yield is
not affected. In this review, I discuss different factors af-
fecting emissions of CH; and N,O from irrigated rice
field and how mitigation of one may increase the other. 1
also offer a set of management strategies for irrigated
rice field, which could effectively mitigate the emissions
of both.

An overview of the factors affecting emissions of
CH, and N;O from irrigated paddy fields

Methane and nitrous oxide are emitted simultaneously
from irrigated rice fields since the biochemistry of sub-
merged soils support the production of both the gases'®.
Several studies have been conducted to measure the
simultaneous emissions of CH; and N,O from irrigated
rice fields®” . These studies give an insight into the
nature of the emissions of the two gases and the factors
influencing the emissions. Many reviews have been pub-
lished on the emissions of CH4; and N,O from soils and
their mitigation®* . Some of these papers have dealt
with in detail the factors affecting the production of these
gases in soils in general, but very few have concentrated
on simultaneous emissions of the two gases. Since both
the gases are emitted simultaneously from irrigated rice
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Mechanisms of CH4 and N,O emissions from an irrigated rice field under flooded condition.

fields, there is a need to discuss the contrast and similari-
ties in conditions that lead to the emissions of these
gases. There are many interplaying factors, e.g. soil water
content, nutrient application, organic matter in soil, soil
type (mainly texture), soil pH, soil redox potential, soil
and floodwater temperature, plant type and population,
land management practices, which influence the produc-
tion and emissions of the gases from irrigated rice fields.
Production of the gases in soil may be far more than the
actual emissions, as these gases get entrapped in soil’®*,
where they can undergo many changes, namely, oxida-
tion (CHy4 converted to CO, by methanotrophs) and deni-
trification (N,O denitrified to N, by denitrifiers). Here, 1
present a summary of the factors affecting the production
and emissions of CH, and N,O from irrigated paddy
fields (Table 1).

The dilemma: Will the mitigation of CHy4
increase the emission of N,O and vice-versa?

Considerable amount of research has been done on the
mitigation of CHy and N,O emissions from agricultural
ecosystems in general, as agriculture is one of the great-
est contributors of these two gases in the atmosphere.
Mitigation of one of these gases from irrigated rice fields
by altering management practices, viz. water manage-
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Table 1.

A comparative evaluation of factors influencing production and emissions of methane and nitrous oxide in irrigated paddy fields

Factor

Impact on methane production and emission

Impact on nitrous oxide production and emission

Water regime
Soil submergence

Intermittent drainage

Soil temperature

Organic matter
application

Fertilizer type
Urea

Ammonium sulphate

Ammonium nifrate
Potassium nifrate

Calcium sulphate
Single superphosphate

. .o
Enhanced production and emission'®

Reduced the formation drastically by influxing O, in
50il® thereby reducing emission®

Emission doubled from 20 to 25°C (ref. 83)

and was maximum at about 37°C (ref. 84)

With rising temperature, solubility of gases in water
decreases increasing the probability of emission
Production and emission increased drastically

with organic matter addition***

Reported to have both increased®® and decreased®
emissions than control

Increased® and decreased emissions™. Ammonium
increases growth of methanogens, helping produce more
CH, (ref. 95) and also inhibits CH, oxidation, leading to
more emission'>*"%. Sulphate may help decrease CH,
formation by activating sulphate reducers in soil which
compete for the same substrates with methanogens®
Inhibited production®®

Reduced emission compared to urea and

ammonium sulphate®

Mitigated emission®

Mitigated emission'®

Fertilizer application technique

Urea incorporated
Urea surface applied

Urea deep placement
Ammonium sulphate
incorporated in soil
Ammonium sulphate
raked into upper soil
Ammonium sulphate
surface applied

Mitigated emission compared to surface application®
. . . s
More emission compared to incorporation®

NA
Emission lowered by 62% (ref. 58)

Emission lowered by 43% (ref. 58)

Emission lowered by 6% (ref. 58)

Nitrification inhibitors, urease inhibitors and slow release fertilizers

Urea supergranules
Nimin-coated urea
Neem-coated urea
Dicyadiamide (DCD)
Thiosulphate
Encapsulated calcium
carbide (ECC)
Hydroquinone
Tablet urea

Rice plants

Soil texture

Land preparation

Soil pH
Soil redox potential (Eh)

