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Climate Neutral and Resilient
Farming Systems

This book presents evidence-based research on climate-neutral and resilient farm-
ing systems and further provides innovative and practical solutions for reducing
greenhouse gas emissions and mitigating the impact of climate change.

Intensive farming systems are a significant source of greenhouse gas emissions,
thereby contributing to global warming and the acceleration of climate change.
As paddy rice farming is one of the largest contributors, and environmentally
damaging farming systems, it will be a particular focus of this book. The mitiga-
tion of greenhouse gas emissions needs to be urgently addressed to achieve the 2°C
target adopted by COP21 and the 2015 Paris Agreement, but this is not possible if
local and national level innovations are not accompanied by international level
cooperation, mutual learning and sharing of knowledge and technologies. This
book, therefore, brings together international collaborative research experiences
on climate-neutral and resilient farming systems compiled by leading scientists
and experts from Europe, Asia and Africa. The chapters present evidence-based
research and innovative solutions that can be applied or upscaled in different
farming systems and regions across the world. Chapters also present models and
technologies that can be used for practical implementation at the systemic level
and advance the state of the art knowledge on carbon-neutral farming. Combin-
ing theory and practice, this interdisciplinary book provides guidance which can
inform and increase cooperation between researchers from various countries on
climate-neutral and resilient farming systems. Most importantly, the volume pro-
vides recommendations which can be put into practice by those working in the
agricultural industry, especially in developing countries, where they are attempt-
ing to promote climate-neutral and resilient farming systems.

The book will be of great interest to students and academics of sustainable
agriculture, food security, climate mitigation and sustainable development, in ad-
dition to policymakers and practitioners working in these areas.

Udaya Sekhar Nagothu is Research Professor and Director at the Centre for
International Development, NIBIO (Norsk Institutt for Biookonomi/Norwegian
Institute of Bioeconomy Research), Norway. He is the editor of The Bioeconomy
Approach (2020), Agricultural Development and Sustainable Intensification (2018),
Climate Change and Agricultural Development (2016) and Food Security and Devel-
opment (2015).
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Preface

We are now facing an increase in the frequency of extreme weather events due to
climate change, which is exacerbating temperature extremes and impacting soil,
water and growth conditions of crops. The agriculture sector is both a victim and
cause of climate change. To address the climate crisis, we need a transformative
change in the way we farm in the future and move from the intensive farming
systems towards carbon-neutral farming. The change implies a drastic reduction
in the use of external chemical inputs and adopting agroecological-based prac-
tices wherever possible. Any climate mitigation efforts to reduce greenhouse gas
emissions in agriculture and food systems must benefit other relevant sectors and
provide co-benefits to adaptation and resilience.

There is no “one-size-fits-all” solution to address climate crisis. A mosaic of
adaptation and mitigation options that suit different situations considering the
environmental, social and economic contexts and vulnerabilities must be devel-
oped. The package of measures must include nature-based, cultural, physical and
biological solutions suitable for the agroecosystems. Further, the efforts need sup-
portive policies, collective stakeholder action, knowledge sharing and adequate
investments to promote systematic implementation. Though the limited funding
opportunities in developing countries will force governments to follow the eco-
nomic agenda rather than invest in climate action, there is still hope. One way to
address this challenge is by ensuring that development work is “climate proofed”
and climate action to be development oriented. In this way, governments can
justify their investments to combat climate change.

The various chapters in the book were drafted by 33 experienced research-
ers and consultants from several disciplines representing more than 20 agencies
worldwide, bringing together diverse field experiences. Several of the book chap-
ters focus on rice, the major cereal providing food security to millions of people
worldwide. Paddy rice is also one of the major sources of methane emissions and
facing several challenges due to high input prices, increased incidence of pests,
low market prices and labour shortages. The book emphasizes on the relevance
and use of agroecological-based soil, water and crop management practices that
have the potential for increasing productivity whilst reducing greenhouse gases

and addressing relevant SDGs (especially SDGs 2, 13 and 15). Addressing the
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climate-related challenges will not be easy unless the farmers are motivated, in-
centivized and willing to adapt to the change. We must be optimistic, as it is
necessary to make farming systems resilient, and at the same time mitigate future
climate risks. The open access book will be useful to a wide range of audience
including scientific community, development agencies and policymakers.
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1 Climate change impacts on
agriculture

Challenges and options to reduce
emissions through climate-neutral
and resilient farming systems

Udaya Sekhar Nagothu, Andrew Borrell, and
Mehreteab Tesfai

Introduction

A global climate crisis is drawing the attention of activists, politicians, scientists,
and the general public at large, not only due to the increasing rate of extreme
climate events across the world and the severity of the destruction caused by
these events to communities and ecosystems but also due to their continuous
coverage in the media (WMO, 2021). At the same time, climate change debate
is shaping the political landscape in several countries, with some countries se-
riously concerned and pressing for immediate action, while others do not see it
as an immediate threat, even in the developed world. Lack of adequate infor-
mation, evidence-based data, and uncertainty in forecasts are helping sceptics
and politicians in both developed and developing countries to argue that climate
change is not an immediate threat to global society. Such ignorance leads to
short-sighted policy decisions and lack of needed transformative action and sup-
port for investments to combat climate crises. Since 1990, six assessment reports
by the Intergovernmental Panel on Climate Change (IPCC) were prepared, and
recommendations were made for cutting down greenhouse gas (GHG) emissions
(IPCC, 2021). Unfortunately, some world leaders do not recognize the seriousness
of the threats and fail to stand by the commitments made to reduce emissions. As
long as these commitments are not put into action, it will not be possible to limit
global temperature rise to 1.5°C by the end of the century.

The IPCC on the Sixth Assessment Report (AR6) states that “it is unequiv-
ocal that human influence has warmed the atmosphere, ocean and land” and
that “widespread and rapid changes in the atmosphere, ocean, cryosphere and
biosphere have occurred” (IPCC, 2021a). According to the Report, the world has
rapidly warmed by 1.1°C which is higher than pre-industrial levels, and is now
moving towards 1.5°C — a critical threshold level that world leaders agreed to
maintain and take measures to prevent warming above that level (IPCC, 2021b).
The complex shifts observed in recent years affecting our planet’s weather and
climate systems are contributing to the melting of glaciers, sea-level rise, and
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increase in temperature. The atmospheric carbon dioxide levels reached a record
high in 2020, unprecedented in human history as the world was also grappling
with one of the worst pandemics (NORR, 2021). The year 2020 was also one of
the hottest years recorded globally, and the hottest ever in Europe that has led
to serious forest fires and floods (WMOQO, 2021). The wild fires in California and
Australia, the destructive floods in Germany, and the heat waves in Canada dur-
ing the summer of 2021 all indicate that the climate crisis is impacting seriously
and can no longer be ignored (GDACS, 2021). The scale of destruction not only
to property and infrastructure but also to human life and ecosystems cannot
continue to be tolerated, especially in regions and populations that are highly
vulnerable. Limiting global warming is only possible by taking drastic measures
to cut GHG emissions, while also removing carbon dioxide from the atmosphere
through large-scale carbon sequestration measures (IPCC, 2021b). The economic
instability caused by COVID-19, with the focus by governments on funding
health initiatives combined with priorities to ensure jobs and economic growth,
will nevertheless pose a big challenge to combat the climate crisis.

This chapter provides an introduction to the climate crisis, followed by a brief
overview of the sources and extent of GHG emissions from various sectors in
general, and the agriculture sector in particular, and the challenges to reduce
emissions from the latter. The chapter then discusses the potential solutions for
reducing GHG emissions from the agriculture sector, including technological,
investment, and policy support required. A separate section is dedicated to intro-
duce the climate-neutral and resilient farming systems (CNRES) concept and the
various steps necessary for assessing and developing suitable CNRFS. Towards the
end, the chapter provides an outline on the various chapters of the book.

