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A sustainable food future will require reductions in green-
house gas emissions from agriculture even as the world
produces substantially more food. The production of rice,
the staple crop for the majority of the world’s population,
emits large quantities of methane, a potent greenhouse
gas. According to various governments, global rice produc-
tion emits 500 million tons of greenhouse gases (carbon
dioxide equivalent) per year—or at least 10 percent of total
agricultural emissions. The figure may be closer to 800
million tons when adjusted for new estimates by the Inter-
governmental Panel on Climate Change of the sustained
warming effect of methane. Although uncertain, there is
evidence that increasing levels of carbon dioxide in the
atmosphere could also increase future rice-related emis-
sions substantially through its effect on soil microbes.

Most of the world’s rice grows in inundated conditions,
and one of the most promising techniques for reducing
rice-related emissions is to reduce or interrupt the periods
of flooding. The production of rice in flooded paddies
produces methane because the water blocks oxygen from
penetrating the soil, creating conditions conducive for
methane-producing bacteria. Shorter flooding intervals
and more frequent interruptions of flooding lower bacte-
rial methane production and thus methane emissions.

Note: authors are listed in alphabetical order.
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Techniques for reduced or interrupted flooding include (a)
a single drawdown of water during the mid-season; and
(b) alternate wetting and drying (AWD), which repeatedly
interrupts irrigation, so that water levels modestly decline
below the soil level before reflooding. Other techniques
include dry seeding instead of transplanting rice into
flooded fields, and various “aerobic rice” systems, in which
rice is grown in well-drained soil. Evidence indicates that
all of these techniques substantially reduce greenhouse
gas emissions. Perfect water management can theoreti-
cally reduce emissions by up to 90 percent compared to
full flooding. Numerous field experiments also suggest
that if properly employed, these practices will at least
maintain rice yields, and sometimes increase them. Many
of the world’s rice-producing regions also face water short-
ages, underscoring the need for higher water use efficien-
cies at the field level for stabilizing yields.

But despite the potential benefits, our case studies from
China, India, the Philippines, and the United States
indicate mixed practical potential to adopt these water
management techniques without improvements to irriga-
tion or drainage systems. Farmers need reliable control
over irrigation water to implement these measures, and
generally also need small, well-leveled fields to assure that
water levels do not drop too far in parts of the field, which
would impact rice yields. Where farmers irrigate by pump-
ing groundwater in India, the southern United States,

and some parts of the Philippines, they generally have the
technical ability to apply water saving techniques, at least
during periods without substantial rainfall.

In the Philippines and many other Asian countries, farm-
ers have limited technical ability to drain their fields
during the rainy season, so full-scale AWD is probably
not feasible. During the dry season, farmers who rely on
surface irrigation systems tend to be reluctant to interrupt
irrigation when water is available because of doubts that
water will be available later when needed to refill the field.
In some of these locations, dry seeding may be an effec-
tive means of reducing methane emissions, and in others,
a single drawdown may still be feasible, but the technical
opportunities remain generally unexplored.

Our case studies also reveal unexplained discrepancies in
the observed impacts of water management techniques

in different environments. Although farmers in China

and Japan widely practice a single mid-season drainage
because of a common understanding that it improves their
yields, researchers have found no similar yield gains in

the United States. There are many studies finding yield
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gains from AWD, but there are also studies showing
losses. No one today can explain these differences fully.
The scope of potential water savings associated with these
water management techniques is also uncertain. AWD has
been shown to reduce water use at the farm level, but the
assessment of the actual water balance at the level of an
entire irrigation system is more complex and remains an
open question.

Overall, apart from our relatively broad analysis in these
case studies, little information exists about precisely
where, and under what conditions, these measures really
present a benefit to farmers. Similarly, there is a lack of
information about the relative cost-effectiveness of imple-
menting these water management techniques in major
rice-growing areas. Put simply, there are individual farm
studies of the impacts and benefits of water management,
and broad global analyses that require many assumptions,
but the knowledge in between is mostly lacking. These
challenges remain serious barriers to the wide-scale adop-
tion of improved water management practices.

Rice farmers currently have only limited incentives to
improve water management. In regions where farmers
irrigate by pumping groundwater, improved water use
efficiency can directly translate into reductions in fuel
used for pumping water, and therefore lower production
costs, if pumping is unsubsidized. In general, these are
the prime areas with immediate opportunities to imple-
ment improved water management, and reducing water
or pumping subsidies could help encourage these changes.
Broader incentives will be necessary to encourage
farmers in other areas to implement these practices

at the necessary scale.

To fully realize the opportunities for water management
benefits, we recommend that research organizations and
government aid agencies fund coordinated assessments
of the practical potential to implement different water
management techniques at the irrigation district level.
These organizations should also fund an improved global
assessment of yield, greenhouse gas and water saving
effects of these techniques based on a series of pilot proj-
ects. We also recommend that governments reform water
and energy subsidies, and develop new affirmative incen-
tives for water management, especially in water-stressed
areas. Taken together, these measures have the potential
to substantially reduce the environmental impacts of the
world’s most important staple crop—and could constitute
a significant step toward a sustainable food future.
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The World Resources Report’s Creating a Sustainable
Food Future: Interim Findings (Box 1) analyzes a menu
of solutions to the problems of how to meet global food
needs in 2050 in ways that contribute to economic and
social development and reduce agricultural impacts on the
environment. Reducing agricultural greenhouse gas (GHG)
emissions is among those core environmental needs.

Today, agricultural GHG emissions and associated land-
use change probably generate around one-quarter of
annual global GHG emissions.! To produce 70 percent
more calories—needed to close a projected food gap by
2050—those emissions are likely to grow to a level that
equals 70 percent of the total allowable budget of emis-
sions from all human sources if the world is to hold

global warming to acceptable levels. Such emissions from
agriculture alone would almost certainly make it impos-
sible to hold total emissions within the acceptable global
limit because they would leave too little room for the
much larger and still growing emissions from energy use
in non-agricultural sectors such as industry and transport.
If agriculture were to reduce its emissions in the same pro-
portion as other sources to meet the generally recognized
target of limiting global warming to just 2 degrees Celsius,
agricultural emissions would have to decline by two-thirds
from present levels even as agriculture produces 70 per-
cent more food.

Previous installments in this series of working papers

have focused on strategies to increase food production or
decrease food demand in socially and environmentally
beneficial ways. However, our Interim Findings make it
clear that reducing agricultural GHG emissions to accept-
able levels will also require changes in agricultural produc-
tion practices motivated largely by their climate benefits.

Most of the world’s rice grows in inundated conditions,
which leads both to high methane emissions and to
large demands for irrigation water. Many studies have
shown that changes in water management could reduce
GHG emissions from rice substantially. As a result, rice
management has featured prominently in discussions
about agricultural GHG emissions mitigation.

Box 1 |

How can the world adequately feed more than nine billion
people by 2050 in a manner that advances economic
development and reduces pressure on the environment?
This is one of the paramount questions the world faces over
the next four decades.

Answering it requires a “great balancing act” of three
needs. First, the world needs to close the gap between the
food available today and that needed by 2050. Second, the
world needs agriculture to contribute to inclusive economic
and social development. Third, the world needs to reduce
agriculture’s impact on the environment.

The forthcoming World Resources Report, Creating a
Sustainable Food Future, seeks to answer this question by
proposing a menu of solutions that can achieve the great
balancing act. This working paper profiles one of these
solutions or menu items, and is one of a series of papers
leading up to the World Resources Report.

Since the 1980s, the World Resources Report has provided
decision makers from government, business, and civil
society with analyses and insights on major issues at

the nexus of development and the environment. For

more information about the World Resources Report

and to access previous installments and editions, visit
www.worldresourcesreport.org.

This paper focuses on the existing evidence related to
the opportunities and challenges of mitigating emissions
through water management—both because of the
significance of rice emissions themselves, and because

it illuminates practical issues that will cut across the
climate mitigation challenge more broadly. We address
the various costs and benefits of the different water
management approaches, including potential effects on
yields. Because rice production has led to water shortages
in many regions, we pay particular attention to potential
water savings.

Improving water management in rice production satisfies
the environmental criteria set forth in Creating a Sustain-
able Food Future—and can also satisfy the development
criteria under certain conditions (Table 1).
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Table 1 |

o ©) ®

CRITERIA DEFINITION PERFORMANCE COMMENT

Poverty Reduces poverty and
Alleviation advances rural development,
while still being cost effective
Gender Generates benefits for women (@)
Eco- Avoids agricultural O
systems expansion into remaining
natural terrestrial ecosystems
and relieves pressure on
aquatic ecosystems
Climate Helps reduce greenhouse gas (]
emissions from agriculture to
levels consistent with stabiliz-
ing the climate
Water Does not deplete or pollute o
aquifers or surface waters
Note:

a. Mohanty and Bhandari (2014).

Rice is the staple crop for the majority of the world’s
population,? and rice production is a major source of
employment and income, especially in developing
countries. In 2013, farmers harvested rice on 165 million
hectares worldwide, and flooded (“paddy”) rice achieved
a global average yield of 4.5 tons per hectare.? Although
more than 100 countries grow rice, 90 percent of global
production occurs in Asia. Of this production, irrigated
lowland rice occurs on about 80 million hectares and pro-
duces 75 percent of the world’s rice. Roughly 20 million of
those hectares in Asia produce two or three crops of rice
per year.*
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In some cases, improving water management in rice production can financially
benefit farmers by lowering water costs, lowering electricity (pumping) costs,
raising crop yields, and/or reducing labor costs. However, in many other cases,
additional incentives will be necessary in order to make improved water man-
agement practices cost effective for farmers.

On average, women provide nearly half of the labor input in Asia’s rice-
producing areas,® so they may stand to benefit from improvements in water
management. However, the degree to which women benefit will depend both on
their incentives to implement these practices, and their access to and control of
resources related to rice production.

In some contexts, improving water management can increase rice yields and
reduce pressure to convert additional land to agriculture.

Interrupting flooding in rice paddies reduces the emissions of methane—a
potent greenhouse gas—by reducing the populations of methane-producing
bacteria and stimulating the breakdown of methane by other bacteria.

Improving water management in rice production generally reduces demand for
irrigation water, which can increase freshwater supply for other users or provide
downstream ecosystem services. However, further analysis will be necessary to
determine the extent to which field-level water savings translate into savings for
an overall irrigation district or aquifer.

Estimates of greenhouse gas emissions from rice pro-
duction vary, but they all agree that rice production is a
significant contributor to overall emissions. Rice produces
roughly four times the GHG emissions per ton of crop

as wheat or maize,> mostly in the form of methane and
nitrous oxide. As in wetlands generally, flooding rice fields
blocks oxygen penetration into the soil, which allows bac-
teria that produce methane to thrive. According to most
estimates today, paddy rice methane generates roughly
500 million tons of emissions of carbon dioxide equivalent
(CO,e) per year. Using figures for the warming potency

of methane established by the Intergovernmental Panel
on Climate Change (IPCC) in 2006, we estimate that this



number is actually closer to 600 million tons.® Further,
new science suggests the number is even higher. A recent
comprehensive assessment of the IPCC raised the estimate
of methane’s impact on global warming relative to car-
bon dioxide over 100 years by roughly one-third,” which
implies that rice methane may be equivalent to around
800 million tons of carbon dioxide per year. Rice produc-
tion also generates nitrous oxide, although IPCC methods
suggest that emissions are small, at roughly 15 million
tons of CO,e. This figure is uncertain, however, and other
estimation methods could raise it to 100 or more million
tons.® Overall, therefore, paddy rice methane contributes
at least 10 percent (and possibly more) of emissions from
global agricultural production, and 1 percent or more of
total human-generated GHG emissions. For most rice-
growing countries in Southeast Asia, rice contributes
around 50 percent of agricultural emissions and from 2.5
percent to more than 20 percent of total emissions.®

It is uncertain how much these emissions will grow
between now and 2050 absent concerted mitigation
efforts. The amount of methane emitted through rice
cultivation depends far more on the area of land under
production, and how that land is managed, than on the
amount of rice actually produced.* Projections from the
Food and Agriculture Organization of the United Nations
(FAO) imply an increase in demand for rice of 30—40
percent by 2050," which means rice yields need to grow at
roughly 55 percent of their historical rate to keep within
the net existing land footprint.*? If paddy rice yields can
grow fast enough to avoid expansion in rice area, methane
emissions should not significantly grow according to pres-
ent estimation methods. In fact, FAO projects that the har-
vested area of rice in 2050 will remain roughly the same as
in 2006. Although yield levels have stagnated in roughly

a third of rice-growing areas in recent years,* global rice
yields have continued to grow and there appears to be suf-
ficient growth potential to meet 2050 demands.™ Limited
land area suitable for growing rice, particularly in Asia,
will also push farmers to try to increase yields rather than
to expand land.