Soil chemical condition

Mitigated emission'®

Mitigated emission’® and even increased emission®
NA

Mitigated emission®

NA

Mitigated emission®'

8

NA
Mitigated emission®’

Increase production by providing root exudates® and
increase emissions by providing conduits®***

Heavy soils may entrap more and allow more oxidation,
emitting less®®

Intercultural operations may increase emissions but it is
less frequent in direct-seeded rice due to more plants per
unit area, less weed growth and little mechanical weeding*®
A range between 7.5 and 8.5 is optimum for production'®

Production starts at =150 to —160 mV (ref. 5)

Appreciable amount of Mn**, NO3, SOf or Fe**
mitigates production by preventing soil reduction'"

Enhanced the production by denitrification but N,O can be
converted to N, reducing emission'!

Increased the production® and emission®'? by nitrification
of NH; during drying. Aerobic—anaerobic cycling triggers
interchangeable nitrification and denitrification,
enhancing N,O emission>®

Emission increased during temperature increase from 5 to
40°C (refs 85, 86)

Same is true for N,O

Production and emissions increase with addition®”** due

to enhanced denitrification®”** and nitrification of released
. . . - 192

NH} under partially aerobic and aerobic conditions®"’

Increased emissions, sometimes more than ammonium
sulphate®

Increased emissions, sometimes more than urea®®*!"!

NA

Resulted in more emissions than urea and ammonium
sulphate®

NA

NA

Mitigated emission compared to surface application'®
Increased emission when compared to incorporation and
deep placement'®

Mitigated emission compared to surface application'®*
NA

NA

NA

NA

Mitigated emission’
Mitigated emission’
Mitigated emission®®*
Mitigated emission®
Mitigated emission'®?

.. TS
Mitigated emission
Increased emission compared to prilled urea®

Increase production by enhancing denitrification'®'* and
increase emission by providing conduits'®

More entrapment in heavy soils leads to denitrification to
N and lesser emission while sandy soils emit significantly
more'?’

Intercultural operations will increase emission, as N,O
may move up within the soil more rapidly and escape to
the atmosphere

Optimal pH for production is 8.5 with a sharp decrease
below 6.5 (ref. 109) although may exist up to 3.5 (ref. 110)
Significant production over +250 mV (ref. 50) while
below +200 mV, it is not significant*

NOj in soil may increase production by favouring
denitrification® while others do not

NA, Not available.
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ment, may lead to an increase in the other. Changes in
water regime principally controls soil redox potential
which primarily influences the production of the two
gases™. Nitrous oxide is produced at much higher soil Eh
(+ 250 mV) while CH, production is initiated at —150 mV
(refs 50, 51) and since these conditions are contrasting,
there is a chance of higher emission of one of the gases
while mitigating the other””. They have found negative
correlation between CH,; and N,O emissions from a
paddy field. Cai et al.® have reported a clear trade-off
effect between CH, and N,O emissions from an irrigated
paddy field and have suggested that it is important to
evaluate the integrative effects of water management and
fertilizer application for mitigating greenhouse gas emis-
sions in order to attenuate the greenhouse effect contri-
buted by rice paddy fields. Bronson ef al.” reported that
although mid-season drainage mitigated CH, emissions
by 60%, it led to a sharp increase in N,O emissions from
the rice fields in Philippines. In a pot experiment with
paddy soil, continuous flooding led to more CH, and
lesser N,O emissions than normal irrigation while under
moist irrigation CH, emissions reduced and N,O emis-
sions increased as compared to flooded and normal irri-
gated conditions™. Similar emission trade-offs has been
reported by other researchers also®**>>. Minimization
of the emissions is necessary to have a minimum envi-
ronmental damage, e.g. atmospheric radiative forcing and
ozone depletion. Management practices have to be so
adjusted that emissions of both the gases are effectively
mitigated and have the least atmospheric radiative forc-
ing. How mitigating one gas can increase the emission of
the other, is discussed in the following sections.