Global warming and contribution from various sources

The sectors that contribute most to GHGs and global warming are energy, in-
dustry, agriculture, transport, and associated land-use changes. Per capita or per
person emissions of GHGs are the highest in the USA followed by Russia, Japan,
China, and the European Union (EU), ranked in the order given (C2ES, 2021). In
terms of contribution to total emissions, China ranks the highest followed by the
USA, the European Union, India, and Russia. Overall, carbon dioxide accounts
for 76% of total GHGs, while methane emissions, primarily from the agriculture
sector, contribute 16% of the GHGs (C2ES, 2021). The third largest contributor is
nitrous oxide, contributing 6% of the emissions mainly from industry and agricul-
ture, and the remaining 2% by various carbon and nitrogenous compounds (e.g.
CO, NO). Reducing emissions from various sectors has to be a collective effort
since the consequences of climate change are global.

Countries such as India argue that since its per capita emissions are much lower
compared to other nations, its responsibility to invest and reduce GHGs should
accordingly be less, a position with which other industrial nations do not agree
(UNEP, 2020). Lack of consensus to reduce emissions does not help to move for-
ward, as evident during various meetings since the Kyoto Protocol was established
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in 1997. The Kyoto Protocol set targets for 37 industrial nations to cut down
emissions, but only bound to developed countries under the principle of “common
but differentiated responsibility and respective capabilities”, as these countries
were also responsible for the current high levels of GHG emissions (UNFCCC,
2021). At the Doha Amendment in 2012, the Protocol was adopted for the sec-
ond commitment period ending in 2020, with the aim of reducing emissions by
18%. However, the results so far are not encouraging, with only a few scattered
transformative actions undertaken. The outcomes and agreements reached at the
COP26 summit in Glasgow (Scotland) are crucial for the global community to hit
net-zero emissions (WS]J, 2021). The years and months that follow will tell us the
extent to which the COP26 commitments will be acted on.

The agriculture sector as a contributor to GHG emissions

Agriculture accounts for approximately 20% of global GHG emissions when
viewed over a 20-year time frame, while forestry and land-use change account
for about 7%. Hence, the combined contributions from agriculture, forestry, and
changes to land use account for more than one-quarter of the world’s GHG emis-
sions. Without targeted action, these emissions are likely to increase as the pop-
ulation increases and the demand for food and raw materials continues to grow.
Agriculture contributes substantially to climate change by directly emitting
non-carbon dioxide (non-CO;) gases, including methane (CH4) and nitrous ox-
ide (N;O), from crop and livestock production, and by affecting net CO, emis-
sions from agricultural soils, forestry, and other land use (OECD, 2021). After
livestock, rice production is the second largest contributor of agricultural CHy
emissions, with the remaining emissions from the burning of savanna and the use
of crop residues for agricultural purposes. Furthermore, agriculture accounts for
80% of total N;O emissions, mainly from the application of fertilizers, including
both synthetic and organic nitrogen (Reay et al., 2012). These non-CO, gases are
significantly more powerful than carbon dioxide in driving warming over a 20-
year span (Myhre et al., 2013). For example, over a span of 20 years, methane is
84 times more powerful than CO; in forcing temperature increases, and nitrous
oxide is 298 times more powerful. However, CHy has a much shorter lifetime
in the atmosphere, lasting only 12 years, meaning that reducing CHy4 emissions
should help to limit temperature increases in the short term, which is necessary.
Estimates of global CHy emissions from paddy fields alone range from 31 to 112
Tg/year, accounting for up to 19% of total emissions, while 11% of global agricul-
tural N;O emissions come from rice fields (Win et al., 2020). In Asia, paddy rice
systems alone (besides livestock and energy use) are the second largest emitter
of GHG emissions. At the same time, GHG emissions from rice cultivation are
increasing in other rice growing regions of the world. Rice is the staple food for
more than half of the world’s population and the dominant crop in South and
Southeast Asia (FAO, 2013). More than 3.5 billion people depend on rice for
nearly 20% of their daily calories (FAO, 2018). Therefore, rice production has to
be made sustainable through use of viable technology options to reduce GHG
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emissions, especially methane. Reducing emissions from the agriculture sector —
largely methane and nitrous oxide — can play a significant role in climate change
mitigation (Lynch and Garnett, 2021).

The current farming systems worldwide are intensive and unsustainable, as they
mostly rely on high external inputs to increase crop yields, e.g. water, chemical
fertilizers, and pesticides, and contribute to serious degradation of soils, pollution
of water and air, and loss of biodiversity and ecosystem services (Foley et al., 2011).
In general, intensive agricultural land-use systems are a major source of GHG
emissions, thereby contributing to the acceleration of climate change (FAQO,
2020). This, in turn, results in frequent extreme weather events, i.e. droughts,
floods, and heat stress (Mwangi et al., 2020). Climate warming is substantially
increasing crop losses due to the increased spread of insect pests, with strong-
est yield reductions in temperate and subtropical climatic zones for major staple
grains including rice, maize, and wheat (Boetzl et al., 2020; Deutsch et al., 2018).
These studies highlight that the agricultural sector is both a contributor to and
casualty of accelerated climate change, and that there is an urgency to promote
new systemic solutions to promote sustainable CNRFS.

The challenges in reducing GHG emissions

The 2018 report by IPCC makes it clear that if the impact of climate change is to
be limited to 1.5°C, a “rapid and far-reaching” transition will be required (IPCC,
2018). Achieving this goal would require keeping within the cumulative carbon
budget of 570 gigatonnes of carbon dioxide (GtCOj), attaining net-zero carbon
dioxide emissions globally around 2050, including significantly reducing the emis-
sions of other gases such as methane and nitrous oxide.

The focus on the agriculture sector to reduce GHGs has increased since the
Paris Agreement in 2015, where 196 countries signed a legally binding treaty on
climate change to limit global warming to well below 2°C, and preferably below
1.5°C (UNFCCC, 2015). It was also agreed in Paris that countries prepare their
plans for nationally determined contributions (NDCs) by 2020, together with the
long-term low GHG emission development strategies (LT-LEDS) embedded into
the NDCs. However, practical implementation of NDC:s is still at a nascent stage
in most cases. So far, the attempts to reduce emissions are not encouraging in
agriculture, livestock, and land use sectors. It can be challenging for sectors such
as agriculture to monitor and measure the emission reductions due to the diffused
and unorganized nature of the small-scale farms. In light of the impact of the
COVID-19 pandemic and shifting geo-political power alignments, the question
of who should support and invest in climate mitigation measures remains deeply
contested. While debates at the global climate negotiation meetings are often
focused on the extreme and contentious views and options, there should be a
spectrum of nuanced views that will be useful to look at and move beyond the
contentious positions. A transparent negotiating environment will help develop-
ing countries to engage actively in reducing emissions. This should be particularly
useful for sectors such as agriculture that are highly relevant in these countries.
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Reducing emissions within the agriculture sector will be challenging, mainly due
to lack of investments and capacity, small-scale nature of farming, lack of political
will, and incentives for adopting climate smart solutions (FAO, 2015). Evidence-
based and proven practical solutions to reduce emissions in the agriculture sector are
still relatively rare and some are in the piloting stage. The type of solutions that we
develop will have implications for overall food systems and for global food and nu-
trition security at large. We need to understand that emissions from agriculture are
different from other sectors (especially in relation to carbon dioxide), and thus the
mitigation pathways also need to be different. The overall sustainability challenges
related to food production, and possible solutions, have to be considered while de-
veloping CNRFS (UNFCCC, 2018; FAQ, 2019). Climate change mitigation within
the agricultural sector can be addressed effectively if local and national level ac-
tions are accompanied by international and regional level cooperation and sharing
of knowledge. In this context, international collaborative research and the related
co-learning have to be supported at all levels. This book focuses on the unique op-
portunity to cooperate and bring together experts from Asia, Australia, Europe, and
Africa to share their experiences with CNRFS that can potentially contribute to
GHG emission reduction and carbon sequestration (including carbon storage in ag-
ricultural soils) and, at the same time, foster climate resilience and contribute to
overall sustainability. Regarding the implications for farmer income and livelihoods,
food sovereignty cannot be ignored in this context, since success depends on the
farm-level implementation of CNRFS-proposed innovations and the benefits gained.

The agriculture sector as a potential solution

Major changes in the agriculture sector would be required if the impact of climate
change is to be limited to 1.5°C. Overcoming the challenges to reduce GHGs in
the agriculture sector will require technological, investment, and policy solutions.
These solutions will need to be targeted at the global as well as specific scales, at
developed and developing countries, and at large- and small-scale agriculture, and
should be environmental friendly, socially acceptable, and economically feasible.