Unfortunately, climate change threatens both to decrease
rice yields and to increase its GHG emissions. Some
estimates of directly higher temperature effects on rice
yields are harsh, on the order of 8—10 percent declines in
yield for every 1 degree Celsius increase in temperature.'s
Millions of hectares of high quality, low-lying rice lands in
Asia could be affected by sea level rise, increasing the risks

of salinity and flooding. In addition, higher concentrations
of carbon dioxide in the atmosphere appear to directly
increase methane emissions by increasing the supply of
carbon to the microorganisms that produce methane.*
Although the science is evolving, one study estimated

that the combination of lower yields and rising methane
could double the emissions of each ton of rice by 2100.7
This threat of growing emissions creates a strong need to
reduce rice emissions in ways that boost—or at least do
not harm—yields and therefore hold down rice land area.

Three principal strategies exist for mitigating GHG
emissions from rice. The first is to increase rice yields.
Increasing yields avoids increases in emissions from land-
use change and from rice area expansion. If they are high
enough, yield increases could even lead to reductions in
rice area, reducing methane emissions as well as emis-
sions from land-use change.

Second, better management of rice straw, the non-grain
portion of rice plants, can hold down emissions. Methane
emissions increase when fresh (non-composted) rice straw
is added to flooded fields, particularly if not plowed in
until just before planting. Yet rice straw burning, which
occurs in some regions, also creates methane and other
greenhouse gases, as well as local air pollution. Strategies
that reduce emissions include incorporating rice straw
into fields well before new production seasons, and remov-
ing rice straw from fields to use for other productive pur-
poses, such as growing mushrooms, energy, or biochar.*

In this paper, we focus on the third strategy for mitigat-
ing GHG emissions from rice: reducing or interrupting
periods of flooding. We focus on this strategy for its water
savings potential and because among the three strategies,
it could reduce emissions most dramatically. In addition,
the challenges of improving water management illustrate
the challenges of reducing agricultural GHG emissions
more broadly.

The longer rice is flooded, the more methane-producing
bacteria grow and the more they generate methane.
Decreasing the duration of flooding therefore reduces
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methane production and emissions.* The drawdown of
water is accomplished by temporarily halting irrigation,
allowing water levels to subside through evapotranspira-
tion, percolation, and seepage. Interrupting flooding even
with occasional drawdowns has a dual effect: it quickly
drives down the populations of methane-producing bacte-
ria, and it stimulates the breakdown of methane by other
bacteria. Although the drop in methane emissions is not
necessarily proportional to the duration of the drawdown,
studies have found that almost any means of reducing or
interrupting this flooding reduces methane emissions.2°
Even reducing flooding during the off-season—as many
Chinese farmers do—can reduce emissions.

Systems for reducing flooding and emissions during the
crop-growing season fall into four categories:

DRY SEEDING. Most paddy rice production in Asia fol-
lows the traditional pattern of transplanting seedlings
grown in nursery areas into already flooded paddies.
But direct seeding of rice is growing in Asia and prob-
ably now accounts for a quarter of all rice production
there.? Farmers in the United States use direct seeding
because it requires less labor.?? Direct seeding can occur
in flooded fields or through drilling seeds into dry fields.
If it occurs in flooded fields (wet seeding), it is unlikely
to reduce methane emissions,? but if it occurs in dry
fields (dry seeding), it reduces emissions because it
shortens the flooding period by roughly a month.

SINGLE MID-SEASON DRAWDOWN. Studies have shown
that a single drawdown during the crop production
season, sufficient to allow oxygen to penetrate the

soils, substantially lowers GHG emissions. Typically,
this kind of drawdown must occur for 5—10 days to
generate methane benefits.?s Most farmers in China,
Japan, and South Korea already practice this drawdown
to increase yields.

ALTERNATE WETTING AND DRYING (AWD). This practice
involves repeatedly flooding a farm field, typically to

a water depth of around 5 centimeters, allowing the
field to dry until the upper soil layer starts to dry out
(typically when the water level drops to around 15
centimeters below the soil surface), and then reflood-
ing the field. This cycle can continue from 20 days after
sowing until 2 weeks before flowering.2¢ This approach
is also known as “controlled irrigation” or “multiple
irrigation,” depending on country and research context.
Because each drying cycle sets back the generation of
methane-producing bacteria, AWD achieves even larger
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reductions in methane than only one drawdown. AWD
can be practiced along a continuum, with the frequency
of drawdowns ranging from more to less frequent,
although the level of methane reductions will depend on
how stringently it is practiced.

AEROBIC RICE PRODUCTION. Like AWD, this system
involves adding irrigation water only when needed.

It avoids standing water, aiming instead to keep soils
moist. This system can drastically reduce—or nearly
eliminate—methane production. In general, however,
aerobic rice production has lower yields than rice pro-
duced through traditional methods or the three methods
listed above. Still, as our case study from China shows,
some farmers are maintaining high yields by construct-
ing raised beds and ditches, which limit standing water
to furrows.

All of these systems will reduce methane emissions.
Various studies have found reductions in GHG emissions
from direct seeding in dry fields of 30 percent or more.?”
IPCC guidance provides that a single drawdown will
reduce whatever emissions would otherwise occur by 40
percent, and multiple drawdowns by 48 percent.2® How-
ever, these figures are averages. Evidence from the United
States (described below) indicates that AWD could reduce
emissions by as much as 9o percent.? There is also evi-
dence that combining different water-saving approaches
can have additive benefits for mitigation. For example,
studies combining dry seeding with AWD have found
emissions reductions of 9o percent.3°

One concern is that while drawdowns decrease methane
emissions, they tend to increase emissions of nitrous
oxide, another powerful greenhouse gas. Nitrous oxide
emissions are generally low in continuously flooded rice
systems. However, under water-saving strategies, nitrous
oxide emissions tend to increase because alternating pat-
terns of oxygen in soils with new periods without oxygen
maximizes the opportunities for nitrous oxide production.
Data on nitrous oxide emissions under different water
management regimes are limited to a few field studies
with varying results. However, the findings indicate that
the increased greenhouse gas effect from nitrous oxide is
less than the reduction from methane—as long as exces-
sive nitrogen is not introduced through high doses of
fertilizer.3! Reflecting this difference in impact, the IPCC
guidelines do not account for increases in nitrous oxide
emissions under water-saving techniques, and below we
have chosen to follow this convention in our consideration
of these techniques’ GHG mitigation potential.



Wetting and Drying: Reducing Greenhouse Gas Emissions and Saving Water from Rice Production

How much improved water management could mitigate
emissions depends first on the extent to which these
practices are already occurring. Unfortunately, good data
on current water management practices are lacking. One
commonly quoted global estimate of roughly 500 million
tons of CO,e associated with rice production is based in
part on an assumption that most farms globally already
practice some mid-season drainage, but that assumption
now seems excessive.3? High levels of mid-season drain-
age have been shown in China,3 and farmers in Japan
and Korea probably farm similarly. Together, these three
countries account for 20 percent of global rice paddy
area.’* However, the view among agricultural research-
ers is that few farmers perform mid-season drainage in
most other countries, which account for the remaining
80 percent of global rice paddy area. Adjusting the model
in Yan et al. (2009) to reflect our rough estimate of 10
percent mid-season drainage rates in other countries
raises our estimate of global methane emissions to roughly
600 million tons of CO,e (using the 2006 IPCC figures for
methane potency). As discussed above, this figure rises to
roughly 800 million tons of CO,e using the IPCC’s most
recent estimate of methane’s global warming potential.

This estimate also implies that a majority of the world’s
rice fields do not employ some kind of mid-season draw-
down and therefore could at least in theory reduce their
emissions substantially. Even in areas practicing some
mid-season drawdown, however, our case studies suggest
a potential to reduce emissions substantially if farmers
could fully implement AWD or possibly one of the aerobic
rice opportunities under exploration in China.

As our case studies show, evidence on the effect of these
water management practices on rice yields is mixed. Data
from some countries show that one drawdown or AWD
increases yields, while other studies show that these
practices have no effect on yields if done properly. In still
other studies, there is some evidence that these practices
decrease yields, particularly if not done properly.

In China, for example, an estimated 80 percent of farmers
draw down field water levels for 7—10 days, because they
have found that doing so increases crop yields; the draw-
down suppresses the late generation of rice tillers (new
small stems), which consume the plant’s energy while
producing few or no rice grains. Rice farmers in Japan

also practice at least one drawdown. The high number
of farmers in China who draw down their fields suggests
yield benefits.

Many early studies found yield declines from AWD.35 But
as AWD became more widely practiced, studies in Asia
typically found yield gains, including in the Philippines,3°
Vietnam,?” and Bangladesh.2® And studies in India have
often found yield gains from AWD when practiced as part
of a broader rice production system known as the “System
of Rice Intensification” (Box 2).2° Determining the precise
reason for these yield gains requires further investigation,
but there are at least three possible explanations:+°

Better resistance to lodging (bending over) of stems,
attributable to better anchoring of well-developed roots
or more sturdy stems

More profuse early tillering (additional shoots),
while mid-season drawdowns suppress unproductive
late tillering

In some cases, less susceptibility to disease (although
other studies have found greater susceptibility to
disease and weeds).

Box 2 |

The System of Rice Intensification (SRI) was originally
developed in Madagascar as an approach to boosting the
productivity of rice. It uses a water management practice
similar to AWD that keeps soils moist but not saturated.?
Additionally, SRI involves using organic fertilizers, spacing
plants farther apart, transplanting younger plants, heavy
weeding between rice plants, and plowing the soil between
plants to increase oxygen penetration.

SRI'is applied in many variations and does not always in-
clude the forms of water management profiled in this paper.”
As such, even though studies have often found yield gains
under SRI, such studies can only suggest—~but not prove—
yield benefits from the changes in water management alone.

Overall, the research community is divided about the
benefits of SRI, although much of that debate centers on
specific SRI practices and whether their benefits are worth
the costs, particularly for commercial operations.

Notes:
a. Uphoff et al. (2011).
b. Ly et al. (2012).
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Most recent studies in the United States (summarized in
our case study below) have found that AWD had no effect
on yields as long as soils retained an acceptable level of
moisture at all times. Some studies, however, found small
yield losses. Studies also indicated that yields could drop
dramatically if soil was allowed to dry too much at any one
time. U.S. yields are nearly universally high, indicating a
persistently high quality of management, which may help
to explain why changes in water management have not
boosted U.S. yields.

Aerobic rice yields are generally 20—30 percent lower than
flooded rice in good conditions, but aerobic production
can boost yields where flooding conditions are unreliable.+
Our China case study describes a “ridge and furrow” aero-
bic system that researchers have found to increase yields.
This system avoids flooding rice altogether and instead
keeps the soils continually moist.

Overall, the evidence indicates that AWD or one mid-
season drawdown can increase yields in many cases and
at least not harm yields in others, but some studies report
yield declines. It is puzzling that so many rice farmers in
China and Japan implement at least a single drawdown
believing it will stimulate yield gains, while neither farm-
ers nor researchers have found such gains in the United
States. At this time, the science is unable to explain the
differences in results or to support definitive findings of
yield effects.

Because farmers do not directly benefit from reducing
greenhouse gas emissions, emissions reductions alone

do not motivate adoption of these water management
techniques. In contrast, many farmers do directly ben-
efit from saving water, providing a potential incentive to
reduce flooding. Rice production uses around 40 percent
of the world’s irrigation water,** and almost one-third of
these areas experience water shortages,* including all of
the areas in our case studies. As these case studies show,
direct seeding into dry fields reduces water consumption
because it reduces the inundation period as compared to
growing rice seedlings in flooded nursery seedbeds. There
is also compelling evidence of water savings at the field
level for AWD. These water savings provide a public policy
case to implement these strategies.
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Significantly, however, all current estimates of water sav-
ings are at the field level and refer to the water applied by
farmers. Evidence suggests that most or perhaps nearly all
of the water savings will result from reduced percolation,*
which implies that some of the irrigation water saved

by an individual field would have otherwise recharged
groundwater or been used further downstream.+ In short,
water savings at the individual field level do not necessar-
ily mean that people or the environment downstream will
always benefit. However, drawing irrigation water levels
below the surface should reduce losses from evaporation,
and doing so on a large scale could reduce the total water
consumption in an irrigation district. Further analysis in
each irrigation district will be necessary to determine the
extent to which field-level water savings translate into sav-
ings for the overall district or aquifer.

Despite the water savings—and possibility of yield ben-
efits—from reduced flooding in rice production, many
farmers face important technical and practical constraints
to implementing such improvements.

The most obvious and immediate challenge for any mid-
season drainage is that farmers must be able to manage
their water reliably. To practice AWD, farmers must first
be able to allow their fields to dry, and then they must
have a reliable source of water to rewet their fields as soon
as needed. Most rice-growing regions have distinct wet
and dry seasons. In the wet season, farmers may not be
able to drain their fields adequately. In the dry season, our
case studies indicate that only some irrigation systems
can provide water reliably enough to encourage farmers
to practice AWD. Our California case study illustrates this
challenge—even in an area with a sophisticated irrigation
system, the mechanism for delivering water is too slow to
supply all farmers at the same time.