Water management

CH, can be mitigated by intermittent drainage, i.e. by
stopping irrigation and allowing the standing water to
drain from the field. The extent of mitigation is likely to
vary appreciably depending on different factors, e.g. soil
texture, percolation rate, frequency of drainage, duration
of dry period, etc. Field drying at mid-tillering stage has
been shown to reduce CH, emission by 15-80% as com-
pared to continuous flooding, without a significant effect
on grain yield. The net impact of mid-tillering drainage was
diminished when (i) rainfall was strong during the drainage
period and (ii) emissions were suppressed by very low
levels of organic substrate in the soil’*. Mid-season
drainage reduced CH, emission by 43%, which can be
explained by the influx of oxygen into the soil. The prac-
tice of direct seeding instead of transplanting resulted in
a 16-54% reduction in CH,; emission, but the mecha-
nisms for the reducing effect were not clear. Drainage
can be artificially enhanced by underground pipe drain-
age and by modifying soil physical conditions™.

On the other hand, drainage will result in appreciable
emission of N,O (refs 7, 21), which can be produced via
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both nitrification and denitrification concurrentlySG. Soil
NH} might accumulate due to slow nitrification of added
and native soil NHj and from the mineralization of soil
organic matter. In that case, nitrification would produce
appreciable amount of N,O during dry cycles. Organic
matter also can be mineralized during drainage and N,O
may be produced. Denitrification can produce N,O from
NOj at soil saturation or field capacity during drainage
and/or at even drier soil conditions in anaerobic micro-
sites”’. On the other hand, if continuous flooding is main-
tained to control N,O emission, CH, emission will increase
considerably™.

Fertilizer application

Soil reduction can be arrested by adding any electron
acceptor to the soil, e.g. SO, NOj, etc. SOJ is a plant
nutrient and can supply the much needed nutrient in S
deficient soils. SOi_ can also arrest CH, formation by
decreasing the activity of methanogens by restricting the
availability of substrates in submerged soils. Methane
emission has been significantly reduced by the applica-
tion of sulphate through ammonium sulphate’®”, sodium
sulphate™ and gypsum® while a non-significant reduc-
tion with potassium sulphate was reported by Wassman
et al’’. Although, ammonium can reduce CH, oxidation
and thereby can increase CH, emission“’éz, the presence
of sulphate overwhelms this effect and reduces overall
CH, emission. In a Beijing rice field, an organic amend-
ment plus (NH,),SO, as the base fertilizer and (NH,4),SO,
as topdressing, applied in different amounts and growth
stages, reduced methane emission by about 58% and in-
creased rice yield by about 31.7%, when compared with
no topdressing®. But whether this practice can reduce
N,O emission also or not, have to be tested. Ammonium
sulphate addition has enhanced N,O emission signifi-
cantly in rice fields because of nitrogen addition in NHJ
form®*. So, sulphate sources (excluding ammonium sul-
phate) can be added to reduce methane emission from
rice fields. On the other hand, NOj application can also
reduce the rate of CH, formation by slowing down the
development of soil reduction. Addition of nitrate with
irrigation water at 40 mg 1" has also reduced methane
emission by 23% as compared to normal irrigation water®.
As NOj is a plant nutrient, it will enhance crop produc-
tion, but will also produce N,O through denitrification in
rice®.

Organic matter application

Addition of pre-composted organic matter, a humified
substrate, is reported to have produced lesser CH, per
unit carbon as compared to readily mineralizable carbon
sources when added to soil®®. On the other hand, animal
dung compost emitted more N,O as compared to chemi-
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cal fertilizers®’. Application of Sesbania, Azolla and
compost resulted in emissions of 132, 65 and 68 kg CH,
ha™', respectively, during the wet season in Cuttack,
India, showing that methane emission can be mitigated, if
green manures can be replaced by compost®. Addition of
rice straw compost increased CH, emission by only 23—
30% as compared to the 162-250% increase in emissions
with the use of fresh rice straw®. In contrast, composts of
cowdung and leaves decreased CH, fluxes’. Inducing
aerobic degradation through the addition of organic mat-
ter may significantly reduce CH, emission® but at the
same time this might increase N,O emission by nitrifica-
tion of released ammonium.