Technological solutions

It is technically feasible for agriculture to become close to carbon neutral, relying
on supply-side mitigation measures alone, although this depends on optimistic
assumptions about the potential of soil carbon sequestration (SCS). Based on full
deployment of available emission reductions, coupled with carbon sequestration
opportunities, the global technical mitigation potential of the agricultural sector

in 2030 is estimated to be 5,500 to 6,000 MtCOseq yr1 (Smith, 2016).

Global versus local scales

Targets are usually set at global or national levels, putting together the required
emission reductions for various sectors. It has been suggested that the first step in
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reducing emissions from agriculture is to produce food as efficiently as possible,
i.e. changing how we farm (McKinsey & Company, 2020). The report found that
a set of proven GHG-efficient farming technologies and practices (which are al-
ready being deployed) could achieve about 20% of the sector’s required emission
reduction by 2050. The report found that top 15 mitigation measures could de-
liver about 85% of the total 4.6 GtCO,e mitigation potential from GHG-efficient
farming by 2050, compared with business-as-usual emissions. These measures
included reducing GHG emissions in farm machinery (zero-emissions on-farm
machinery), livestock sector (breeding for reduced GHG emissions, improving
animal health, optimizing livestock feed, and increasing production efficiency),
crop management (direct seeding in rice), water management (improve paddy rice
water management), fertilizer management (improve nitrogen fertilization strate-
gies in rice, nitrification inhibitors, expand slow release fertilizers), and soil man-
agement (minimum tillage and/or no-tillage practices). The various chapters in
this book focus on some of these selected GHG-reducing measures in the farming
systems.

According to McKinsey & Company (2020), there is also a need to change
our dietary patterns, i.e. what we eat, and reduce food wastage. Overall, achieving
emissions-reduction goals is not possible without billions of people pro-actively
changing their diets by eating less beef and lamb meat. There is room for im-
provement here, as the current average global consumption of ruminant animal
protein (mainly beef and lamb) is three times the recommended level, and almost
one-third of all food produced in the world is wasted. Reducing food waste and
shifting to plant-based protein diets will be beneficial to both the environment

and human health (Tziva et al., 2020).

Developed versus developing countries

In general, developing countries are the largest and fastest growing source of
GHG emissions. Between 1990 and 2014, they were largely responsible for the
15% increase in global non-CO, emissions from agriculture (Blandford and Has-
sapoyannes, 2018), whereas OECD countries (the Organisation for Economic Co-
operation and Development, OECD) as a whole experienced a slight reduction in
non-CO; emissions over the same period. Improvements in production efficiency
have contributed to this reduction by lowering the emission intensity of agri-
cultural output (MacLeod et al., 2015). However, the rate of decline in intensity
appears to be slowing (OECD, 2021). Reduced deforestation rates and increased
afforestation in several regions of the world have resulted in net CO, emissions
from forestry and other land uses, falling in both developed and developing coun-
tries (Blandford and Hassapoyannes, 2018; IPCC, 2019; Smith et al., 2016).
Reducing GHG emissions must also be considered in relation to food security
issues, particularly in the developing world. A useful entry point for mitigation
would be a focus on reducing emissions intensity by addressing productivity im-
provements and yield gaps (IPCC, 2019). This approach can simultaneously meet
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food security, rural development, and climate change mitigation goals (Vermeulen
et al., 2012; Wollenberg, 2017). The extent to which reducing emissions intensity
will result in reductions of absolute emissions depends on changes in total produc-
tion (Leahy, 2020). Absolute emissions will generally rise if increased productivity
is used to generate more food to meet nutritional or economic goals, and reducing
emissions intensity will only reduce absolute emissions if total production does
not increase at a faster rate (Gerber et al., 2013). Recent studies suggest that ag-
ricultural land could expand further in the absence of changes to technological
progress, dietary patterns, food distribution, and markets (Roos et al., 2017).

Some technological solutions will require proactive strategies for implemen-
tation in the developing world. For example, disruptive change from novel mit-
igation technologies, such as methane vaccines and methane and nitrous oxide
inhibitors, could produce significant global benefits, but special effort needs to be
given to adoption pathways in developing countries. Development of methane
inhibitors is largely being carried out in developed countries, with the most ad-
vanced product (3-NOP) so far showing high efficacy (>30% reduction) in feedlot
systems (Hristov et al., 2015), with limited suitability for grazing-based systems
(Reisinger et al., 2018).

Approximately one-third of all food produced is never consumed. Food loss
takes place early in the supply chain during production, transportation, and stor-
age, particularly in developing countries where losses are driven by lack of access
to technology and cold-storage infrastructure. In developed countries, food waste
more likely occurs at the retail and consumption stages and is prevalent in higher-
income regions (Nicastro and Carillo, 2021). To meet a 1.5°C target, food loss and
waste would need to fall from about 33% in recent years to under 30% by 2030,
and 20% by 2050. This would result in reducing overall emissions from food waste
by about 40% globally. Large-scale awareness programmes, educating youth and
fixing accountability, is the way to go forward to reduce food wastage.

Large scale versus small scale

New farm practices and technologies need to be relevant to small-scale farms
around the world, since most farms in developing countries are small. In fact,
farms of two hectares or smaller produce 30-34% of the global food supply and
account for about 75% of farms (Lowder et al., 2016). The pace of change in ag-
riculture is slow, partly due to this fragmentation, particularly when it comes to
adoption of new technologies (Gandhi et al., 2016).

Investment solutions

The private sector is driving policy around reducing GHG emissions in the ag-
ricultural sector, with governments struggling to keep up to some extent. Gov-
ernments are potentially being outflanked by targets and requirements set by
large international food companies. The on-farm supply chain emissions of such
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companies can often account for significant proportions of their total GHG foot-
print (Leahy et al., 2020). For example, 57% of Danone’s “scope 3” GHG emis-
sions are related to the purchase of agricultural products such as milk (Danone,
2017). Many international food and beverage companies (e.g. Danone, Mars Inc.,
Nestle, Tesco, Coca-Cola Co., Kellogg, PepsiCo., Unilever PLC) are driving cli-
mate goals (Leahy et al., 2020). These companies are setting ambitious emissions
targets and increasingly mandating that their suppliers also provide a product that
meets the company’s stated climate agenda.

Considering the extent of emissions from livestock industries, it is critical that
industries actively drive the adoption of climate-smart policies and invest signif-
icantly. Total GHG emissions from livestock supply chains alone are estimated
to be around 7.1 Gt COseq/yr (Gerber et al., 2013). The GHG emissions of 35
of the world’s largest meat and dairy companies are reported to account for up
to 1 Gt COseq/yr (14%). The on-farm supply chains from these companies are a
major source of emissions (GRAIN and the Institute for Agriculture and Trade
Policy, 2018). It is likely that these company goals, coupled with global market
dynamics, will increasingly shape production systems of the future. While this
approach may influence internationally traded products, it may have limited im-
pact on subsistence and smallholder farmers that provide more than half of total
food production in many developing countries (Rapsomanikis, 2015). Invest-
ment, development, commercialization, and scaling of next-horizon technologies
should greatly accelerate efforts to reduce GHG emissions in the agriculture
sector.

There are a range of promising technologies at various stages of development
that could have significant GHG abatement potential in the crop and livestock
sectors. These include gene editing for disease resistance or for enhanced carbon
sequestration, plant and soil microbiome technology, aerobic rice, direct methane
capture from beef and dairy cattle, perennial row crops, inhibition of enteric fer-
mentation through vaccines, and novel feed additives (Al-Azzawi, 2021, IGI, 2021;
ITIF, 2020; McKinsey & Company, 2020).

Policy solutions

To achieve any given level of mitigation in GHG emissions at minimum eco-
nomic cost, two requirements are necessary for policy measures (OECD, 2021).
The first requirement is the use of market-based policy instruments that achieve a
common price for GHG emissions (such as an emissions tax or emissions trading
scheme). The second is that coverage of the market-based policy includes the
largest possible share of global emissions from all regions and sectors. These two
policy requirements should ensure that the lowest cost mitigation measures are
adopted, given the large heterogeneity in marginal abatement costs among agents,
sectors, and regions.