Despite these practical challenges in drainage and
irrigation, there are many opportunities today to increase
adoption of AWD. As discussed in our case studies,
farmers in some parts of India irrigate by pumping
groundwater, which allows them to control their irriga-
tion. In the southern United States, many farmers have
started to construct their own small reservoirs either

to handle all of their irrigation needs or to supplement
irrigation from other sources.



In addition, even where water level management systems
are not capable of full-scale AWD, farmers might have
enough control to practice dry seeding, or to perform at
least one drawdown during the production season. But
some water management control is still necessary. For
example, with dry seeding, farmers still need to be able
to keep soils moist from the period after seeds are grown
to when the rice plant emerges. Overall, our case studies
suggest both that improvements in water management
capacity will be necessary to allow many of the world’s
farms to practice AWD, at least in some seasons, and at
the same time that many of the world’s farmers already
have a greater capacity to practice AWD than is currently
happening.

Farmers practicing these improved water management
techniques typically do so for at least one of three reasons.
First, as in China, experience may have demonstrated
yield gains. Second, farmers may face high pumping costs
for water, which they can reduce through improved water
management. Third, in the case of dry seeding, the system
saves labor (compared to transplanting) while maintaining
yields. Where labor costs are high and farmers have suf-
ficient access to herbicides to control weeds, dry seeding
can make economic sense.

However, as our case studies show, farmers have no direct
incentive to adopt these practices for the specific purpose
of reducing greenhouse gas emissions. Similarly, only in
some contexts do water supply issues motivate farmers

to engage in these practices, even when water is limited.
Many farmers receive water through gravity-driven irriga-
tion; because they do not pay for the quantity of water
they use, these farmers rarely benefit financially from
reducing that use. In groundwater systems, the incentives
are more pronounced as farmers can benefit from reduced
pumping costs. Yet even under those circumstances the
incentives may not always be great where, as in India,
electricity costs for groundwater pumping are heavily
subsidized. Overall, these observations suggest that
additional incentives would be needed for farmers to
implement additional water management techniques

to significantly reduce GHG emissions from rice produc-
tion on a global scale.

To shed light on the challenges and opportunities for
using water management to reduce greenhouse gas emis-
sions, we developed case studies in India, the Philippines,
the United States, and China. The case studies draw on
published and unpublished data, and on the experience
of the authors. In each, we examine experience with
water management techniques, the potential of irrigation
systems to support changes, evidence of impacts on yields
and on GHG emissions, and the need and potential for
water savings.

India contains about one-quarter of the world’s rice har-
vested area and produces around one-fifth of the world’s
rice.4® This case study focuses on two major rice-producing
states: Tamil Nadu and Punjab.

Tamil Nadu

The state of Tamil Nadu occupies the southeast part of
peninsular India and is the sixth-largest rice-producing
state in India. Rice production occupies roughly one-third
of the region’s nearly 6 million hectares, and 57 percent
of the total cropland area is irrigated. At an average of

0.8 hectares, farms are generally small. Ninety percent

of farmers, who hold 56 percent of the cropland area, are
smallholders. In irrigated areas, farmers generally practice
traditional paddy rice production, transplanting rice seed-
lings into flooded fields, and keeping farms continuously
flooded until harvest. Despite wide seasonal fluctuations
in rainfall, and per capita water resources that are only
half of India’s as a whole, the region produces 6.6 percent
of the country’s rice.#”

In general, surface water irrigation in Tamil Nadu is unre-
liable, making it difficult for farmers who rely on surface
water to practice AWD. However, slightly more than half
of all irrigated area employs wells and groundwater.4® In
these areas, AWD is a technically viable option. However,
many farmers would need to level their fields to ensure
even water distribution.

In part because of water shortages, state officials are advo-
cating a variation of AWD as part of a broader rice produc-
tion system known as the “System of Rice Intensification”
(SRI, see Box 2). In 2012 the Tamil Nadu Department of
Agriculture reported that farmers were practicing SRI on
more than 42 percent of irrigated rice area.+ Half of Tamil
Nadu’s rice farms use wells, where AWD is a viable option.
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If all farmers claiming to practice SRI were practicing
some form of AWD, this figure would suggest that AWD
had already reached close to its technical potential. How-
ever, the report apparently counts any farmers practicing
any elements of SRI. In a study of one district, although
half of responding farmers claimed to adopt some ele-
ments of SRI, only 11 percent of all respondents reported
adoption of a high number of SRI practices, and the rate of
adoption of improved water management was the lowest
of any practice.>° Based on this experience, we estimate
that the actual practice of AWD in Tamil Nadu is very low.

Two studies have measured impacts on greenhouse gas
emissions from SRI practices that included not only AWD
but also weeding methods designed to facilitate input of
oxygen into the soils, which may also help to lower meth-
ane. In Rajkishore and Sunitha (2013), continuous moni-
toring of methane emissions in two locations measured
declines in methane emissions of roughly 30 percent. The
study showed savings of roughly this magnitude both in
the drier and in the so-called kharif (monsoon) season.
Another study found reduced GHG emissions of 25 per-
cent from SRI compared to conventional management.5
That study also found increased yields, meaning the emis-
sions per kilogram of rice declined by more than half.

The practice of AWD would appear to have substantial
potential collateral benefits. Tamil Nadu suffers from a
large water shortage. It annually withdraws around 7 mil-
lion hectare meters of water, but the annual supply from
rainfall is only around 5 million hectare meters. The result
is that groundwater levels are falling, and some wells are
drying. Around 85 percent of the sustainable ground-
water resource is developed and more than half of those
local aquifers have been declared overexploited. Much of
the groundwater is saline and of poor quality, leading to
dependence on surface irrigation and intensive manage-
ment of rainfed areas with harvesting and storage of rain-
water.>? An analysis of SRI in four locations in Tamil Nadu
found water savings of 37 percent.5

In addition, several studies have found yield gains from
adoption of SRI. An evaluation of 100 farmers in the Tami-
raparani basin found large average yield gains of roughly
1.5 tons/hectare.>* A World Bank study found yield gains
ranging from 4 to 26 percent across all farm sizes.> In gen-
eral, studies of SRI have found that it increases production
compared to low intensity production techniques. How-
ever, as discussed in Box 2, these studies that evaluate
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benefits of SRI do not isolate the yield effects of water
management changes, and so do not definitively prove
yield benefits of improved water management.

Overall, evidence from Tamil Nadu supports a potential
for large greenhouse gas emissions reductions and water
savings from the AWD component of SRI for roughly

the half of farms that rely on groundwater pumping. The
evidence also suggests, but does not conclusively demon-
strate, the likelihood of yield gains. However, the evidence
also indicates that few farmers are employing these water
management measures, perhaps because their experience
with them is limited. Farmers may be wary of the risk

that water management might lead to additional weeding
requirements or in some cases, disease. Farmers may need
to gain more experience with water management tech-
niques to become confident of their benefits.

Government subsidies that lower the cost of water for
farmers also may explain the limited adoption of water
management measures in Tamil Nadu. State govern-
ments in India effectively provide free irrigation water,5¢
and electricity for pumping water is highly subsidized and
cheap. These subsidies reduce incentives for farmers to
conserve water.

Punjab

Punjab, which cuts across the north of India and is char-
acterized by wide variability in rainfall, topography, and
soils, was not traditionally a large rice-growing region.

In 1965, rice occupied only around 0.3 million hectares
and produced one ton per hectare. But the Green Revolu-
tion turned Punjab into the rice bowl of India, with rice
occupying nearly three million hectares by 2011—12 and
producing 3.7 tons per hectare. Roughly one-third of all
farmers have holdings smaller than two hectares, although
almost two-thirds of actual farmland is held in farms from
two to ten hectares.5”

As in Tamil Nadu, canal-based irrigation systems are
generally not reliable enough to support AWD in Punjab,
but roughly three-quarters of the irrigated area is covered
by tube wells, which can generally be tapped to provide
water when necessary. In addition, porous soils mean that
fields would become dry without irrigation even in the

wet season, so drainage is not a problem. The logistics of
irrigation are therefore mostly capable of supporting AWD
in Punjab.5®



Figure 1 |
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Source: Pathak et al. (2012).
Note: Solid bars show state-wide averages. Error bars represent one standard deviation.

Farmers and researchers in the region have experimented
with a variety of alternative water management measures,
largely driven by the desire to conserve water. Dry seed-
ing of rice is an emerging production system in Punjab,
although it still occupied only around 5,000 hectares in
2012.% Studies have found that it saves irrigation water by
about 30 percent at the field level. One study found yields
declined 1.0—3.4 percent for some varieties of rice, but
increased 6.1 percent for others.®® A recent survey of more
than 300 randomly selected farmers showed that the yield
decline under dry seeding resulted from non-adherence

to a recommended fertilizer schedule and weed control
package.® The Punjab government aimed to increase areas
under dry seeding by 50 percent in 2013.5

There has also been some modest adoption of AWD as
part of the broader adoption of SRI in Punjab. However,
there has probably been even less uptake in Punjab
than in Tamil Nadu, as SRI is less actively promoted or
practiced in Punjab.

Studies have confirmed greenhouse gas emissions reduc-
tions both under AWD and under a single mid-season
drainage. For mid-season drainage, the average emissions
reductions have been by roughly one-third (Figure 1).%3
Direct-seeded rice—and direct-seeded rice with “brown
manuring” with Sesbania®—reduced the global warming
potential (GWP) of rice production by 70 percent and 43
percent respectively relative to transplanted rice.%

As in Tamil Nadu, improvements in water management
could offer substantial collateral benefits in Punjab—
where there is also an urgent need to reduce water use.
Although annual renewable water resources are 3.5 million

® Continuously Flooded Mid-season Drainage

Carbon Dioxide Total Global Warming Potential

hectare meters, annual withdrawals are 4.8 million hect-
are meters.%® Farmers meet the annual deficit by overex-
ploiting groundwater, leading to declining groundwater
tables. In central Punjab, groundwater declined by more
than half a meter per year from 1993—2003, and in some
areas of Punjab the water table is now being depleted at
nearly 1 meter per year.®” The area of Punjab with a water
table depth of 10 meters or more increased from 20 per-
cent in 1998 to nearly 60 percent by 2006.%® This decline
has imposed heavy costs:

The cost of installing and operating tube wells has in-
creased several-fold.

About 30 percent of the total electricity in the state is
now being used for pumping water for irrigation.

Poorer water quality is contributing to increased salinity
in soils.

Some water now being pumped is contaminated by
arsenic and fluoride, which is a major concern for
human health.

As in Tamil Nadu, government subsidies reduce incentives
for farmers to engage in water management practices

that also reduce greenhouse gas emissions. Water with-
drawals from tube wells are free. Electricity is also heav-
ily subsidized. One study found that subsidies averaged
US$110 per hectare in 2003—04, with medium and large
farms receiving three-quarters of the subsidies.®

Because current trends in groundwater exploitation are

unsustainable, the Punjab government has released a plan
to reduce the area under paddy cultivation by around 1.2
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million hectares, or more than 40 percent.” Improving
water management on existing rice fields might substan-
tially lower water use and therefore contribute to savings
without such large cuts in rice production.

Overall, although there appears to be substantial poten-
tial for various forms of water management that would
save water and GHG emissions in Punjab, there is limited
experience and limited local demonstration of yield conse-
quences. Incentive structures are not in place to encourage
alternative water management.

The Philippines ranks eighth in global annual rice pro-
duction and is among the top rice-importing countries,
with the largest annual rice imports globally from 2008 to
2010. The country’s rice area has expanded from nearly
3.8 million hectares in 1995 to about 4.4 million hectares
in 2010.7 Nevertheless, the Philippines’ rice area per
capita is low compared to other Southeast Asian countries,
contributing to its persistent need for rice imports. Other
factors driving imports include high population growth
and per capita consumption of rice coupled with produc-
tion constraints (see below). Modern high-yielding variet-
ies account for the vast majority of rice production, with
less than 3 percent of production coming from traditional
varieties. Average yield increased from 2.8 t/ha in 1995

to 3.6 t/ha in 2010, but it was still far below the potential
yield for modern varieties.

Roughly 70 percent of the Philippines’ total rice area is
irrigated.” The remaining 30 percent is mainly composed
of rainfed paddy rice and a small portion of upland rice;
these non-irrigated areas are found in northern Luzon and
the Central Visayas. The island of Luzon hosts almost 50
percent of the country’s rice land, including the country’s
“rice bowl” in the central plain, which accounts for 19 per-
cent of rice area. Rice production in irrigated areas occurs
in distinct seasons, wet and dry.

Philippine rice production suffers from biophysical and
socioeconomic production constraints. Population growth
leads to declining agricultural land area, while input

costs for more intensive cultivation are often too high for
resource-poor farmers. Inadequate irrigation coupled with
poor drainage limits water management options in wide
parts of the country. Typhoons frequently damage rice
infrastructure (levees and irrigation systems), and succes-
sive heavy rains during the monsoon season often cause
flooding problems in paddy fields.