Application of nitrification inhibitors and
slow-release fertilizers

Nitrification inhibitors prevent the conversion of NH;—
N into NO; -N (refs 71, 72) thereby reducing emissions
of N,O via nitrification directly and then by reducing the
availability of NOJ for denitrification’’*. Nitrification
inhibitors were quite useful in mitigating N,O emission
from rice fields®”®*. Apart from artificially synthesized
materials, some plant products have also been tested and
found suitable to mitigate N,O from rice fields’. Nitrifi-
cation inhibitors such as dicyandiamide (DCD) and nitra-
pyrin inhibited the formation of CH, and simultaneously
mitigated emissions of both the gases from rice fields’””.
On the other hand, since nitrification inhibitors conserve
soil NHJ, there is a probability of increased CH, emis-
sion with inhibitors due to lesser CH, oxidation. In a
study at Cuttack, India, application of nitrification inhibi-
tor dicyandiamide (DCD) inhibited while nimin, another
nitrification inhibitor, stimulated CH,; emission from
flooded rice field compared to the emissions with urea N
alone. Methane oxidation decreased with soil depth, ferti-
lizer-N and nitrification inhibitors®®. Nimin reportedly
mitigated methane emission when added to rice fields
with prilled urea as compared to prilled urea alone®. It is
difficult to predict whether CH, will be consumed or
emitted, as it depends on the extent of inhibition on CH,
formation and CH,; oxidation. Slow release fertilizers
also mitigated N,O emission’”>*® while no significant
difference in methane emission was found between slow
release (coated urea) and fast release (compound ferti-
lizer) N sources’”.

Extent of CH, and N,O mitigation by the
proposed measures: Difficulties in prediction

Many strategies, proposed and practised by different res-
earchers were developed to mitigate emissions of either
CH, (refs 45, 59, 78, 79) or N,O (refs 9, 43, 44, 64) from
rice fields (Table 2) and so may not effectively mitigate
both CH,; and N,O simultaneously. Management prac-
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tices for irrigated rice could be suitably modified to miti-
gate emissions of both CH,; and N,O. An approach
should focus on maximum possible mitigation of both the
gases at the same time so that their cumulative radiative
force is minimized. Any proposed strategy should be ap-
plied at field scale to examine how effectively it works
and if they can be applied in farmers’ fields without any
adverse effect on yield and environment. As long as the
economic return from rice is not affected by the prac-
tices, they could be implemented. A summary of the pro-
posed strategies is presented in Table 3.

During the cultivation of irrigated rice, the proposed
practices can be taken up in a definite sequence to attain
appreciable reduction in emissions and good crop yield.
They have to be field-tested to know exactly up to what
extent they can reduce emissions. The proposed actions
can only act as a guide leading to the goal of a maximum
possible mitigation of both the gases. It is a difficult
proposition to predict the extent of mitigation at present.
Although, literature indicates the possible magnitudes of
CH, and N,O mitigations by some of the proposed prac-
tices under rice (Table 2), it is assumed by the author that
when the proposed practices are applied in a certain
sequence in an irrigated rice field (Table 4), the exact
mitigation of the two gases would be difficult to surmise
as many real-time factors will interplay. Soil water con-
tent, soil type, type and amount of fertilizer, fertilizer
application method, rice variety and type of nitrification
inhibitor will principally control the mitigation under
field condition, as is evident from widely varied results
in field condition from similar mitigation practices. The
most effective CH, mitigation practice seems to be inter-
mittent drainage, which has mitigated CH, up to even
80% but can be as low as 7% possibly because mitigation
seems to be strongly dependent on the timing, frequency
and span of drainage®. Methane can also be strongly
mitigated by sulphate application through different
sources but can have widely varying values ranging from
9 to 73%*. Nitrification inhibitors have been found to
have limited success in CH, inhibition but can at the
same time reduce N,O emission, the extent of which has
been found to vary widely in rice (9-53%)%*. So, it is
evident that the extent of mitigation will be highly site-
and practice-specific. Moreover, prediction on simulta-
neous CH,; and N,O mitigations would have to be made
from available mitigation studies, which are more often
on any one of the gases. On the other hand, some of the
proposed mitigation practices here have not been widely
tested, e.g. foliar N spray, deep placement of urea super-
granules (USG) or urea pellets or urea briquettes on
either CH,; or N,O emissions and effect of sulphate on
N,O. It will not be out of place to suggest that a quantita-
tive assumption on the concomitant mitigation of the two
gases will possibly not match with the actual mitigation
in the field, when the proposed practices are practically
taken up.
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Table 2. A summary of available data on CH, and N,O mitigation in rice by different practices