So far, no single country has set a mandatory carbon price for agricultural
emissions and current evidence suggests considerable reluctance to applying other
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climate policies with comparable stringency to agriculture (Leahy et al., 2020).
A recent review on agricultural GHG mitigation pathways stated that a more
realistic view is needed if we are to avoid modelled emission scenarios providing
an overly optimistic picture of mitigation potentials from the agricultural sector
(Leahy et al., 2020). While there are entry points for mitigation of agricultural
GHGs outside government price policies, many questions remain unanswered
around their efficacy and scalability, requiring a concerted effort to bridge the gap
from modelled emissions to realistic policy pathways.

Integrated policy interventions that span supply and demand approaches will
be required to achieve agricultural mitigation pathways that are aligned with
the 1.5°C pathway (IPCC, 2019). Agricultural trade is subject to a wide range
of constraints and distortionary subsidies that reflect powerful special interests.
Furthermore, developing countries’ desire for food self-sufficiency and protection
from food price spikes must be considered. It is worth noting that some of these
spikes have been linked to increased biofuel demand driven by climate policies in
the energy sector of developed countries (Anderson, 2016). Hence, international
coordination is fundamental to addressing concerns about competitiveness, en-
suring environmentally effective outcomes, and avoiding negative consequences
at the trans-national scale (Blandford and Hassapoyannes, 2018).

Current evidence suggests reluctance to apply rigorous climate policies to agri-
culture, even in developed countries. In theory, substantial reductions in agricul-
tural emissions could be attained through a number of mechanisms, including the
widespread introduction of price-based policies or other measures with an implicit
price (Leahy et al., 2020). However, there appears to be little current interest
in such strategies. For example, New Zealand is the only country actively con-
sidering a compulsory price on agricultural emissions, although more than 100
countries have included agriculture mitigation in their NDCs (Richards, 2019).

Global versus local scales

The global desire to reduce GHG emissions in agriculture is currently weak and
needs to be strengthened or the lack of progress will stifle efforts to meet the
goals of the Paris Agreement to limit global warming to 1.5°C or well below 2°C
(OECD, 2021). Only 38% of agriculture emissions are covered by nationally deter-
mined commitments under the Paris Agreement (Honle et al., 2019). This shows
that governments are not prioritizing actions to cut emissions and combat climate
change. However, policy solutions do exist, despite the reality of barriers to pol-
icy implementation. Solutions include choosing policy options that can navigate
trade-offs in economic impacts between different interest groups. Other options
could address the practical challenges and transaction costs related to measuring,
reporting, and verifying the extent of reductions in GHG emissions.

To achieve a 1.5°C pathway, 6—-8 Gt of carbon dioxide sequestration is re-
quired. If all of this was to be delivered through forestry, it would require refor-
esting 50—-60% of the total area that has been deforested over the past 150 years.
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However, there are other options for enhancing soil carbon through regenerative
agricultural practices such as low- and no-till agriculture, green manuring, com-
posting, cover crops or crop rotations, and legumes sown in pastures (Raphaela,

2016).

Developed versus developing countries

It is estimated that smallholder farming contributes about 1.7 Gt CO,eq/yr emis-
sions (Vermeulen and Wollenberg, 2017). Given the concerns about food security,
self-sufficiency, food sovereignty, and rural poverty, most developing countries
will find price-based policies or stringent regulatory policies targeting agricul-
tural GHG emissions even harder to implement than developed countries (IPCC,
2019). Therefore, implementation of policies to reduce GHG emissions from the
agriculture sector is highly challenging for both developed and developing coun-
tries, although there are different constraints, depending on the context.
Modelling studies support this view (Hasegawa et al., 2018), concluding that
climate change mitigation actions could have potentially adverse side effects on
food security for some populations. More nuanced implementation and targeted
support mechanisms for vulnerable groups could overcome many of the nega-
tive consequences arising from blunt price-based policies (Fujimori et al., 2018;
Loboguerrero et al., 2019). However, the question remains as to whether finance,
governance, and institutional capacity exist, together with the political will, to
deliver policy arrangements of such complexity at the necessary scales required

(Grewer et al., 2018).

Climate action and sustainable development goals

The sustainable development goal (SDG) 13 is about climate action and it is
one of the United Nations 17 SDGs (United Nations, 2020). The SDGs provide
economic and political legitimacy to introduce sustainable initiatives. Address-
ing climate action must be seen as an opportunity by countries and not merely
an obligation. At the same time, climate action will address other SDGs and,
in the process, support global consensus and fulfil national commitments to
sustainably manage the Earth’s resources. Countries rebuilding economies after
COVID-19 should seize this occasion to include green solutions or green growth
strategies that can also address climate change. If carefully planned and imple-
mented, actions could simultaneously address SDG 1 (No poverty), SDG 2 (Zero
Hunger), and SDG 13. A good example could be to introduce direct-seeded rice
(DSR) to reduce methane emissions in areas where transplanted paddy rice is a
dominant system, without compromising on productivity. In dry DSR systems
with a different water regime, and less anaerobic conditions, methane emis-
sions could be substantially reduced compared to transplanted paddy rice, due
to lower CHy production and release (Li et al., 2019). Thus, smallholder rice
farmers practising DSR will be able to realize good yields (SDG 2) and, at the
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same time, contribute to methane reductions from rice fields (SDG 13). A sus-
tainable food system incorporating improvements at all levels of the value chain
from production to consumption, in other words a green transition from farm
to fork, is the way forward. Implementation of the commitments made in the
Paris Agreement to combat the climate crisis is essential for the achievement

of the SDGs.

Innovative and systemic solutions: climate-neutral and resilient
farming systems

Given the huge challenges facing farming systems in general (soil and water pollution
and degradation, biodiversity decline, emerging pests and diseases, GHG emissions, etc.)
and conventional systems such as transplanted paddy rice (low water and nutrient use
efficiency, high GHG emissions), as well as other unforeseen shocks and risks, there
is an increasing need for systematically identifying, demonstrating, implementing,
and assessing/evaluating innovative solutions that are sustainable and reduce GHGs.

Need for assessing current systems and developing appropriate

CNREFS

A transition to sustainable CNRFES can be achieved, first, by obtaining a better
understanding of current systems, including their strengths and weaknesses at
field/landscape scale, their dynamics, interdependencies, local knowledge, drivers
and barriers, as well as existing resources and institutions. Adopting a systems
approach is the way to better understand and synthesize the complexity of exist-
ing farming systems in particular regions in a stepwise manner by: (i) analysing
the problems, root causes, opportunities to improvements; (ii) examining tech-
nological, social/policy, and economic factors (e.g. market constraints and con-
sumer’s preferences to assess the opportunities and the willingness to pay for the
products); and (iii) developing pathways to transform the existing value chains
towards more economically, socially, and environmentally sustainable ones.

At the same time, attention must be paid to environmental conditions in-
cluding functional agri-biodiversity and provision of ecosystem services, damage
due to pests, diseases and resilience against weather extremes. In order to ensure
farmer adoption of CNRES; it will be necessary to consider the farm household
resource-use patterns for on-farm and off-farm activities, the cooperation along
agro-food value chains, the embeddedness of farming systems and practices in
agro-ecological settings, economic opportunities (and limitations), institutional
context, and cultural values. The related data should ensure that interdependen-
cies, dynamics, and farmer or local knowledge, as well as existing resources and
institutions, are duly considered while designing CNRFS.

The participatory diagnosis and co-analysis of given farming systems should
include quantitative and qualitative methodologies and tools. The analysis must
make use of and combine concepts and approaches from the natural sciences
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and social sciences, including quantitative meta-analyses of available data. Good
baseline data and indicators derived from the analysis would be necessary for
measuring and monitoring progress observed with the introduction of CNRFS.