12 WORLD RESOURCES INSTITUTE

Heavy rainfalls during the wet season, which keep water
levels high even without irrigation, limit farmers’ ability
to adopt AWD and other forms of water management.
Although it is likely that many farms could conduct a
single drawdown during the wet season, rainfall condi-
tions would generally prevent full adoption of AWD.

For this paper, the International Rice Research Institute
(IRRI) calculated that if all irrigated farms throughout
the Philippines implemented AWD in the dry season, they
could reduce the country’s total rice methane emissions by
20 percent, using IPCC emissions factors (Figure 2).73

Figure 2 |
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Source: IRRI author calculations for this paper.

Image source: Map of Philippines, Single Color by FreeVectorMaps.com.

Notes: Emissions calculations under AWD assume AWD application in irrigated rice during
dry season (January—June). Emissions data are from the year 2013. Emissions are shown
by administrative region of the Philippines, aggregated from data per province.



Even in the dry season, however, the unreliable irriga-
tion supply limits the present capacity of farmers to adopt
AWD. Nationally, 86 percent of irrigation water comes
from surface water irrigation and only 14 percent from
groundwater.” Surface water can be subdivided into two
sources: reservoirs and river diversion. The latter is the
most abundant source in the Philippines as rivers supply
about 75 percent of all irrigation water.”> Surface water
irrigation—and river-based systems in particular—are
generally not reliable, and farmers at the tail end of

the canals often suffer water shortages. Water scarcity
becomes a prevailing problem during especially dry years,
such as in El Nifio events. Some irrigation schemes also
are constrained by demands from non-agricultural users;
the Angat-Maasim River Irrigation Scheme in Central
Luzon, for example, supplies drinking water for Manila
(see below).”

AWD has its greatest potential for uptake among farms

with groundwater irrigation capacity. Privately owned
pump irrigation from groundwater has been steadily

Table 2 |

increasing thanks to water shortages and the availability
of cheaper pumps. By 2005, about a quarter of all rice
farms used pumps to access groundwater.” A study of one
irrigation system in Central Luzon showed that 10,000
farms (about 20 percent of the area under rice) had a
pump density of at least one pump per 10 hectares.”®
Pumps are especially abundant at the tail end of secondary
or tertiary canals.

To date, no published studies have recorded GHG
emissions under AWD in the Philippines, but three

studies have evaluated a single drawdown (Table 2). Meth-
ane emissions have generally been reduced by

large amounts under single drawdown as compared to
continuous flooding. The exception was one experiment
that occurred during a period of heavy rainfall, which
probably stopped the aeration of the soil and should there-
fore not be taken as a valid finding. Emission rates under a
single drawdown were 17.9 to 92.5 percent of those under
continuous flooding.”

LOCATION

METHANE

EMISSIONS UNDER CONTINUOUS

RELATIVE EMISSIONS UNDER SINGLE
FLOODING (KG/HA/SEASON [KG/HA/DAY]) DRAWDOWN (PERCENT)

Corton et al. (2000) Maligaya, Nueva Ecija

Wassmann et al. (2000)? Los Bafios, Laguna

Bronson et al. (1997) Los Bafios, Laguna

89 [0.91] 57.1
75 [0.73] 63.0
348 [3.75] 925
272 [3.23] 55.1
251[2.51] 17.9
10{0.10] 80.0
35[0.35] 314
17.3[0.20] 385
371 [4.36] 57.2

Notes: a. This list excludes one field experiment from this study that was impaired by heavy rain, preventing drainage.

All studies used automated systems.

WORKING PAPER | December 2014 | 13



Farmers in the Philippines have been introduced to AWD
in part through an initiative of IRRI and its national public
research partner institutes (e.g., PhilRice). The initia-

tive encourages farmers to practice “safe AWD,” leaving
sufficient saturation to avoid yield declines.®° Farmers

are advised to drain their fields one to two weeks after
transplanting until the water level reaches around 10-15
centimeters below the soil surface. They then reflood the
fields to a depth of around 5 cm before redraining. The
number of days that the soil is not flooded can vary from
one to more than ten, and farmers are taught to monitor
the depth of the water table in the field using a perforated
water tube. Farmers continue this routine throughout

the cropping season except from one week before to one
week after flowering. The threshold of water at 15 centime-
ters below the soil surface is considered “safe” because it
allows the roots of the rice plant to capture sufficient water
from the saturated soil to prevent yield declines.

In different parts of the Philippines, farmers have

been encouraged to adopt AWD as part of a package of
improved crop management practices aimed at farms

that rely on pumping water. According to Mariano et al.
(2012), 49 percent of all targeted rice farmers adopted
AWD. The rate of AWD adoption was lower than the adop-
tion rate of modern rice varieties (90 percent), but higher
than the adoption of other innovations, such as “leaf color
charts” to optimize fertilizer use.®

Efforts in central Luzon have targeted farmers who rely
on pumping to adopt AWD. Central Luzon comprises
seven provinces and has 300,000 hectares of rice, mak-
ing it the largest rice producing area of the Philippines.
The region has multiple irrigation systems that supply 92
percent of irrigation water, while groundwater supplies
only 8 percent.’2 One study has evaluated impacts of AWD
on rice yields in central Luzon, and found no statistically
significant impact on yields under AWD. It also found no
change in labor costs, which also suggested no increase in
weeding problems.®3

Studies have substantiated water savings from AWD at the
field level. The central Luzon study found that farmers did
respond to education about the opportunity for irriga-
tion savings, and that farmers who adopted AWD reduced
their hours of irrigation by 38 percent.®+ Other studies
found water savings of 15—30 percent.® (As noted above,
these savings do not all accrue to the irrigation system as

a whole because some of the saved water would become
available to other farmers.8°)
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These studies have confirmed farmers’ willingness to
switch to AWD where the costs of pumping water are high,
but not where costs are low.®” In gravity-driven irriga-
tion schemes, farmers typically pay a fixed irrigation fee
per hectare, usually about US$50—$70 per season, and
therefore have little financial incentive to use irrigation
water judiciously. However, farmers relying on pumps to
supplement surface deliveries at the downstream section
of canals are more interested in water savings to reduce
pumping costs.

Bohol Island

The most extensive adoption of AWD in the Philippines
has occurred on the island of Bohol in the Visayas. In
2005 the National Irrigation Administration (NIA)—with
the assistance of the Japanese government—constructed
a new dam to address declining and unreliable water
supply. This new dam generated a far more reliable
source of irrigation water. To optimize use of irrigation
water from the new dam, NIA imposed an AWD irriga-
tion schedule in 2006. Each farmer has irrigation water
for three days, then none for the next 10 to 12 days. The
rotation of water is divided between upstream and down-
stream users. Downstream farmers receive water first so
they can plant ahead by about one month. The reliable
flow of water, even in a surface-water system, has allowed
AWD to be successful.

Farmers have seen a range of production benefits. Farm-
ers have been able to cultivate a larger area with a 16
percent increase in irrigated land, and in some parts of
the island, they have been able to plant two rice crops
each year instead of one. A study found yield increases of
11—13 percent, but noted that other improvements in crop
management beyond AWD may have contributed to this
improvement.®® Along with other developments, AWD
has helped Bohol reach rice self-sufficiency even as rice
consumption per person increased.®

In most of the Philippines, unreliable supplies of surface
water irrigation generally present a major impediment to
AWD. Where they rely on pumps, farmers are often reluc-
tant to try AWD because it is new. Experience has shown,
however, that farmers are willing to adopt AWD when they
are confident there will be no negative effect on rice yields
and that enough water will be available when they need it.
Broader adoption of AWD in the Philippines will require
more reliable irrigation supplies, as on Bohol Island.



Wetting and Drying: Reducing Greenhouse Gas Emissions and Saving Water from Rice Production

In the absence of more reliable irrigation supplies, a single
drawdown may be more feasible both during the wet
season and the dry season. However, a single drawdown is
unlikely to provide large-scale water savings, and farmers
will require other incentives to practice drawdowns on a
meaningful scale. Pilot programs that encourage single
drawdowns will be necessary to gain the experience to
support more elaborate incentive programs.

United States

The United States produces only 1.1 percent of the world’s
paddy rice and harvests only around 0.6 percent of the
world’s rice area.?° Nevertheless, it has high yields of more
than 8 tons per hectare and contributes 10 percent of the
rice sold across countries.* Six states produce nearly all
U.S. rice: Arkansas, California, Louisiana, Mississippi,
Missouri, and Texas (Figure 3). Half of U.S. production
comes from Arkansas, while California attains the highest
yields. Unlike the small rice fields of Asia, single rice fields
in the U.S. are typically between 20 and 50 hectares, with

Figure 3 |

some much larger. U.S. rice production uses advanced
equipment and inputs, and is 100 percent irrigated, so

it provides a good illustration of the opportunities and
challenges for mitigation of rice emissions with advanced
production techniques.

Because rice fields in the United States are large, farm-
ers usually divide them into separate basins, separated
by levees, with weirs (dams) that control water heights
and allow water to move from one basin to another in a
controlled fashion. To improve water management, many
farmers have carefully leveled their fields, sometimes
preserving a gentle slope so water can pass from one field
to another.

U.S. growers establish their rice through direct seeding
rather than transplanting. In the southern United States
(including Arkansas) most rice is dry seeded, which means
the seed is planted and managed like other cereal crops
for the first month, after which the field is flooded for the

50,000-99,999

m 100,000-599,999 = 600,000 or more

Source: USDA-NASS (2014).
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remainder of the season. In California (and to some extent
in Louisiana), rice is established by water seeding. In this
system the fields are all flooded before planting and seed is
flown aerially into the field. Because water-seeded systems
typically remain flooded throughout the season, they are
flooded overall for about one month longer than dry-
seeded systems.

The technical capacity of rice farmers in the United States
to adopt AWD or single drawdowns is not constrained by
drainage. Growing season rainfall is sufficiently low that
farmers can allow fields to dry as part of AWD.

The potential to adopt AWD in the United States there-
fore primarily depends on irrigation systems. The rice
growing regions of Arkansas and Mississippi receive
substantial rainfall of at least 480 mm/year during the
growing season, but growers must also rely heavily on
irrigation. Nearly all of that irrigation comes from wells.

Figure 4 |

These regions sit over a shallow alluvial aquifer that rests
above the deeper Sparta aquifer, and farmers typically
pump from 20 meters and below. Due to overpumping,
however, there are large regions within Arkansas where
the aquifer can no longer provide sufficient water for rice
production, while in other regions, farmers are going
deeper and deeper, increasing their water costs (Figure

4). In response, in parts of Arkansas, farmers have built
on-farm reservoirs, which they fill with rainfall runoff dur-
ing the winter and use as their main water source during
the growing season. This combination of reliance on well
water, and the increasing number of on-farm reservoirs,
ensures a high degree of control of irrigation water. The
main impediment to AWD adoption is therefore the large
size of fields, because farmers who rely on water to flow
from one field to another are unlikely to have sufficient
control over water levels to be able to use AWD with confi-
dence. By constructing multiple systems to add irrigation
water both to each field and in some cases within fields,

® Critical Areas = Study Areas Crowley’s Ridge

Note: The state’s top five rice-producing counties are Arkansas, Poinsett, Cross, Lawrence, and Lonoke.

Source: Arkansas Natural Resources Commission (2011).
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farmers can manage water levels in large fields more uni-
formly and have the capacity to implement AWD.

In contrast, opportunities for AWD adoption are consid-
erably lower in California. Because the region’s Mediter-
ranean climate generates little to no rainfall during the
summer growing season, farmers rely on water deliveries
from large, regionally managed water systems fed heavily
by snowmelt and reliant on gravity. Farmers therefore do
not have direct control over their water and their supply
varies depending on other needs within their irrigation
district. Widespread adoption of AWD is unlikely because
California’s irrigation systems are generally unable to sup-
ply water with sufficient speed to all farmers at the time it
is needed.

Overall, few if any farms practice either AWD or a single-
season drawdown in the United States. Research on AWD
has occurred on relatively small plots, and farmers remain
concerned about yield effects.

In both the southern United States and California, recent
studies have confirmed large greenhouse gas reductions
from AWD. In Arkansas, a recent study of AWD found
reductions in total emissions of 45 to 90 percent.*> And
in California, a study found emissions reductions of 9o
percent when AWD was combined with dry seeding.%

A third study has found nearly 50 percent reductions in
methane emissions from dry seeding, which floods fields
about one month less than water-seeded fields.o

Studies of yield effects of AWD have shown sensitivity to
the precise level of drawdown. A recent study in Arkansas
found no yield declines as long as soils were kept at least
40 percent saturated, although more extensive drying
caused yield declines. Although some early informal
AWD studies in California found yield declines, more
formal studies just taking place now are finding no

yield declines.%

In theory, AWD could prove attractive because of water
savings. In Arkansas, aquifers are receding due to over-
pumping, and a recent study found increases in water use
efficiency from AWD of 22 percent at the field level.” Cali-
fornia faces even more severe water shortages. Drought

is now leading to heavy restrictions on the delivery of
irrigation water, but AWD is unlikely to reduce water use
in California. Soils in California are heavy clay, so there

is very little percolation loss when soils are flooded. By

contrast, the heavy clay soils crack when drying, which
would increase percolation losses through these cracks
after reflooding.