Moisture Mitigation Mitigation
regime strategy Specific practice (%)* Remarks Reference
Methane (CHy)
Irrigated Nitrification inhibitor Encapsulated calcium carbide (ECC) 90 Greenhouse experiment; Duration — 30 days 112
Trrigated Fertigation' Nitrate in irrigation water 23 Duration — mid-June to early August 65
Trrigated Urea + NI Coated calcium carbide 36 Duration — 77 days; Location — Louisiana 59
Dicyandiamide {DCD) 14
Sulphate Sodium sulphate 28-35
Irrigated Sulphate Gypsum 55-70 Location — IRRI, Philippines 60
Trrigated Nitrate KNO; 50 Duration — 93 days; Location — Louisiana, US 113
Trrigated Drainage Mid-season drainage 60 Duration — December 1992 to April 1994 7
Location — Philippines
Trrigated Drainage Intermittent drainage 10 Calculated mitigation, assuming intermittent drain- 79
age in 33% of poorly drained rice soils in China,
based on 1990 emissions from rice agriculture
Irrigated Sulphate Ammonium sulphate (AS) 58 Duration — April to October 63
Location — Beijing, China
Irrigated Sulphate Ammonium sulphate 42-60 Duration — rice season; Location — Jiangsu, China 6
Irrigated Drainage Seasonal drainage 63-72 Duration — rice season; Location — SW Agril. Univ. 14
and S China Agril. Univ., China
Trrigated Urea + NI DCD 22 Duration — 105 days 8
AS + NI DCD 13 Location — New Delhi, India
Trrigated Tron addition Fe(OH); 46 Duration — June 13 to October 13 114
Pot experiment
Trrigated Urea + urease Hydroquinone + DCD 66 Pot experiment with low-land rice soil 31
inhibitor + NI
Trrigated Sulphate Ammonium sulphate 25-36 Duration — 1994-1998 rice seasons 69
Phosphogypsum 72 Location — Central Luzon, Philippines
Drainage Mid-season drainage 43
Seeding Direct seeding 16-54
Trrigated Tron addition Ferrihydrite Greenhouse experiment 115
15 g kg™ soil 43
30 g kg™ soil 84
Trrigated Drainage Mid-season drainage 44 Duration — 1995-98 rice seasons 116
Location — Hangzhan, China
Irrigation Intermittent irrigation 30% less than
mid-season
drainage
Trrigated Drainage Mid-season drainage 23 Duration — 1995-98 rice seasons 117
Location — Beijing, China
Irrigated Drainage Seasonal drainage 42-67 Duration — Rice season; 17
Location — Los Banos, Philippines
Irrigated Drainage Mid-season drainage 7-80 Duration — rice season 54
Sulphate Ammonium sulphate 10-67 Locations — China, India, Indonesia, Thailand,
Phosphogypsum 9-73 Philippines
Trrigated Drainage Mid-tillering drainage 15-80 Duration — 1994-96 rice seasons 80
Location — Los Banos, Philippines
Irrigated Slow release N Tablet urea 10-39 Location — Jakenan, Indonesia 80
Nitrous oxide (N,O)
Trrigated Urea + NI ECC 44 Greenhouse experiment; Duration — 30 days 112
Trrigated Slow release N Wax-coated calcium carbide 73 Location — Griffith, Australia; Direct seeded flood 118
Irrigated Slow release Polyolefin-coated fertilizer (POF) 80 field experiment, Duration — 110 days 119
fertilizer Location — Japan, Basal application
Trrigated Urea + NI DCD 53 Duration — 105 days; Location — New Delhi, India 8
AS + NI DCD 46
Irrigated Sulphate Phosphogypsum 100 Location — Louisiana, USA; Applied at 2.5, 28
5 and 10 tons/ha
Trrigated Urea + urease Urea + hydroquinone + DCD 50 Pot experiment with low-land rice soil 31
inhibitor (UT) + NI
Trrigated Urea + NI DCD 11 Duration — 98 days 64
AS + NI Thiosulphate 9 Location — New Delhi, India
DCD 26

*Calculated as percent reduction of emission as compared to without mitigation practice; NI, Nitrification inhibitor.
Fertilizer mixed with irrigation water; NA, Not available.
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Table 3.