Co-designing and promoting CNRFS

After taking inputs from the initial assessment of current systems, the next step
should be co-designing combinations of the most effective solutions that are suita-
ble for particular agro-ecological settings that can lead to improvements (Dainese
et al., 2019). An important advancement would involve combining nature-based
and technology-based solutions supported by the right institutional and policy-
based approaches. Such a combination, where simple and easy to adopt local- and
nature-based solutions in many settings could, in fact, help in carbon assimila-
tion, as well as reducing GHGs (EEA, 2021). Emerging evidence indicates that
managing whole landscapes has tremendous potential for translational changes
in sustainability and CNRFS (Martin et al., 2019). Landscape factors that pro-
mote the richness and abundance of functional groups, such as natural enemies
and pollinators, enhance the provision of multiple ecosystem services and con-
tribute to crop yield quantity and quality (Martin et al., 2019, Dainese et al., 2019).
First, one must prioritize to upscale proven local solutions. Second, the aim should
be to combine upscaling of local solutions with management of landscapes. These
include (i) the restoration of green infrastructure, i.e. perennial near-natural or
semi-natural habitats that act as sources for beneficial organisms such as crop pol-
linators and arthropod and vertebrate predators of pest insects (Beddington et al.,
2002), and (ii) the management of crop diversity. Both factors have been shown to
improve natural pest control (Martin et al., 2019).

The CNRES chosen should be sustainable in environmental terms (in par-
ticular contributing to CNREFS), in economic terms (e.g. relatively low cost and
cost-efficient, contribute to farmer income), and in social terms (e.g. fostering di-
verse diets, minimizing health risks, appropriate to the particular socio-cultural
context).

Only if farmers and agri-food chain actors and stakeholders can gain from
the new CNRES will they be motivated to actually adopt and use the solutions?
The sustainable solutions need to address the needs in the pre-production phase
(inputs: seeds, nutrients, water, crop and livestock management), as well as in
the post-production phase (outputs: grains, bio-residues, storage), and market pref-
erences (e.g. consumer choices, increasing demand for healthy diets). However,
for successful adoption and upscaling, the innovative systemic solutions require
enabling institutions and policy support (Nagothu, 2015). The systemic context
shaping farmer’s/stakeholder’s ability to implement these solutions is depicted in
Figure 1.1, where a transition from the current system towards CNRES involves
interventions at different levels.

In order to design promising CNRES pathways that are appropriate to the
different agro-ecological zones, particular attention should be paid to replacing
external farm inputs (i.e. fertilizers, pesticides) with internal farm inputs (i.e.
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Figure 1.1 Conceptual diagram showing pathways leading towards CNRFS.
Source: Authors’ own design.

nature-based solution such as biopesticides/biocontrol, biological solutions, im-
proved soil services, conservation agriculture, organic farming). The key would
be to increase both sustainability and resilience against future climate stresses
and extremes. Examples of improved management practices that will be further
discussed in subsequent chapters include the following:

e Soil/mutrient management using soil metagenomics: An important area, which
has the potential for GHG reduction if precise management is applied. This
can be enhanced by innovative information and communication tools/
sensors/mobile apps for upscaling and improving precision use of farm inputs
(Chapter 2).

e Water management: Improving water use efficiency/water productivity (e.g.
alternate wetting and drying/drip irrigation, conservation agriculture) that
can significantly reduce GHGs (Chapter 3).

o Integrated pest, weed, disease management: Using nature-based solutions,
e.g. through enhanced farm and landscape functional diversity, integrat-
ing physical and other non-chemical measures to manage pests and diseases
(Chapter 4).

®  Crop management: Improving efficiency through systems such as climate resil-
ient rice systems/agro-ecological farming practices, short duration flood and
drought tolerant crop varieties and cover/catch crops. Here it is also impor-
tant to consider specific genetic solutions for adaptation to a particular en-
vironment or climate while developing the new crop management practices

(Chapters 5-8).
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e Post-harvest, processing, marketing/distribution to consumption: Key questions
relate to consumer preferences, the sharing of higher production costs along
the value chain (including the shares that consumers are willing to cover),
addressing fluctuations in market prices and feedback mechanisms on prod-
ucts and production systems (Chapter 9).

Irrespective of farm size, ecologically sound practices (e.g. minimum tillage, leg-
ume N-fixing crops, stubble retention) that can reduce environmental impacts,
thereby enhancing climate neutrality and keeping food production systems in safe
spaces, should be introduced (Bommarco et al., 2013, Dainese et al., 2019). Fur-
ther, combining local measures with landscape management concepts (through
permanent green infrastructure, enhanced crop diversity, and coordinated place-
ment of agri-environment schemes) provides a novel pathway to more sustainable
agriculture (Martin et al., 2019).

Digital and space-based technologies represent another line of promising and
emerging solutions to counter environmental costs of crop production systems,
improve efficiency, and enhance climate resilience (King, 2017). Such solutions
include precision farming with threshold-based and spatially targeted applica-
tion of pesticides and fertilizers, more efficient irrigation systems, and sensor-
and remote sensing-based monitoring of crop growth and potential risks (King,
2017). A key factor to bridge gaps between scientific theoretical knowledge and
practical implementation is the continuous involvement, training, and co-
design of solutions with farmer’s communities and other stakeholders (Kleijn
et al., 2019). Combining the nature- and technology-based components to pilot
and upscale systematically designed innovative solutions will be the way forward
in the future. Thus, it should be possible to overcome the limitations and risks of
current conventional farming systems, including stagnation of yields, increasing
yield losses due to pests and extreme weather events, degradation of soils, and
emission of GHGs.

Institutional changes involve a whole range of factors such as implementa-
tion of conducive policies, enabling environments and effective value chains
(Glover et al., 2019). Also the influence of risk and uncertainty in relation to
socio-economic and marketing constraints will be important to include while
implementing new systems (Reardon et al., 2019). The diffusion of CNRES will
depend on the role of service providers (e.g. business, advisory, information,
extension) to a large extent. The transformation process should adopt a wider
stakeholder perspective in order to come up with strategies for fostering collab-
oration among actors and enhancing uptake of innovations (FAO, 2014). The
overall aim is to reach net-zero emissions, together with reduced external in-
puts and more stable yields that can contribute to sustainability along agri-food
chains. An important step in the process is to address the economic, social,
and environmental sustainability challenges related to current farming systems
and develop measurable baseline indicators, some of which have already been
addressed in the previous stages. Attention is needed to reduce GHG emission
in the process.
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Multi-actor partnerships to enhance CNRFS

An inclusive multi-actor approach aims at a more demand-driven innovation pro-
cess through the genuine involvement of diverse actors all along the project and
different segments of the agri-food chains, from farm to fork. Multi-actor platforms
(MAPs) have the potential to bring diverse actors together in a structured pro-
cess of interactive learning, sharing, empowerment, and collaborative governance
(Brouwer et al., 2015). Together, the actors can discuss opportunities and the ways
to achieve a desired set of goals. The MAPs can promote innovation in the face
of complexity, uncertainty and risk, and strengthen science-policy linkage. This is
achieved by building trust and continuous dialogue among the actors with inter-
connected but potentially divergent interests or viewpoints (Brouwer et al., 2015).
A multi-actor approach involves working directly with farmers, managers, civil
society groups (e.g. youth, indigenous groups, and women); non-governmental or-
ganizations (NGOs); and scientific, policy, and business communities (EIP-AGRI,
2020). Their involvement in analysis, co-design, piloting, and upscaling of prom-
ising CNRFS will be highly relevant for promoting new CNREFS. The knowledge
and experience of key agri-food actors combined with scientific knowledge will
help to develop applicable best practices. Setting up sustainable MAPs, however,
is a significant challenge (Reid et al., 2014), requiring a whole range of skills, sup-
port, structure, and process.

The regional and sectoral needs and contexts (environmental, socio-economic,
geographical, cultural) must be considered from an early stage in the process of
transition to CNRFS. The process should ensure that all relevant food systems
stakeholders are actively engaged so that:

e potential improvements to existing food, farming, and cropping systems can
be jointly identified together with all stakeholders engaged in the MAPs. The
cross-sectoral representation in MAPs and use of systemic solutions will en-
sure that co-created solutions will go far beyond mere technological innova-
tions and that a cross-sectoral agri-food chain (markets, consumer, demand)
perspective is applied (European Commission, 2017).

® it becomes easier to build on the existing MAPs (including youth and women
organizations, government agencies, small medium enterprises (SMEs), pro-
ducers, processors, retailers, food service providers, consumers), rather than
creating new ones. Comparable structures comprised of representatives from
producer associations, farmer innovation/learning circles, and supply chain
initiatives, already identified, should be engaged (Nagothu et al., 2018).