As for other water management techniques, dry seeding

is already the dominant seeding practice in the southern
United States. Currently, however, only about 5 percent of
farmers in California dry seed.

Overall, the potential for water savings and greater control
over irrigation water make AWD a potentially attrac-

tive option in Arkansas. Yet because fields are large and
have variable soil textures, farmers will be concerned that
water levels may become too low in parts of their fields to
maintain yields. To address these concerns and encour-
age broader adoption of AWD, large-scale demonstrations
will be necessary. In California, a lack of potential water
savings under AWD, and less control over irrigation make
increased use of dry seeding the most presently promising
strategy for reducing emissions through water manage-
ment. Since dry seeding can increase the need for weed
control, additional incentives will be necessary to per-
suade farmers to adopt the practice.

Various rice management practices are now listed on

the American Carbon Registry (ACR) as greenhouse gas
emissions mitigation strategies eligible for generating
and selling credits to power plants and other companies
that wish to reduce their net emissions.*® This registry
may provide farmers a new incentive to increase adoption
of these practices. In both California and the southern
United States, eligible ACR mitigation activities include
removal of rice straw from the field after harvest, and early
drainage at the end of the growing season. In California,
replacing water seeding with dry seeding is also eligible,
while intermittent flooding similar to AWD is eligible in
the southern United States.

Farmers in China harvest almost 20 percent of the world’s
rice fields by area and produce almost 30 percent of the
world’s rice.? The vast majority of China’s farmers broadly
practice at least one mid-season drawdown. Although
most rice is grown on well-irrigated flatlands, much is still
grown in hill environments. This case study focuses on
new techniques in Sichuan Province that hold promise for
reducing greenhouse gas emissions while increasing yields
and saving water.
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Rice occupies roughly half of Sichuan Province’s arable
land. Of Sichuan’s 3 million hectares of rice, 2 million
hectares are in hill areas. This varied terrain makes rice
fields harder to irrigate, and more vulnerable to droughts.
The hilly terrain limits yields, increasing GHG emissions
per ton of rice. Although farmers have long practiced
intermittent flooding to reduce water consumption—with
the side benefit of reducing methane—farmers also tend
to keep fields flooded in the winter to ensure that water is
available in the spring, when droughts are frequent. This
maintenance of standing water in the winter increases
GHG emissions.

The new techniques used in Sichuan Province rely on
plastic covering as mulch. As shown in Figure 5, farmers
construct a series of furrows and raised beds, cover the
beds with long strips of thin plastic film 1.5 to 2 meters
wide, punch holes in the film, and transplant rice into the
holes. Furrows are roughly 15 centimeters deep. Farm-
ers maintain water in the furrow for approximately 1.5
months after transplanting seedlings, but no water on the
bed surface. Furrows are drained for around two weeks in
the middle of the season to inhibit late-emerging unpro-
ductive tillers, to remove toxic substances, and to improve
root activity. Farmers then restore water to the furrow
until the rice is ready for harvest.

Figure 5 |

Image source: Jing Ma.

Research has found that plastic film mulching reduces
GHG emissions by maintaining higher oxygen content
in the rice bed and thereby reduces methane-producing
bacteria. According to two studies™ in Sichuan Prov-
ince, the decrease in methane emissions was 7.5 tons

of CO,e per hectare. The practice does increase nitrous
oxide emissions by roughly 1.4 tons of CO_e per hectare,
so net savings of GHG emissions are 6.1 tons. The emis-
sions involved in the production of the plastic film only
add around 0.1 tons of CO_e per hectare."”* Counting all
sources of emissions, these studies suggest GHG emis-
sions reductions of roughly 50 percent per hectare, and
55—60 percent per ton of rice.

In addition, field experiments have shown that the emis-
sions of nitrous oxide from the use of plastic film can be
cut in half by the use of a nitrification inhibitor, which
slows the microbial conversion processes that lead to the
release of nitrous oxide.**? Using nitrification inhibitors
would therefore increase greenhouse gas emissions sav-
ings to roughly 60 percent overall.

Studies have also found yield and water benefits. In
controlled comparison studies, plastic film mulching
tends to raise yields by 5 to 20 percent.’s This yield gain
seems to occur largely because the plastic film traps heat
and leads to increased soil temperatures in the spring,
which stimulate greater plant growth in these cold ter-
rains. These studies probably underestimate yield gains

in practice because they assume that the alternatives to
use of the film still achieve full irrigation, so the studies

do not factor in the increased capacity to produce during
droughts. Scientists have reported water savings per hect-
are of 58—84 percent and increased water use efficiency of
70—106 percent when factoring in the benefits of increased
yields.*¢ Furthermore, higher uptake of nutrients under
plastic film mulching can lead to improved protein content
and rice quality.!°5

There have also been economic studies of plastic film
mulching technology, which have found overall economic
savings. Decreased costs for fertilizer and pesticides them-
selves almost balance out the costs of the film, and savings
in labor from reduced weeding and yield gains combine to
imply large economic gains.'°¢

In lowland parts of Sichuan Province, the use of plastic
does not boost rice yields because soils are warm enough
that they do not benefit from the increased warming, but
a similar cultivation method has been developed without
the film. Called either ridge-ditch cultivation or aerobic
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Figure 6 |

@ Plastic Film Mulching ~ m GHG Measurement
Demonstration Site Site

Rice Harvested Area
O 0-5% 10-20% = 30-100%
5-10% 20-30%

Source: Rice harvested area from Monfreda et al. (2008), demonstration sites from various media reports and publications.

cultivation,'*7 it too involves construction of raised beds Figure 7 |
and then maintenance of water in the furrows but not
on the bed surface. As with plastic film mulching, stud-
ies have found this ridge-ditch cultivation significantly
reduces methane emissions from paddy fields.'*® Studies
also have found that this practice can enhance water use
efficiency, improve topsoil temperature and soil aeration, 12,000
reduce the amount of toxic substances, enhance soil

microbial activities, and therefore promote soil nutrient 10,000
transformation.’*® By improving soil conditions, ridge-

ditch cultivation has also been measured to improve rice 8,000
grain yields by 12.3 percent to 45.8 percent in comparison

with traditional cultivation systems.*° 6,000

Both the plastic film mulching system in the hills and 4,000
ridge-ditch rice production in the lowlands show prom-

ise for boosting yields, reducing water use, and reducing 2000
greenhouse gas emissions. Yet despite growing adoption

by farmers (Figures 6 and 7) and government support,

these practices cover only a small portion of the potential 2006 2007 2008 2009
in the province. These practices require more intensive Source: Data provided by Shihua Lv, contributing author.

labor during rice transplanting, and purchasing the plastic

film adds to production costs. These additional expenses

can make farmers hesitant to experiment with these prac-

tices, especially if they have not yet witnessed the benefit

of yield increases.
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There are several water management strategies for signifi-
cantly reducing methane and therefore total greenhouse
gas emissions from rice production. The most common
method—practiced extensively in China, Japan, and South
Korea—employs one mid-season drawdown of water in
the rice paddy. Although practiced because of a broad
perception of yield gains, this method also reduces emis-
sions by around 40 percent, according to IPCC’s estimate.
Alternate wetting and drying (AWD) can reduce emissions
even more. While IPCC provides a reduction estimate of
roughly 50 percent, U.S. studies suggest that precisely
maintained AWD coupled with dry seeding could reduce
emissions by 90 percent. In addition, the emerging Chi-
nese experience with raised beds and furrows (with or
without plastic mulching) suggests that if farmers could
maintain soils at just the precise level of moistness and
with just the right combination of water and air, they too
could reduce emissions by 9o percent. These different
forms of water management can be thought of as a con-
tinuum; in general, the more interruptions in flooding and
the more air that soils receive, the fewer the emissions.

The bulk of the evidence suggests that appropriate appli-
cation of these practices should at a minimum avoid
depressing yields and can sometimes increase yields. If
not practiced carefully, however, drawdowns and AWD
can depress yields.

The evidence also suggests a potential water conservation
benefit from many forms of improved water management.
This benefit is important because many rice-producing
regions face growing water shortages. In the Indian

state of Punjab, the government has already proposed to
reduce rice production area by 40 percent due to water
shortages. Savings of 10—40 percent of irrigation water
are significant, although it is important to determine if
such field-level savings translate into water savings in the
broader area.
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Despite the benefits—including the yield and water ben-
efits that accrue directly to farmers—there are serious
barriers to wide-scale adoption of these practices. These
barriers relate to logistics, information, and incentives:

In most of the Philippines and probably other parts of
Asia, it is difficult to sufficiently drain fields during the
wet season to conduct full-scale AWD.

Many farmers—and perhaps most who rely on surface
water irrigation systems—do not currently receive a suf-
ficiently reliable supply of water to practice AWD.

AWD requires well-leveled fields to avoid pockets that
dry excessively, and not all rice farms are presently level
enough.

Despite the generally positive evidence so far, proof of
AWD’s effects on yields, as well as effects on resilience
to pests, is insufficient at this time in most of the world’s
rice producing regions to give farmers confidence they
should embrace it. There is no clear explanation of why
bed and furrow irrigation increases yields in a few areas
in China, but has not been widely embraced elsewhere
in China or the world. Science also has not yet deter-
mined why a single mid-season drawdown is beneficial
for yields in several countries, according to a consensus
of farmers and scientists, but researchers in the United
States cannot find benefits in tests of that practice.

In the many locations that cannot practically implement
AWD—either because of too much wet season water,
insufficiently reliable irrigation, or uneven fields—
information about the potential to implement alterna-
tive water management strategies, ranging from a single
drawdown to direct dry seeding, is lacking.

Water and electricity subsidies can keep water costs
artificially low, removing an important financial incen-
tive for farmers to conserve water through the practices
described in this paper.

Overall, while scientists have been developing a basic
understanding of water management in rice and its im-
plications, they have not had the resources or mandate
to perform systematic evaluations of practical potential
to change water management, or even differential yield
effects of management changes.



Wetting and Drying: Reducing Greenhouse Gas Emissions and Saving Water from Rice Production

Based on these assessments, we offer the following
recommendations:

Recommendation 1. Research and aid
agencies should fund a coordinated and
comprehensive engineering assessment of
the potential to implement different water
management strategies in each of the world’s
irrigated rice systems.

This investigation should analyze the irrigation system’s
ability to deliver water and drainage in such a manner that
farmers can practice each of the different forms of water
management. Where practical obstacles exist, this effort
should identify the more cost-effective opportunities for
improving irrigation and drainage. Part of these investiga-
tions should examine delivery rules, such as those adopted
in Bohol (Philippines), which use available distribution
capacity to provide a rotating group of farmers with

water in such a way as to encourage AWD. This effort will
require a combination of funding for a coordinated, inter-
national research project that uses similar protocols for
analysis, and national funding for the evaluation of local
irrigation systems.

Recommendation 2. Research and aid
agencies should fund a systematic series of
demonstration projects to build the evidence
base for how to employ water management
systems to maximize direct benefits to farmers
(yields, water, and labor).

There should be a systematic combination of water man-
agement demonstration projects by farmers and associ-
ated research by region to test the yield, disease manage-
ment, and water conservation implications—as well as
production costs of the various forms of water manage-
ment and methods of addressing any issues that arise.
Farmers who participate in the program should be insured
against yield losses.

Recommendation 3. Governments need
to align incentives for efficient water use,
especially in water-stressed areas.

At a minimum, in areas where rice farming is already
threatened by insufficient water supplies, water alloca-
tion systems should reward farmers who use water more
efficiently. In effect, farmers who use less water—and in
so doing contribute to conservation of a common pool of
water—should receive priority for receiving the water their
efforts have conserved when water is short. That com-
mon pool may be groundwater or it may be stored surface
water. In surface water supplies, systems are typically
already in place to monitor water withdrawals, but such
systems should be put in place where that is not true or in
many groundwater pumping systems.

Recommendation 4. Governments need to
reform distortive water and energy subsidies.

In many places where energy is subsidized, many small
farmers nevertheless have economic difficulties and
depend on these subsidies. But subsidies to small farm-
ers can be provided in ways that do not encourage excess
water use. Such reforms and incentives for the efficient
use of water are far preferable to the elimination of rice
farming in potentially productive areas, or the cancella-
tion of rice farming seasons during unnecessarily severe
periods of water shortage.

In addition to these steps, additional incentives or mea-
sures will ultimately be required to encourage water
management measures where the direct financial benefits
to farmers do not justify them.