Strategies for simultaneous mitigation of CH4 and N,O emissions from irrigated rice

Strategy

Basic working mechanism

Remarks

Phosphorus (P} application through
single superphosphate (SSP), which
reduces CH, emission from rice'®

Application of ammonium
fertilizers in the reduced zone

Application of N in splits at critical
growth stages'*

Addition of nitrification inhibitors
{NI) with urea and ammonium
fertilizers

Application of foliar urea-N in
water-logged conditions'”'

Addition of SO} through gypsum,
sodium sulphate, potassium
sulphate, etc.

Mid-season drainage should be
practised when it does not coincide
with high soil ammonium

Irrigation by good-quality water

Plant population should be
optimum

Rice varieties with low gas
transport, low exudate production
and high harvest index* are
preferable

Application of slow-release N,
especially S and rock
phosphate-coated urea'”'

Deep placement of urea supergran-
ules (USG), urea pellets and urea
briquettes'*!

Pre-incubated urea {urea : moist
soil = 1:6) can be applied after
keeping it for 2-3 days'*!

Incorporation and deep placement
of prilled urea

Avoidance of green manure
addition in soil. Compost is a better
option

Allow the growth of aquatic weeds
and algae in floodwater

S in SSP forms sulphate and reduce methane
emission

Ammonium sulphate reduces CH4 emissions by
63% (ref. 58). In reduced zone, it will not affect
CH, oxidation and there will be negligible

nitrification and denitrification to produce N,O

In initial stages, low doses of N are advisable as
N uptake by rice is low then'* and this will help
reduce N,O

NI will minimize N,O emission via nitrification
directly and denitrification indirectly and may
inhibit CH4 formation also

Foliar-N spray may reduce N,O emissions from
soil and reduced methane fluxes by 45, 60 and
20% in ammonium sulphate, ammonium chloride
and urea broadcasted plots, respectively'**

Sulphate inhibits methane formation, reducing CH,4
emission

Mid-season drainage reduces CH, formation and
enhances CH, oxidation but high soil ammonium
may increase N,O emission via nitrification

High DO in irrigation water will help maintain an
oxidized zone in soil helping CH,4 oxidation

Nutrient uptake will be good and N,O and CH,4
emissions through plants will be low

These varieties will control emission of both the
gases

[EI—

Neem coated, shellac coated, wax coated *', nimin
125

coated ~, etc. can also be used. Neem-based

products can also act as nitrification inhibitors

Can be deep-placed at 8—10 cm below ground'?* in
reduced zone to maximize N recovery and reduce
N,O loss'*. Subsurface application of urea
supergranules reduces methane flux over control'®

This ensures release of NH; via hydrolysis of
urea and its fixation during pre-incubation and
thus applied NH; is not lost quickly from soil

These practices have reduced emission of
N,O + N, from flooded rice'®?

Green manure is fresh organic matter, which might

increase methane emissions

Algae can impart O, in floodwater and maintain
the oxidized zone, helping CH,4 oxidation

Effect of P and N,O emissions from rice is
unknown. But, in maize, sorghum and soybean,
N,O emission was reduced by P application'*

Ammonium and urea can be deep-placed at planting
and once later, through mud ball placement at
10-12 cm below ground at the base of the seedlings
in row-transplanted rice'*'

Split application should be done on dry field and no
immediate irrigation should follow to reduce wast-
age of fertilizer

DCD, neem-coated urea, ECC, nitrapyrin, etc. may
be applied along with fertilizers

Concentration of urea solution should be carefully
chosen to prevent foliar damage'*'

Excessive sulphate application may lead to Akiochi

To prevent NH; accumulation, urea and ammo-
nium should be applied in splits and soil ammonium
should be regularly monitored. Mid-season drainage
should not reduce yield

Wastewater irrigation may considerably increase
CH, and N,O emissions and so should be avoided

Nutrient and water management and cultural
practices can be practised with a greater ease

Many rice varieties have not been tested for their
gas transport potentials. Sometimes, seeds of the
desired varieties may not be available

These products can be indigenously produced with
locally available materials

Cost of USG is not much higher than prilled urea

Can be broadcasted on field

Rice yield may also improve due to increased N-use
efficiency

Green manure is applied in rice in many countries
to get higher yield

Algal immobilization of added N may decrease N
use efficiency. Algae should not be incorporated in
soil which might increase CH4 emission
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Table 4.

tant mitigation of CH4 and N,O

Proposal of three different sets of management practices which can be followed alternatively in sequence, in irrigated rice for concomi-