In line with the multi-actor approach, defining and prioritizing the research needs
together with the MAPs should be done simultaneously, including piloting the
most appropriate combinations of solutions to accelerate the transition to CNRFS
(Nagothu et al., 2018). Specific care should be taken to engage young professionals
(e.g. young farmers, young fishers, young researchers, young entrepreneurs), SMEs,
consumers, and citizens.
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Stakeholder perceptions about climate change

While drafting this book chapter, farmers, scientists, and government agencies in
some of the rice growing regions in Piedmont, northern Italy, and the Odisha and
Assam provinces in India, were contacted during September-October 2021. The
purpose was to seek their opinion and perceptions on the current climate crisis
and associated vulnerability and the implications of the Sixth IPCC report. In
general, stakeholders in both India and Italy perceived the climate crisis as an im-
mediate threat — exhibited by temperature changes, i.e. long dry periods alternat-
ing with unexpected intensive rainfall, warmer in the winter months and during
early spring. Farmers, whether in Italy or in India, viewed that changes to climate
will have a serious and direct influence on food production due to extreme climate
variability. According to the respondents, farmers will be one of the communities
most affected by the climate crisis because it is difficult to plan and grow crops in
highly variable environments.

During the discussions, farmers and government agencies suggested combat-
ing climate crisis with climate-neutral solutions in agriculture that can create
maximum impact — and able to address both adaptation and mitigation simul-
taneously (to reduce GHGs and store carbon in the soils). Some of the measures
suggested were (i) minimum tillage of the soil, (ii) growing climate resilient crop
varieties with short duration (to reduce GHGs and fix soil carbon), (iii) diverse
crops, cereal-legume rotations, and (iv) mulching with biomass to increase or-
ganic matter in the soils and enhance soil health. Wherever possible, farmers
were of the opinion that these practices should be combined with agroforestry to
increase agri-biodiversity. One farmer practising organic rice farming in Piedmont
suggested that incentives should be given for regenerative organic agriculture,
training agricultural technicians who could, in turn, assist farmers in the green
transition movement. The farmers also expressed that exploitation of alternative
energies such as solar and wind in the agriculture sector should be explored as
they contribute to reduction of GHG emissions.

Although there are incentives or subsidies, they are not directly given to farm-
ers or to support actions that can help in combating the climate crisis. Overall,
the farmer and other stakeholders’ perception was that investments for scaling up
climate-neutral agricultural technologies that can reduce GHG emissions are go-
ing to be a challenge. Farmers in the two countries also expressed concerns that
current agricultural insurance programmes do not cover crop damages and losses
due to climate extremes.

During the interviews, stakeholders expressed that in Europe it may be pos-
sible to tap the European funds for the Regional Rural Development Plan for
supporting farmers to reduce GHG emissions (European Commission, 2017). The
current Horizon Europe programme provides an opportunity for scientists and
stakeholders across the EU to cooperate on research and development to develop
carbon-neutral and green technologies (European Commission, 2021). Whereas
in countries such as India, although subsidies exist in the farming sector, it will
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be challenging to access funding for reducing emissions from agriculture, as the
country priorities are different compared to the EU region. It can be worse in
African regions, where funds are even more limited.

The EU is in the forefront when it comes to policy support (EU level and
national) to address the climate crisis. In irrigated regions, it will be important
to make regulations for water use and irrigation and improve efficiency. Farmers
during the interviews expressed that access to climate-neutral technologies, bio-
based solutions, and inputs are important to reduce GHG emissions from the
agriculture sector.

Outline of the book

This book is divided into different thematic chapters with a common objective
and at the same time cover cross-cutting issues related to technology, nature-
based solutions, socio-economic and policy perspectives relevant for upscaling the
CNRES.

The first chapter provides a comprehensive review of the concept of climate-
neutral farming systems, main sources of GHG emissions, risks, and transition
pathways to develop and promote CNRES that can contribute to relevant SDGs
(especially SDGs 2, 13, and 15) and policy implications. This is followed by sev-
eral chapters demonstrating promising CNRFS in rice and other food crop sys-
tems, based on experiences from different regions/countries including South and
SE Asia, Europe, and Africa.

A separate chapter discusses the relevance of value chain analysis and inte-
grating cross-cutting issues, including stakeholder engagement and multi-actor
partnerships, and market and policy perspectives relevant for upscaling the
CNRES. Towards the end, the last chapter summarizes the key messages and les-
sons learnt from each chapter with specific policy recommendations and frame-
work conditions necessary to be put in place to upscale the innovative CNRFS
at a systemic level.

Conclusions

Achieving the major changes required to sufficiently reduce GHG emissions to
meet the necessary targets may be more challenging for agriculture than for other
sectors. In addition, the agriculture sector has a number of other complex objec-
tives to consider alongside climate goals, including food and nutritional security,
biodiversity, and the livelihood of farmers and farming communities.

Rather than just dwelling on how we produce our food, we must change the
way and what we eat, how we reduce food wastage, how we manage our forests and
carbon sinks, and how we apply next-horizon technologies. But we need to act
swiftly; otherwise, emissions in agriculture will continue to grow and contribute
to heating the planet to dangerous levels.
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However, we must not lose hope. Agriculture has responded to humanity’s
greatest challenges throughout the course of human history, and there is no rea-
son why the current challenges cannot also be addressed. As evidence of this, in
the past 50 years the agriculture sector has increased food production to a level
that many believed impossible. During this crucial window for global action on
climate change, the sector now has another opportunity to make a major contri-
bution to humanity’s success.
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Introduction

Soil is one of our most important natural resources that provide us with vital
goods and services to sustain life on land. If soils are healthy and sustainably
managed, they can provide adequate food, clean water, habitats for biodiversity,
and other important ecosystem services while contributing to climate resilience,
adaptation, and mitigation (Stolte et al., 2016). Soils act as source and sink for
greenhouse gases (GHGs) such as carbon dioxide, methane, and nitrous oxide
(Oertel et al., 2016). As a source, soil emits nitrous oxides from applied nitrogen
fertilizers and as sink, soil increases carbon sequestration including carbon storage
via fixation and organic fertilizer addition while reducing environmental foot-
prints from rice cultivation.

Rice is one of the staple foods of India that occupies about 24% of its total
cropped area and contributes 42% of total food grain production. Being input-
intensive crop, rice requires around 15-20 kg of nitrogen to produce 1,000 kg
of grain (e.g., Peng et al., 2010). Most Indian soils contain low-to-medium plant
available nitrogen (N), and therefore the yield potential of rice or other crops
largely depends on the exogenous application of nitrogen fertilizers (Panda et al.,
2019). Rice cultivation alone accounts for 37% of the total N fertilizer consump-
tion in India (FAI, 2018). However, more than 60% of this applied N is lost to
environment in the form of N;O, NH3, and NO;. The conventional practice of
rice cultivation in India involves ponding water between 5 and 7 cm depth in the
soil for a considerable part of the growing period. Such soil micro-environment
accelerates the processes of nitrogen transformation and its losses through nitrifi-
cation, denitrification, volatilization, leaching, and runoff, which has resulted in
low nitrogen use efficiency (NUE). NUE of a cropping system is defined as ‘the
proportion of all N inputs that are removed in harvested crop biomass, contained
in recycled crop residues, and incorporated into soil organic matter and inorganic
N pools’ (Cassman et al., 2002). As we are aware, use of fertilizer N for crop
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production influences soil health primarily through changes in organic matter
content, microbial life, and acidity in the soil (Bijay Singh, 2018).

Soil health and nitrogen management

Soil health is defined as the continued capacity of soils to function properly and pro-
vide the required ecosystem services and goods (EC, 2021). We take the soil services
for granted, but in fact soils are non-renewable and a threatened resource globally.
The effects of climate change are putting further pressure on the soil resources and
overall health of the soil. Most of the agricultural soils in the world are unhealthy,
mainly because of unsustainable soil management practices. Some of the soil health
improving practices generally adopted by farmers include conservation agriculture
(minimum soil tillage, residue mulching, crop rotations), intercropping with legumes, trees
alley cropping, green manuring, and composting, which have a potential to reduce the
exogenous application of mineral N fertilizer applications (refer Chapter 8 of this
book). However, farmers do not receive any incentives for adopting such soil practices.