Improved water management in rice production sys-

tems has the potential to significantly reduce agricultural
greenhouse gas emissions, while reducing freshwater use,
increasing the profitability of rice farming, and maintain-
ing the yields of one of humanity’s staple crops. However,
much work remains to be done to reliably estimate these
benefits and to encourage adoption of these practices at
the necessary scale. Nonetheless, improved water manage-
ment in rice production systems is likely to be an impor-
tant item on the menu for a sustainable food future.
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UNFCCC (as available in June 2014; see http://unfccc.int/national _re- 21. Kumar and Ladha (2011).
ports/non-annex_i_natcom/items/2979.php). The percentage of total 22.  Kumar and Ladha (2011).
emissions in Indonesia is low due to very high emissions from defor- 23. The early stages of direct seeding rice require a very shallow flood
estation, whereas the high percentage of the total in Myanmar is due to water cover, so that initial emission rates under direct seeding are
generally low emissions from nonagricultural sectors. typically low (Wassmann et al. 2000). However, the plants take a longer
time to grow in the field, increasing flood duration. (Young rice plants
TOTAL GHG —— grown in a nursery are also flooded but typically occupy only 15-20
COUNTRY | EMISSIONS FROM | FERCENTAGE | AGRICULTURE E?Sﬁiﬁgntﬁf; 'Cﬁuarrse;’ysie gtté[r)n/s/ m')k”OW|6dgeba”k"m'org/ erice
RICE (GT CO,E) SECTOR _ - —Systems.ntm.
24. Pittelkow et al. (2014).
Indonesia 34,861 2.53 46.22 25. ltohetal. (2011).
26. Siopongco et al. (2013).
Myanmar 5,511 28.36 43.46 27. Joshi et al. (2013), Table 3.
Philippines 13,364 13.27 40.34 28. IPCC (2006).
Thailand 29,940 10.64 57.47 29. Linquistetal. (2014).
Vietnam 37,101 24,80 5750 30. Joshietal. (2013).

31. Sander et al. (2014).

32. Yan etal. (2006). That paper took estimates of mid-season drainages
from a report for the Asian Development Bank.

33. Lietal. (2002).

22 WORLD RESOURCES INSTITUTE



34.

35.
36.

38.
39.
40.
41.
42.
43.

44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

57.
58.

60.
61.
62.
63.
64.

65.
66.

67.
68.
69.
70.

1.
72.

Authors’ calculations based on FAQ (2014a). In 2013, China (30 Mha),
Japan (2 Mha), and South Korea (1 Mha) together accounted for 33
Mha of rice paddy area, or 20 percent of the global total of 165 Mha.
Bouman and Tuong (2001).

Rejesus et al. (2011).

Lampayan (2013).

Kuerschner et al. (2010).

Water Technology Centre (2009), World Bank (2006).

Siopongco et al. (2013).

Parthasarathi et al. (2012).

The Global Commission on the Economy and Climate (2014).
According to Gassert et al. (2013), 29 percent of the world’s rice is
grown in areas facing high to extremely high levels of water stress.
Lietal. (2014), Bouman et al. (2007a).

Hafeez et al. (2008).

Authors’ calculations from FAO (2014a).

Directorate of Economics and Statistics (2012).

Government of Tamil Nadu (2009).

Commissionerate of Agriculture (2012).

Balakrishnan and Vasanthakumar (2010).

Rajkishore (2013).

Palanisami and Paramasivam (2000).

World Bank (2006).

Water Technology Centre (2009).

World Bank (2006).

In theory, different states in India assign some irrigation charges, but
they are rarely if ever collected by revenue officials and so in effect
become free (Central Water Commission 2010).

Government of Punjab (2013).

Central Water Commission (2010), Department of Agriculture (2012).
Chauhan et al. (2012).

Mahajan et al. (2013).

Mahajan et al. (2013).

Chaba (2013).

Pathak et al. (2012).

“Brown manuring” refers to seeding rice and Sesbania (a nitrogen-
fixing plant) together, then applying a herbicide to turn the Sesbania
into a weed-suppressing mulch.

Bhatia et al. (2013).

Personal communication, A. K. Jain, Department of Soil & Water Engi-
neering, Punjab Agricultural University, Ludhiana, India.

Singh and Kumar (2010).

Kaur et al. (2011).

Vashishtha and Gupta (2006).

Committee for Formulation of Agriculture Policy for Punjab State
(2013).

FAO (2014a).

Pinoy Rice Knowledge Bank (2014).

73.

74.
75.
76.
7.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.

95.
96.
97.
98.

99

100.
101.
102.
103.
104.
108.
106.

107.
108.
109.
110.

IRRI authors’ calculations. The calculation is applied in two rice eco-
systems (irrigated and rainfed) for two seasons. Dry season runs from
January to June and wet season from July to December. Emission and
scaling factors follow the guidelines in IPCC (2006). An emission fac-
tor of 1.3 kg methane / hectare / day for 100 days (which corresponds
to the average maturity of rice plants) is used. Scaling factors of 1.0
and 0.28 are used for irrigated and rainfed rice, respectively. In Figure
2, the assumption is that AWD is applied in irrigated rice during dry
season only. The scaling factor for multiple aeration (0.52) is used to
reflect the emissions from rice under AWD management.

FAO (2014b).

FAO (2008), percentage referring to the year of 1992.

Siopongco et al. (2013).

Dawe (2005).

Hafeez et al. (2008).

Sander et al. (2014).

Lampayan et al. (2009).

Mariano et al. (2012).

FAQ (2014b).

Rejesus et al. (2011).

Rejesus et al. (2011).

Belder et al. (2004), Lampayan et al. (2009), Tabbal et al. (2002).
Hafeez et al. (2008).

Sibayan et al. (2010), Rejesus et al. (2011).

Rejesus et al. (2013).

Rejesus et al. (2013).

Authors’ calculations from FAQ (2014a).

USDA (2014).

Linquist et al. (2014).

This is based on work by Linquist et al. (2014).

Pittelkow et al. (2014).

Linquist et al. (2014).

California Rice Research Board (2014).

Linquist et al. (2014).

More information can be found at:
<http://americancarbonregistry.org/>.

Authors’ calculations from FAQ (2014a).

Zhang et al. (2013a, b), Liu et al. (2013), Zhang and Li (2003).
Authors’ calculations.

Zhang et al. (2013b).

Fan et al. (2005), Li et al. (2007), Liu et al. (2003), Zeng (2012).

Li et al. (2004), Li et al. (2007).

Lu et al. (2007).

S. Lv (contributing author, unpublished data) estimated plastic film
costs of 750 RMB, but savings in pesticides and fertilizer input of 657
RMB, plus labor savings of 2,700 RMB. Zeng and Liu (2012) found
similar savings.

Wei et al. (2000), Wang et al. (2002).

Cai et al. (2000).

Wei et al.(2000), Wang et al.(2002), Wang et al.(2012).

Wang (2008).

WORKING PAPER | December 2014 | 23



Alexandratos, N., and J. Bruinsma. 2012. World agriculture towards
2030/2050: The 2012 revision. Rome: Food and Agriculture Organization of
the United Nations (FAQ).

Arkansas Natural Resources Commission. 2011. Arkansas Ground-Water
Protection and Management Report for 2010. Little Rock, AR: Arkansas
Natural Resources Commission.

Balakrishnan, T., and J. Vasanthakumar. 2010. “Adoption of System of Rice
Intensification (SRI) Technology among farmers in Cuddalore District of Tamil
Nadu.” Journal of Global Communication 3: 62—65.

Belder, P., B. A. M. Bouman, J. H. J. Spiertz, R. Cabangon, L. Guoan, E.

J. P. Quilang, Y. Li, and T. P. Tuong. 2004. “Effect of water and nitrogen

management on water use and yield of irrigated rice.” Agricultural Water
Management 65: 193-210.

Bhatia, A., A. Kumar, T. K. Das, J. Singh, N. Jain, and H. Pathak. 2013.
“Methane and nitrous oxide emissions from soils under direct seeded rice.”
International Journal of Agricultural and Statistical Sciences 9: 729—736.

Bouman, B. A. M., and T. P. Tuong. 2001. “Field water management to save
water and increase its productivity in irrigated rice.” Agricultural Water
Management 49 (1): 11-30.

Bouman, B. A. M., H. Hengsdijk, B. Hardy, P. S. Bindraban, T. P. Tuong, and
J. K. Ladha (eds.) 2002. Water-wise rice production. Proceedings of the
International Workshop on Waterwise Rice Production, April 8-11 2002,
Los Bafos, Philippines. Los Bafios, Philippines: International Rice Research
Institute.

Bouman, B. A. M., L. Feng, T. P. Tuong, G. Lu, H. Wang, and Y. Feng. 2007a.
“Exploring options to grow rice using less water in northern China using a
modelling approach: Il. Quantifying yield, water balance components, and
water productivity.” Agricultural Water Management 88: 23-33.

Bouman, B. A. M., E. Humphreys, T. P. Tuong, and R. Barker. 2007b. “Rice
and water.” Advances in Agronomy 92: 187-237.

Bouman, B. A. M., R. M. Lampayan, and T. P. Tuong. 2007¢. Water
management in irrigated rice: coping with water scarcity. Los Bafios,
Philippines: International Rice Research Institute.

Bronson, K. F., H.-U. Neue, U. Singh, and E. B. Abao. 1997. “Automated
Chamber Measurements of Methane and Nitrous Oxide Flux in a Flooded Rice
Soil: I. Residue, Nitrogen, and Water management.” Soil Science Society of
America Journal 61: 981-987.

Cabangon, R., R. Lampayan, B. A. M. Bouman, and T. P. Tuong. 2012. “Water
saving technologies for rice production in the Asian region.” Extension
Bulletin No. 648. Taipei, Taiwan: Food and Fertilizer Technology Center.

Cai, Z., H. Tsuruta, and K. Minami. 2000. “Methane emission from rice fields
in China: measurements and influencing factors.” Journal of Geophysical
Research: Atmospheres (1984-2012) 105: 17231-17242.

Cai, K., S. Luo, and X. Fang. 2006. “Effects of film mulching of upland rice
on root and leaf traits, soil nutrient content and soil microbial activity.” Acta
Ecologica Sinica 26 (6): 1903—1911. (In Chinese with English abstract.)

California Rice Research Board. 2014. “Improving fertilizer guidelines for
California’s rice climate, 2013.” Accessible at: <http://www.carrb.com/13rpt/
Fertilizer.html>.

24 WORLD RESOURCES INSTITUTE

Central Water Commission, Government of India. 2010. Water Year Book. New
Delhi: Government of India.

Chaba, A. A. 2013. “Punjab’s solution: direct seeding can save both fields
and water.” The Indian Express, May 31, 2013. Accessible at: <http://archive.
indianexpress.com/news/punjabs-solution-direct-seeding-can-save-both-
fields-and-water/1122903/>.

Chauhan, B. S., G. Mahajan, V. Sardana, J. Timsina, and M. L. Jat. 2012.
“Productivity and Sustainability of the Rice Wheat Cropping System in the
Indo-Gangetic Plains of the Indian subcontinent: Problems, Opportunities,
and Strategies.” Advances in Agronomy 117: 315-3609.

Commissionerate of Agriculture. 2012. “Season and Crop Report of Tamil
Nadu.” Chennai, India: Commissionerate of Agriculture.

Committee for Formulation of Agriculture Policy for Punjab State. 2013.
“Agriculture Policy for Punjab.” Chandigarh, India: Government of Punjab.

Corton, T. M., J. B. Bajita, F. S. Grospe, R. R. Pamplona, C. A. Asis, Jr., R.
Wassmann, R. S. Lantin, and L. V. Buendia. 2000. “Methane emission from
irrigated and intensively managed rice fields in Central Luzon (Philippines).”
Nutrient Cycling in Agroecosystems 58: 37-53.

Dawe, D. 2005. “Increasing water productivity in rice-based systems in
Asia — past trends, current problems, and future prospects.” Plant Production
Science 8: 221-230.

Department of Agriculture, Punjab. 2012. “National Conference on Agriculture
for Kharif campaign.” Chandigarh, India: Department of Agriculture.

Directorate of Economics and Statistics, Department of Agriculture and
Cooperation, Government of India. 2012. “Agricultural Statistics at a Glance.”
New Delhi: Department of Agriculture and Cooperation.

Directorate of Water Resources & Environment, Punjab. 2005. “Availability of
surface water in Punjab.” Chandigarh, India: Government of Punjab.

EPA (U.S. Environmental Protection Agency). 2012. Summary Report: Global
Anthropogenic Non-CO, Greenhouse Gas Emissions: 1990-2030. 430-S-12-
002. Washington, DC: EPA.

FAO (Food and Agriculture Organization of the United Nations). 2008.
“Encyclopedia of Earth: Water profile of Philippines.” Rome: FAO. Accessible
at: <http://www.eoearth.org/view/article/156982>.