Alternative 1

Alternative 2

Alternative 3

Basal incorporation of composted organic
matter

Basal incorporation of SSP

Basal application of slow-release urea or urea
with nitrification inhibitors

Incorporation of gypsum

Transplanting of rice varieties with low gas
transport capacity and low-exudate formation

Maintenance of optimum plant population

Drying of field when inhibitor is no longer
effective® and soil NH, is low

Interculture operations to be kept at minimum
required

Foliar-N spray at critical stages of crop need

Basal incorporation of composted organic
matter

Basal incorporation of SSP

Application of prilled urea and through incor-
poration in the soil

Incorporation of potassium sulphate

Transplanting of rice varieties with low-gas
transport capacity and low exudate formation

Maintenance of optimum plant population

Drying of field when soil NH, is low'

Interculture operations to be kept at minimum
required

Top dressing and good incorporation of
ammonium sulphate with nitrification
inhibitors during drainage

Basal incorporation of composted organic
matter

Basal incorporation of SSP

Sub-surface application of urea supergranules
or urea briquettes

Incorporation of phosphogypsum

Transplanting of rice varieties with low gas
transport capacity and low exudate formation

Maintenance of optimum plant population

Drying of field when soil NH, is low

Interculture operations to be kept at minimum
required

Top dressing and good incorporation of
ammonium sulphate with nitrification
inhibitors during drainage

*Has to be determined through laboratory studies or to be found out from available literature.

Soil NHJ content should be analyzed just before mid-season drainage.

Concluding remarks: Applicability of the
proposed strategies

There are several formidable obstacles to incorporate
these mitigation practices into local rice farming®. The
strategies should be so formulated that they are effective,
applicable, technically feasible, economic, less time-
consuming and at the same time, easily understood and
accepted by farmers. We have to consider different asso-
ciated factors, viz. labour requirement, effects on rice
yield and soil fertility and short- and long-term environ-
mental sustainability, under both up-land and low-land
conditions. Although nitrification inhibitors can mitigate
the production of both the gases, in many countries they
are not used in farmers’ fields due to lack of publicity,
non-availability, high price or apathy. Ghosh® has shown
that in an irrigated paddy field, total radiative forcing of
CH, can be much more than N,O and mitigating N,O
emission by nitrification inhibitors is a much costlier op-
tion when compared to mitigation of CH,. This implies
that emphasis should be more on mitigating CH,; emis-
sion from irrigated paddy field, since it is less costly and
its emission is much higher than N,O. Slow release
N-fertilizers like coated urea preparations, USG, urea bri-
quettes etc. have remained only as researcher’s tools
without being popularized in countries like India, China,
Pakistan, Bangladesh, Thailand, Indonesia, Malaysia,
Philippines, etc., where rice is the most important cereal
crop and covers large areas under cultivation. Hou et al.*
have proposed that production of both the gases can be
minimized if soil Eh can be controlled in a range of
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— 100 mV and +200 mV, where it is too high for CH,
production and favourable for N, production rather than
N,O. Soil Eh can be effectively controlled by manipulat-
ing water management, which can only be done in areas
having assured water supply. However, many areas des-
ignated as irrigated lack consistent water supply. More-
over, in rainy seasons, it is difficult to follow water
management practices in field. Some practices like deep
placement of fertilizers, local preparation of coated ferti-
lizers have extensive labour requirement, which is not
always available at cheap rates. Above all, it is difficult
to convince the farmers to follow these practices until
and unless they show some economic benefits.

A reduction in the application of N fertilizers and or-
ganic fertilizers would possibly reduce methane and N,O
emissions from rice fields, but would also reduce total
rice production unless the area under rice cultivation is
increased. Reducing the period of inundation, growing
alternative crops, aeration of water and alternating rice
crops with other crops in the dry season are suggested
methods of reducing methane emission®'. They have also
suggested dry seeding in place of transplanting, for CH,
mitigation. Dry seeding is getting increasingly popular
among farmers due to labour savings although it has a
lower yield potential than transplanting®. But this prac-
tice has to be tested for its effects on N,O emissions. To
implement a rice cultivation system based on the pro-
posed practices, institutional and political support is
needed which is virtually absent in many countries. Fur-
ther studies to verify the mitigation options should focus
on the feasibility for local farmers.
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