Nitrogen is one of the most limiting nutrients for rice production and is a sig-
nificant source of N;O (a potent greenhouse gas: GHG) from agricultural soils.
The direct N,O emission from synthetic N fertilizers used in agriculture has been
estimated to be 0.9 N;O Tg N per year (Syakila and Kroize, 2011). One of the
non-point sources of pollution that cause serious threat to water environments is
reactive N losses in the form of NOs.

During the green revolution, nitrogen fertilizers were one of the key drivers
to food production and have transformed the Indian agriculture to become the
worlds’ second leading food grain producer. Nitrogen fertilizer consumption in
Indian agriculture witnessed a whooping increase from 3.4 million tonnes (in the
late 1970s) to 16.9 million tonnes in 2017-2018 (Figure 2.1). The trend will con-

tinue to increase further to attain the national yield target of 350 million tonnes
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Figure 2.1 Trend of total food grain production and fertilizer N consumption in India:
1974-2016.

Source: Fertilizer statistics (2018-2019). Data adapted from https://www.faidelhi.org/statistics/
statistical-database
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of food grains (cereals and pulses) in India by 2050, to feed around 1.8 billion
people (Kumar and Sharma, 2020). During these years, not only the consumption
of fertilizer N will increase tremendously but also the flow of reactive N from
agroecosystems and associated environmental losses.

However, the increased food production during the Green Revolution (e.g., by
applying nitrogen fertilizers) was at the expense of environmental degradation. It
has caused severe degradation of land and water resources, soil pollution, and high
levels of GHG emissions (Rahman, 2015). To address these challenges, research
on nitrogen fertilizer management focused more on nutrient stewardship princi-
ples that entail right rate, right time, right methods, and right source (4R) of nutrient
application (IFA, 2009).

The above-mentioned 4R principles of nutrient stewardship (Box 2.1) are not
new. This chapter, however, attempted to present and discuss context-specific pre-
cision nutrient management tools and techniques that can effectively support the
4R principles in the context of rice cultivation to improve soil health while reduc-
ing environmental footprints. The 4R principles could be applied using precision-
based tools such as remote sensing, Geographic Information System (GIS), Global
positions systems (GPS), and simulation modelling. One of the key factors in im-
plementing precision nutrient management is the ability to provide timely infor-
mation regarding spatial distribution of crop N status within a field. From this
perspective, determining plant N concentration by proximal or remote sensing
techniques is much more appealing than the traditional destructive chemical
analyses on soil/plant samples considering the cost and time required.

Box 2.1 4R Nutrient Stewardship principle

4R Nutrient Stewardship is a new innovative approach for fertilizer best
management practices that considers economic, social, and environmental
dimensions of fertilizer management and is essential to sustainability of
agricultural systems. The concept is simple: apply the Right source of nutri-
ent, at the Right rate, at the Right time, and in the Right place. All farmers —
irrespective of the size of farm, knowledge and awareness levels — consider
what fertilizer to apply, how much, when, and how before making a ferti-
lizer application decision in any crop. The 4R Nutrient Stewardship prin-
ciples connect these fertilizer application decisions to scientific principles
and guide the application decisions to specific crops, soils, and local site.
Moreover, the four ‘rights’ provide a simple checklist to assess whether a
given crop has been fertilized properly. Asking ‘was the crop given the right
source of nutrients at the right rate, time, and place? helps farmers and ad-
visors to identify opportunities for improvement in fertilizing each specific

crop in each specific field.
Source: Adapted from Sapkota et al. (2016)
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Moreover, a declining trend of NUE in terms of partial factor productivity and
recovery efficiency of nitrogen in the Indian agriculture (Bijay Singh, 2017) calls for
a more precise nutrient stewardship approach in the context of rice cultivation that
ensures environmental sustainability and improves soil health. N fertilizer recovery
efficiency (REy) is defined as ‘percentage of fertilizer-N recovered in aboveground
plant biomass during the growing season’ and partial factor productivity of N
(PFPy) also called agronomic N use efficiency (AEy) is ‘the ratio of crop yield per
unit of applied N fertilizer’ (Cassman et al., 2002). Understanding the reasons for
the declining trends of NUE and the prognosis for improving them depends on
knowledge of the factors that govern N demand and supply in rice cropping systems.

The objectives of the chapter are to review and analyse research findings in
precision nutrient management tools and techniques with special focus to N fer-
tilizer use efficiency in rice cultivation. The chapter also discusses soil manage-
ment interventions that can improve soil health while at the same time reduce
environmental footprints and their policy implications for large-scale adoption.

Methodological framework

The 4R Nutrient Stewardship framework was applied in the Norwegian funded
Resilience project (www.resilienceindia.org) in the case studies of Odisha state
(India) by adopting best management practices for soil and nutrients focusing
on Nitrogen. The 4R principles aim to enhance production, increase NUE, and
increase farmer profitability while reducing environmental footprints (Figure 2.2).

* Modeling approach .
* Critical stage based

* STCR : ase
* SSNM * Real time Application
* RS based N (CLCC, riceNxpert)

management zone

Right Time

4R Nutrient
SICNETCHT

Right
Source Right Place
* EENFs
* Controlled Release Fertilizers * Deep placement
(SCU, NCU ) * Root zone application
* USG, Urea briquette * Foliar spray

Figure 2.2 Framework of 4R Nutrient Stewardship for enhancing N use efficiency.

Source: Authors’ own compilations. Soil Test-based Crop Response (STCR), Site-Specific Nutrient
Management (SSNM), Remote Sensing (RS), Customized Leaf Colour Chart (CLCC), Enhanced
Efficiency of N Fertilizers (EENFs) that includes Sulphur-Coated Urea (SCU), Neem-Coated Urea
(NCU), and Urea Super Granules (USG).
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Table 2.1 Basic principles of precision-based tools/techniques for N management

Precision-based tools Principles and applications
Soil test-based crop Precise fertilizer recommendations are made after the
response approach establishment of a significant relationship between soil test

values, added fertilizer nutrients, and crop response for a
particular soil type (Singh et al., 2021)
Site-specific nutrient Supplying plants with nutrients to optimally match their
management approach inherent spatial and temporal needs for supplemental
nutrients by using different tools such as remote sensing,
GPS, and GIS systems (Verma et al., 2020)

Leaf colour chart A diagnostic tool used to determine N level in rice plants
relative to greenness of the leaves, containing at least four
panels of colour, ranging from yellowish green to dark
green (Nayak et al., 2013)

Sulphur-coated urea Slow-release fertilizer made by coating urea with sulphur
and wax that increases NUE, improves plant growth, and
reduces water pollution (Shivay et al., 2016)

Neem-coated urea Nitrification inhibitor which increases yield, uptake, and use
efficiency of applied N fertilizer in rice (Meena et al., 2018)
Urea super granules Fertilizer applied at 8—10 cm soil depth saves 30% N,

increases absorption rate, improves soil health, and
ultimately increases rice yield (Sarker et al., 2012)

Source: Authors’ own compilation from different literatures.

The precision-based tools/techniques for N management (Table 2.1) were as-
sessed using PFPy or AEy and REy which are relatively easy to measure and are
often used as indicators of NUE.

PFPy or AEy = kg grain yield (ha™' / kg™'N applied ha™') 2.1)
REN Z(UN - Uo)/FN)Xloo (22)

where Uy is the plant N uptake (kg ha™') measured in aboveground biomass at
physiological maturity in a plot that received N at the rate of FN (kg ha™!), and U,
is the N uptake measured in aboveground biomass in a plot without the addition
of fertilizer N.