FAO (Food and Agriculture Organization of the United Nations). 2014a.
FAOSTAT. Rome: FAQ. Accessible at: <http://faostat.fao.org>. Accessed May
24,2014,

FAO (Food and Agriculture Organization of the United Nations). 2014b.
AQUASTAT—FAQ’s Information System on Water and Agriculture. Rome: FAQ.
Accessible at: <http://www.fao.org/nr/water/aquastat/main/index.stm>.

Fan, M., X. Liu, R. Jiang, F. Zhang, S. Lu, X. Zeng, and P. Christie. 2005.
“Crop yields, internal nutrient efficiency, and changes in soil properties in
rice-wheat rotations under non-flooded mulching cultivation.” Plant and Soil
277: 265-276.

Feng, L., B. A. M. Bouman, T. P. Tuong, Y. Li, L. Guoan, R. J. Cabangon, and
Y. Feng. 2006. “Effects of groundwater depth and water-saving irrigation

on rice yield and water balance in the Liuyuankou Irrigation System, Henan,
China.” In I. R. Willet and Z. Gao (eds.). Agricultural water management in
China. Proceedings of a workshop held in Beijing, China, September 14,
2005. Canberra, Australia: Australian Center for International Agricultural
Research Proceedings, 52—66.



Fischer, T., D. Byerlee, and G. Edmeades. 2014. “Crop Yields and Global
Food Security: Will Yield Increases Continue to Feed the World?” ACIAR
Monograph No. 58. Canberra, Australia: Australian Center for International
Agricultural Research.

Gassert, F., M. Luck, M. Landis, P. Reig, and T. Shiao. 2013. “Aqueduct Global
Maps 2.0.” Working Paper. Washington, DC: World Resources Institute.
Accessible at: <http://www.wri.org/applications/maps/agriculturemap>.

Government of Punjab. 2012. “Statistical Abstract Punjab.” Chandigarh,
India: Government of Punjab. Accessible at: <http://pbplanning.gov.in/pdf/
Statistical%20abstract%202012.pdf>.

Government of Tamil Nadu. 2009. “Tamil Nadu State Perspective and Strategic
Plan.” Chennai, India: Government of Tamil Nadu.

Hafeez, M. M., B. A. M. Bouman, N. Van de Giesen, and P. Vlek. 2007. “Scale
effects on water use and water productivity in a rice-based irrigation system
(UPRIIS) in the Philippines.” Agricultural Water Management 92: 81-89.

Hafeez, M. M., B. A. M. Bouman, N. Van de Giesen, S. Mushtag, P. Vlek,
and S. Khan. 2008. “Water reuse and cost-benefit of pumping at different
spatial levels in a rice irrigation system in UPRIIS, Philippines.” Physics and
Chemistry of the Earth 33: 115-126.

Itoh, M., S. Sudo, S. Mori, H. Saito, T. Yoshida, Y. Shiratori, S. Suga, N.
Yoshikawa, Y. Suzue, H. Mizukami, T. Mochida, and K. Yagi. 2011. “Mitigation
of methane emissions from paddy fields by prolonging midseason drainage.”
Agriculture, Ecosystems and Environment 141: 359-372.

IPCC (Intergovernmental Panel on Climate Change). 2006. “2006 IPCC
Guidelines for National Greenhouse Gas Inventories, Volume 4: Agriculture,
Forestry and Other Land Use.” Hayama, Japan: Institute for Global
Environmental Strategies.

Joshi, E., D. Kumar, B. Lal, V. Nepalia, P. Gautam, and A. K. Vyas. 2013.
“Management of direct seeded rice for enhanced resource-use efficiency.”
Plant Knowledge Journal 2: 119-134.

Kaur, S., R. Aggarwal, and A. Soni. 2011. “Study of water-table behaviour
for the Indian Punjab using GIS.” Water Science & Technology 63 (8):
1574-1581.

Kuerschner, E., C. Henschel, T. Hildebrandt, E. N. Julich, M. Leineweber,
and C. Paul. 2010. “Water-Saving in Rice Production—Dissemination,
Adoption, and Short Term Impacts of Alternate Wetting and Drying (AWD) in
Bangladesh.” SLE Publication Series S 241. Berlin: Humboldt Universitat zu
Berlin. Accessible at: <edoc.hu-berlin.de/series/sle/241/PDF/241.pdf>.

Kumar, V., and J. K. Ladha. 2011. “Direct Seeding of Rice: Recent
Developments and Future Research Needs.” Advances in Agronomy 111:
397413,

Lampayan, R. M., B. A. M. Bouman, J. L. de Dios, A. T. Lactaoen, A. J.
Espiritu, T. M. Norte, E. J. P. Quilang, D. F. Tabbal, L. P. Llorca, J. B. Soriano,
A. A. Corpuz, R. B. Malasa, and V. R. Vicmudo. 2004. “Adoption of water
saving technologies in rice production in the Philippines.” Taipei, Taiwan:
Food and Fertilizer Technology Center.

Lampayan, R. M., F. G. Palis, R. B. Flor, B. A. M. Bouman, E. D. Quicho, J.
L. de Dios, A. Espiritu, E. B. Sibayan, V. R. Vicmudo, A. T. Lactaoen, and

J. B. Soriano. 2009. “Adoption and dissemination of ‘safe alternate wetting
and drying’ in pump irrigated rice areas in the Philippines.” In: Proceedings
of the 60th International Executive Council Meeting and 5th Asian Regional

Conference, December 6—11, 2009, New Delhi, India. New Delhi: Central
Water Commission, Government of India and Indian National Committee on
Irrigation and Drainage.

Lampayan, R. M., B. A. M. Bouman, J. L. de Dios, A. J. Espiritu, J. B. Soriano,
A. T. Lactaoen, J. E. Faronilo, and K. M. Thant. 2010. “Yield of aerobic rice in
rainfed lowlands of the Philippines as affected by nitrogen management and
row spacing.” Field Crops Research 116: 165—174.

Lampayan, R. 2013. “Smart water technique for rice.” Brussels: European
Initiative for Agricultural Research for Development.

Li, C., J. Qiu, S. Frolking, X. Xiao, W. Salas, B. Moore IlI, S. Boles, Y. Huang,
and R. Sass. 2002. “Reduced methane emissions from large-scale changes in
water management of China’s rice paddies during 1980—-2000.” Geophysical
Research Letters 29 (20): 1972.

Li, F., Q. Song, P. Jjemba, and Y. Shi. 2004. “Dynamics of soil microbial
biomass C and soil fertility in cropland mulched with plastic film in a semiarid
agro-ecosystem.” Soil Biology and Biochemistry 36: 1893—1902.

Li, X., G. Zhang, H. Xu, Z. Cai, and K. Yagi. 2009. “Effect of timing of joint
application of hydroquinone and dicyandiamide on nitrous oxide emission
from irrigated lowland rice paddy field.” Chemosphere 75: 1417-1422.

Li, Y., L. Wu, L. Zhao, X. Lu, Q. Fan, and F. Zhang. 2007. “Influence of
continuous plastic film mulching on yield, water use efficiency and soil
properties of rice fields under non-flooding condition.” Soil and Tillage
Research 93: 370-378.

Li, Y., J. Simunek, L. Jing, Z. Zhang, and L. Ni. 2014. “Evaluation of water
movement and water losses in a direct-seeded-rice field experiment using
Hydrus-1D.” Agricultural Water Management 142: 38—46.

Linquist, B. A., K. J. van Groenigen, M. A. Adviento-Borbe, C. Pittelkow and C.
van Kessel. 2012. “An agronomic assessment of greenhouse gas emissions
from major cereal crops.” Global Change Biology 18: 194—209.

Linquist, B. A., M. Anders, M. A. Adviento-Borbe, R. L. Chaney, L. L. Nalley,
E. E. F. da Rosa, and C. van Kessel. 2014. “Reducing greenhouse gas
emissions, water use and grain arsenic levels in rice systems.” Global Change
Biology doi:10.1111/gcb.12701.

Liu, F., T. Li, and X. Fan. 2013. “Methane emission and its relationship with
soil temperature and moisture during rice growth in film mulching upland
rice field in South China.” Transactions of the Chinese Society of Agricultural
Engineering 29 (2): 110-116. (In Chinese with English abstract.)

Liu, X., J. Wang, S. Lu, F. Zhang, X. Zeng, Y. Ai, S. Peng, and P. Christie.
2003. “Effects of non-flooded mulching cultivation on crop yield, nutrient
uptake and nutrient balance in rice—wheat cropping systems.” Field Crops
Research 83: 297-311.

Lu, X, L. Wu, L. Pang, Y. Li, J. Wu, C. Shi, and F. Zhang. 2007. “Effects of
plastic film mulching cultivation under non-flooded condition on rice quality.”
Journal of the Science of Food and Agriculture 87: 334-339.

Ly, P, L. Jensen, T. Bruun, D. Rutz, and A. de Neergaard. 2012. “The System
of Rice Intensification: Adapted practices, reported outcomes and their
relevance in Cambodia.” Agricultural Systems 113: 16-27.

Mahajan, G., J. Timsina, and K. Singh. 2011. “Performance and water use
efficiency of rice relative to establishment methods in northwestern Indo-
Gangetic Plains.” Journal of Crop Improvement 25: 597-617.

WORKING PAPER | December 2014 | 25



Mahajan, G., B. S. Chauhan, and M. S. Gil. 2013. “Dry-seeded rice culture in
Punjab State of India: Lessons learned from farmers.” Field Crops Research
144: 89-99.

Mariano, M.J., R. Villano, and E. Fleming. 2012. “Factors influencing farmers’
adoption of modern rice technologies and good management practices in the
Philippines.” Agricultural Systems 110: 41-53.

Mohanty, S. and H. Bhandari. 2014. “Women rising: Asian rice farming at a
crossroads.” Rice Today 13 (4): 42—43. Accessible at: <http://irri.org/rice-
today/women-rising>.

Monfreda, C., N. Ramankutty, and J. A. Foley. 2008. “Farming the planet: 2.
Geographic distribution of crop areas, yields, physiological types, and net
primary production in the year 2000.” Global Biogeochemical Cycles 22:
GB1022, doi: 10.1029/2007GB002947.

Myhre, G., D. Shindell, F.-M. Bréon, W. Collins, J. Fuglestvedt, J. Huang,

D. Koch, J.-F. Lamargue, D. Lee, B. Mendoza, T. Nakajima, A. Robock, G.
Stephens, T. Takemura and H. Zhang. 2013. “Anthropogenic and Natural
Radiative Forc-ing.” In T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K.
Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.) Climate
Change 2013: The Physical Science Basis. Contribution of Working Group

| to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge, UK, and New York: Cambridge University Press.

Neogi, M. D. 2013. “AWD Technology: A way to reduce irrigation cost.” Daily
Sun Dhaka, January 23, 2013. Accessible at: <http://www.riceclima.com/wp-
content/uploads/2013/02/AWD-23-01-2013.pdf>.

Palanisami, K., and P. Paramasivam. 2000. “Water scenario in Tamil Nadu—
present and future.” In S. Kannaiyan and C. Ramasamy (eds.). Agriculture
2000. Coimbatore, India: Tamil Nadu Agricultural University, 36—46.

Parthasarathi, T., K. Vanitha, P. Lakshamanakumar, and D. Kalaiyarasi.
2012. “Aerobic rice-mitigation water stress for the future of climate change.”
International Journal of Agronomy and Plant Production 3 (7): 241-254.

Pathak, H., B. Chakrabarti, A. Bhatia, N. Jain, and P. K. Aggarwal. 2012.
“Potential and cost of low carbon technologies in rice and wheat systems:

A case study for the Indo-Gangetic Plains.” In H. Pathak and P. K. Aggarwal
(eds.). Low Carbon Technologies for Agriculture: A Study on Rice and Wheat
Systems in the Indo-Gangetic Plains. New Delhi: Indian Agricultural Research
Institute, 12—40.

Peng, S., K. Shen, X. Wang, J. Liu, X. Luo, and L. Wu. 1999. “A new rice
cultivation technology: Plastic film mulching.” International Rice Research
Newsletter 24: 9-10.

Peng, S., J. Huang, J. E. Sheehy, R. C. Laza, R. M. Visperas, X. Zhong, G. S.
Centeno, G. S. Khush, and K. G. Cassman. 2004. “Rice yields decline with

higher night temperature from global warming.” Proceedings of the National
Academy of Sciences of the United States of America 101 (27): 9971-9975.

Pinoy Rice Knowledge Bank. 2014. “Philippine Rice Industry: Facts and
Figures.” Manila: Department of Agriculture, Philippine Rice Research
Institute. Accessible at: <http://pinoyrkb.com/main/resources/facts-and-
figures>.

Pittelkow, C. M., Y. Assa, M. Burger, R. G. Mutters, C. A. Greer, L. A. Espino,
J. E. Hill, W. R. Horwath, C. van Kessel, and B. A. Linquist. 2014. “Nitrogen
Management and Methane Emissions in Direct-Seeded Rice Systems.”
Agronomy Journal 106 (3): 968—980.

26 WORLD RESOURCES INSTITUTE

Prasad, R. 2011. “Aerobic Rice Systems.” Advances in Agronomy 111:
207-247.

Rajkishore, S. K. 2013. “Carbon sequestration and greenhouse gas emission
studies in SRI and conventional systems of rice cultivation.” Ph.D. thesis.
Coimbatore, India: Tamil Nadu Agricultural University.

Rajkishore, S. K., and R. Sunitha. 2013. “Soil carbon dynamics as influenced
by moisture regime and nitrogen levels.” Journal of Global Biosciences 2 (5):
153-156.

Rao, A. N., D. E. Johnsson, B. S. Prasad, J. K. Ladha, and A. M. Mortimer.
2007. “Weed management in direct-seeded rice.” Advances in Agronomy 93:
153-255.

Ray, D. K., N. Ramankutty, N. D. Mueller, P. C. West, and J. A. Foley.
2012. “Recent patterns of crop yield growth and stagnation.” Nature
Communications 3: 1293.

Rejesus, R.M., F. G. Palis, D. G. P. Rodriguez, R. M. Lampayan, and B. A. M.
Bouman. 2011. “Impact of the alternate wetting and drying (AWD) water-
saving irrigation technique: Evidence from rice producers in the Philippines.”
Food Policy 36: 280-288.

Rejesus, R.M., A. M. Martin, and P. Gypmantasiri. 2013. Meta-impact
assessment of the Irrigated Rice Research Consortium. Special IRRI Report.
Los Bafios, Philippines: International Rice Research Institute.

Sander, B. 0., R. Wassmann, and J. D. L. C. Siopongco. 2014. “Water-saving
Techniques: Potential, Adoption and Empirical Evidence for Mitigating
Greenhouse Gas Emissions from Rice Production.” In C. T. Hoanh, V.
Smakhtin, and T. Johnston (eds.). Climate change and agricultural water
management in developing countries. CABI Climate Change Series. Egham,
UK: CABI Publishing.

Searchinger, T., C. Hanson, J. Ranganathan, B. Lipinski, R. Waite, R.
Winterbottom, A. Dinshaw, and R. Heimlich. 2013. Creating a Sustainable
Food Future: A menu of solutions to sustainably feed more than 9 billion
people by 2050. World Resources Report 2013—14: Interim Findings.
Washington, DC: World Resources Institute.

Setyanto, P., A. K. Makarim, A. M. Fagi, R. Wassmann, and L. V. Buendia.
2000. “Crop management affecting methane emissions from irrigated and
rainfed rice in Central Java (Indonesia).” Nutrient Cycling in Agroecosystems
58: 85-93.

Sibayan, E.B., J. L. de Dios, and R. M. Lampayan. 2010. “Outscaling AWD
in a public-managed reservoir-type irrigation system: a case study in the
Philippines.” In F. G. Palis, G. R. Singleton, M. C. Casimero, and B. Hardy
(eds.). Research to impact: case studies for natural resource management
for irrigated rice in Asia. Los Bafios, Philippines: International Rice Research
Institute, 135-150.

Singh, D. K., and A. Kumar. 2010. “Groundwater Situation in India: Problems
and Perspective.” International Journal of Water Resources Development 18
(4): 563-580.

Siopongco, J. D. L. C., R. Wassmann, and B. 0. Sander. 2013. “Alternate
wetting and drying in Philippine rice production: feasibility study for a
Clean Development Mechanism.” IRRI Technical Bulletin No. 17. Los Bafios
(Philippines): International Rice Research Institute.



Tabbal, D. F., B. A. M. Bouman, S. I. Bhuiyan, E. B. Sibayan, and M. A. Sattar.
2002. “On-farm strategies for reducing water input in irrigated rice: case
studies in the Philippines.” Agricultural Water Management 56 (2): 93—-112.

The Global Commission on the Economy and Climate. 2014. “Land Use.”
Chapter 3 in Better Growth, Better Climate: The New Climate Economy Report.
Washington, DC: The Global Commission on the Economy and Climate.

Uphoff, N., A. Kassam, and R. Harwood. 2011. “SRI as a methodology for
raising crop and water productivity: productive adaptations in rice agronomy
and irrigation water management.” Paddy and Water Environment 9: 3-11.

USDA (U.S. Department of Agriculture). 2014. “Rice: Trade.” Washington, DC:
USDA Economic Research Service. Accessible at: <http://www.ers.usda.gov/
topics/crops/rice/trade.aspx>.

USDA-NASS (U.S. Department of Agriculture, National Agriculture Statistics
Service). 2014. “Acreage (June 2014).” Washington, DC: USDA-NASS.
Accessible at: < http://usda.mannlib.cornell.edu/usda/current/Acre/Acre-06-
30-2014.pdf>.

Van Groenigen, J. W., G. L. Velthof, 0. Oenema, K. J. van Groenigen, and C.
van Kessel. 2010. “Towards an agronomic assessment of N20 emissions:
a case study for arable crops.” European Journal of Soil Science 61 (6):
903-913.

Van Groenigen, J., C. van Kessel, and B. A. Hungate. 2013. “Increased
greenhouse-gas intensity of rice production under future atmospheric
conditions.” Nature Climate Change 3: 288-291.

Vashishtha, P. S., and K. Gupta. 2006. “Input Subsidy in Punjab Agriculture.”
Unpublished manuscript. New Delhi: International Food Policy Research
Institute.

Wang, H., B. Bouman, D. Zhao, C. Wang, and P. Moya. 2002. “Aerobic rice
in northern China: opportunities and challenges.” In B. A. M. Bouman, H.
Hengsdijk, B. Hardy, P. S. Bindraban, T. P. Tuong, and J. K. Ladha (eds.).
Water-wise Rice Production. Los Bafios (Philippines): International Rice
Research Institute, 143—154.

Wang, Y. 2008. “Preliminary study on high yield formation of rice for ridge-
cultivation in southern of China.” Dissertation for master's degree. Yangzhou,
China: Yangzhou University. (In Chinese with English abstract.)

Wang, W., X. Zhang, X. Guo, and G. Ling. 2012. “Study of ridge and mulching
cultivation technique of paddy in cold waterlogged fields, mountainous area in
south Anhui.” Journal of Anhui Agricultural Sciences 40 (20): 10405—10406,
10409. (In Chinese with English abstract.)

Wassmann, R., L. V. Buendia, R. S. Lantin, C. S. Bueno, L. A. Lubigan, A.
Umali, N. N. Nocon, A. M. Javellana, and H. U. Neue. 2000. “Mechanisms of

crop management impact on methane emissions from rice fields in Los Bafios,

Philippines.” Nutrient Cycling in Agroecosystems 58: 107—119.

Water Technology Centre. 2009. “Report on the Implementation of SRl in
Phase | and Il sub-basins under TN-IAMWARM Project.” Coimbatore, India:
Tamil Nadu Agricultural University.

Wei, C., M. Gao, Q. Huang, F. Che, J. Yang, D. Xie, Z. Cai, and H. Xu. 2000.
“Effects of tillage-cropping systems on methane emissions from year-round
flooded paddy field in southwest China.” Acta Pedologica Sinica 33 (2):
157-165. (In Chinese.)

World Bank. 2006. “Tamil Nadu irrigated agriculture modernization and water
bodies restoration and management project, TN-IAMWARM.” Washington,
DC: World Bank.

Yan, X., H. Akiyama, K. Yagi, and H. Akimoto. 2009. “Global estimations of the
inventory and mitigation potential of methane emissions from rice cultivation
conducted using the 2006 Intergovernmental Panel on Climate Change
Guidelines.” Global Biogeochemical Cycles 23: 1-15.

Zeng, F. 2012. “Effect of film mulching cultivation on rice yield and nitrogen
use efficiency of rice at hilly region in Sichuan province.” Dissertation for
master's degree. Ya'an, China: Sichuan Agricultural University.

Zeng, L. and Y. Liu. 2012. “The demonstrating technology and effect analysis
of non-flooded mulching cultivation.” Tillage and Cultivation 5: 46. (In
Chinese with English abstract.)

Zhang, Y., S. Lu, H. Xu, J. Yuan, and Y. Dong. 2013a. “Effect of high-yield
rice planting technique integrated with plastic mulching for water saving on
methane emission from rice fields.” Ecology and Environmental Sciences 22
(6): 935-941. (In Chinese with English abstract.)

Zhang, Y., S. Lu, H. Xu, J. Yuan, and Y. Dong. 2013b. “Nitrous oxide
emission from paddy fields as affected by cultivation patterns and inhibitors
application.” Soils 45 (5): 830-837. (In Chinese with English abstract.)

Zhang, Z., and Y. Li. 2003. “Control effect of film mulching on methane gas
emission in dry culture rice field.” Journal of Hubei Agricultural College 23
(5): 321-323. (In Chinese with English abstract.)

Zhao, D.L., G. N. Atlin, L. Bastiaans, and J. H. J. Spiertz. 2006. “Comparing
rice germplasm groups for growth, grain yield and weed-suppressive ability
under aerobic soil conditions.” Weed Research 46: 444—452.

Ziska, L. H., P. R. Epstein, and W. H. Schlesinger. 2009. “Rising C02,
Climate Change, and Public Health: Exploring the Links to Plant Biology.”
Environmental Health Perspectives 117 (2): 155—158.

WORKING PAPER | December 2014 | 27



The authors would like to acknowledge the following individuals for their valu-
able guidance and critical reviews: To Phuc Tuong (International Rice Research
Institute), Chris van Kessel (University of California at Davis), Ben Macdonald

(Commonwealth Scientific and Industrial Research Organization), Christopher

Delgado (WRI), Craig Hanson (WRI), and Richard Waite (WRI).

We thank Emily Schabacker for style editing and Bob Livernash for copyediting
and proofreading. In addition, we thank Jen Lockard, Carni Klirs, and Hyacinth
Billings for publication layout and design.

For this working paper, WRI is indebted to the generous financial support of
the Norwegian Ministry of Foreign Affairs, the Netherlands Ministry of Foreign
Affairs, the United Nations Development Programme, the United Nations Envi-
ronment Programme, and the World Bank.

This working paper represents the views of the authors alone. It does not neces-
sarily represent the views of the World Resources Report's funders.

Tapan K. Adhya, Professor, KIIT University, India

Bruce Linquist, Research Scientist, University of California at Davis,
United States

Tim Searchinger, Senior Fellow, World Resources Institute (WRI);
Research Scholar, Princeton University, United States
Contact: tsearchinger@wri.org

Reiner Wassmann, Climate Change Coordinator, International Rice Research
Institute, Philippines

Xiaoyuan Yan, Professor, Institute for Soil Science, Chinese Academy
of Sciences, Nanjing, China

All authors contributed equally to this paper.

Case study authors are: India: T. K. Adhya (KIIT University), J. Taneja (Indian
Nitrogen Group), Y. P. Abrol (Indian Nitrogen Group); United States: B. Linquist
(University of California at Davis); China: X. Yan (Chinese Academy of Sci-
ences), L. Xia (Chinese Academy of Sciences), S. Lv (Sichuan Academy of
Agricultural Sciences); Philippines: R. Wassmann (International Rice Research
Institute, IRRI), A. Basconcillo (IRRI), B. 0. Sander (IRRI).

WRI'is a global research organization that works closely with leaders to turn
big ideas into action to sustain a healthy environment—the foundation of
economic opportunity and human well-being.

Our Challenge

Natural resources are at the foundation of economic opportunity and human
well-being. But today, we are depleting Earth’s resources at rates that are not
sustainable, endangering economies and people’s lives. People depend on
clean water, fertile land, healthy forests, and a stable climate. Livable cities
and clean energy are essential for a sustainable planet. We must address
these urgent, global challenges this decade.

Our Vision

We envision an equitable and prosperous planet driven by the wise manage-
ment of natural resources. We aspire to create a world where the actions of
government, business, and communities combine to eliminate poverty and
sustain the natural environment for all people.

Our Approach

COUNTIT

We start with data. We conduct independent research and draw on the latest
technology to develop new insights and recommendations. Qur rigorous
analysis identifies risks, unveils opportunities, and informs smart strategies.
We focus our efforts on influential and emerging economies where the future
of sustainability will be determined.

CHANGE IT

We use our research to influence government policies, business strategies,
and civil society action. We test projects with communities, companies, and
government agencies to build a strong evidence base. Then, we work with
partners to deliver change on the ground that alleviates poverty and strength-
ens society. We hold ourselves accountable to ensure our outcomes will be
bold and enduring.

SCALE IT

We don’t think small. Once tested, we work with partners to adopt and
expand our efforts regionally and globally. We engage with decision-makers
to carry out our ideas and elevate our impact. We measure success through
government and business actions that improve people’s lives and sustain a
healthy environment.

Richard Waite (WRI)
- Copyright 2014 World Resources Institute. This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivative
creative
@commons @ @ @ Works 3.0 License. To view a copy of the license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/

28 WORLD RESOURCES INSTITUTE