Results and discussion

In this section, selected research findings on NUE in rice growing areas of India
and other Asian countries were reviewed and discussed. In addition, research data
from the Resilience project (www.resilienceindia.org) were analysed to show the
performance of precision-based tools and soil management practices in Odisha.
The soil management practices used were conservation agriculture (e.g., minimum
tillage, no-till farming), crop diversification (including crop rotations and inter-
cropping), crop residues mulching, composting, green manuring, and biofertilizers.


http://www.resilienceindia.org

Precision-based soil and nutrient management tools 29
Precision tools for nutrient management

Several precision tools and techniques were tested in the Resilience project to
assess and guide farmers in the real-time crop N need in line with the 4R Nutrient
Stewardship principles. These include from simple/easy-to-use and inexpensive
diagnostic tools like the leaf colour chart to highly sophisticated optical sensors
for precision-based fertilizer recommendations using drone-mounted sensors.

i Leaf colour chart

The leaf colour chart (LCC) monitors relative greenness of a rice leaf and can
be used as an indicator of the crop N status for determination of crop N demand
in the season. However, the critical colour for N application may vary with cul-
tivars, agro-climatic situations, and growing season and varieties grown. This re-
quires cultivar specific standardization of LCC and calibration and validation of
critical colour code. In response to this, a customized leaf colour chart (CLCC)
was developed by the Indian Council of Agricultural Research, National Rice
Research Institute (ICAR-NRRI) based on leaf colour analysis of hundreds of
rice varieties (Nayak et al., 2013). Results from field trials showed yield advan-
tages of 0.5-0.7 t ha™! with CLCC-based N application (25% lower than the
normal recommended dose of N) (Nayak et al., 2017; Nayak et al., 2018), which
implies less cost of fertilizers for farmers and reduced environmental footprint.

The CLCC-based urea-N application increased yield by 10-13% in direct
seeded rice (DSR) and 10-11% in puddled transplanted rice (PTR) over con-
ventional systems (Mohanty et al., 2017). However, when neem-coated urea
(NCU) was applied based on CLCC recommendations, the yield advantage
further maximized to 21-23% for DSR and 15-16% for PTR (Mohanty et al.,
2021). A possible explanation for higher yield could be attributed to the
synchronized application of NCU, which reduces nitrification but increases
plant available N, which results in higher PFPy or AEy. The performance
of LCC-based N application compared to blanket application in terms of
increasing grain yield and enhancement of NUE is shown in Table 2.2.

Depending upon crop management and agro-climatic conditions, the
real-time N application using LCC can potentially increase yield by 10-22%
(Mohanty et al., 2018) and save N fertilizer consumption by up to 50 kg ha™!
(Bijay Singh et al., 2003). Similar studies by Kumar et al. (2018) also observed
significantly higher grain yield of rice with CLCC-based N application, com-
pared to blanket method of N application.

The values for NUE ranged from 7.9% (REy), 44% (AEy), to 57% (PPFy)
under no basal/basal + LCC (3—4) based top dressing (Table 2.2). The low
RE could be a consequence of greater N losses via nitrate leaching and N,O
emission. This is in line with results from a study by Andrés-Barbieri et al.
(2018) who reported that RE was 29% (on average) for urea which is low
because of greater N mineralization from organic matter, N losses by denitri-
fication, or immobilization.

An application of N fertilizer with NCU using CLCC readings reduced
N,O emission by 13-14% in DSR and 16-23% in PTR (Mohanty et al., 2017).
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Table 2.2 Performance of LCC-based N application compared to blanket N application

Application method

Grain yield
increase (%)

NUE
enhancement (%)

References

Basal + LCC (4.0) based top 20 15-57 (PPFy) Ali et al. (2017)
dressing

Basal + LCC (4.0) based top 22 79 (REyN) Mohanty et al. (2018)
dressing

Basal + CLCC (< 3.0) based 10-13 8.9-124 (REy) Mohanty et al. (2021)
top dressing

No basal + LCC (4.0) based 12-16 19-44 (AEN) Shukla et al. (2004)
top dressing

No basal + LCC (< 4.0) top 11.3 13 (REN) Bhatia et al. (2012)

dressing

REN: recovery efficiency of N, AEy;: agronomic efficiency of N, PPFy: partial productivity factor of N.
Source: Adapted from several sources.

Though DSR reduces CHy emission as it uses less water during initial crop-
ping, it can increase N,O emissions. The CLCC-based NCU application ad-
dresses the trade-offs between CHy and N,O emissions by translating their
emissions into global warming potential (GWP). In other words, minimum
cumulative radiative forcing of the two gases on GWP is the possible op-
tion to minimize the trade-off and effect of GHG emissions (Susilawati et al.,
2019). Moreover, the CLCC-based NCU application minimized yield loss,
and resulted in 20-25% reduction of GHG index through DSR (Mohanty
et al.,, 2017). Thus, the GHG index (GHGI) that compares GWP and grain
yield shows a lower value for DSR, implying that DSR mitigates GHG emis-
sion and produces more rice.

Research on LCC-based N application in other rice growing areas of Asia
also showed similar results about saving of N. For instance, savings of N by
up to 25% by Alam et al. (2006) and 8.3% N by Sen et al. (2011) using LCC-
based N management in different rice genotypes compared to the prescribed
dose of N application (120 kg N ha™!). Moreover, the rice grain yields were 4.8
tha' and 4.3 t ha™! with variety NDR-359 and Sarju-52, respectively.

Since the CLCC is user friendly to small-scale farmers, several state gov-
ernment departments, Indian Council of Agricultural Research institutes,
and state agricultural universities in India have taken the initiatives to de-
velop region-specific CLCC and are upscaling it through various schemes
(Figure 2.3). Today, more than 500,000 units (cards) of the Indian Rice
Research Institute (IRRI)-LCC type have been produced and distributed to
farmers through collaboration with the National Agricultural Research and
Extension Systems. The IRRI-Hyderabad, India centre developed a five-panel
modified LCC for irrigated rice. Similarly, the Punjab Agricultural University
(PAU) has come up with a six-panel LCC for major food crops such as rice,
wheat, and maize. Studies in the Punjab state of India indicated an average

saving of 30 kg N ha™! due to the use of the PAU-LCC.
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Figure 2.3 Spread of CLCC across India. Source: Authors’ own compilation.

The CLCC developed by ICAR-NRRI (Cuttack, Odisha) provides cultivar-
specific N recommendation for rainfed lowland, submerged/flood prone low-
land, rainfed upland, and irrigated rice of eastern India (Nayak et al., 2013).
So far, more than 200,000 units of CLCCs were distributed in several states
of eastern India.

ii Android-based mobile app: riceNxpert
Android-based real-time N application ‘riceNxpert’ app developed by the
ICAR-NRRI under the Resilience project gives recommendations for in-
season N application on the basis of leaf colour analysis. The riceNxpert is a
cost-effective app for real-time N application, is user friendly, has a potential for
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wider adaptation, and avoids the need for purchase CLCC every year. Research
results showed that riceNxpert-based N application enhanced rice yield by 6.
6-23.8% over RDN application and by 38% over normal farmers’ practice
(Nayak et al., 2021). This implies a yield advantage of 0.5-1.1 t ha™! over RDN,
and the riceNxpert-based N application in fact can give monetary benefits
ranging from INR 9,000 ha™ to INR 20,000 ha™' (~US$118-263) over RDN.
Moreover, riceNxpert has a potential to cut down N use by 15-25% in rice
production and hence bring significant reduction of India’s subsidy bill for urea.

Farmer-led field experiments using riceNxpert in eastern India have in-
creased crop yield and PPFy by 12-13% compared to RDN (Figure 2.4).
However, trials conducted using riceNxpert-based N application in the re-
search farm have enhanced PPFy by 30-40% and REy by 9-15% compared
to RDN. The performance between riceNxpert and CLCC on crop yield and
NUE (AEy or PFPy) was compared, and results are presented in Figure 2.4.
Chlorophyll meter and SPAD meter
The chlorophyll meter and the soil plant analysis development (SPAD) meter
are also real-time N application tools/techniques. The chlorophyll meter pro-
vides the relationship of chlorophyll content of leaf with that of N contents
which is more of quantitative indicator for crop N status. The SPAD meter
estimates chlorophyll content of leaf in the field by measuring difference in
light attenuation at 430 (spectral transmittance peaks for chlorophyll a, b)
and 750 nm wavelength, near-infrared spectral region (Schroder et al., 2000).
SPAD with threshold 36 could save N fertilizer by 20-35% while maintain-
ing the same level of yield and improves REy by 14-19% (Ghosh et al., 2013).
Comparative performance of LCC, riceNxpert, and SPAD

The performances of real-time N application tools such as riceNxpert,
CLCC, and SPAD meter were compared under field trials in the Resilience
project (Figure 2.5). The difference in the performances of the three tools in
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Figure 2.4 Grain yield and PFPy of rice under different N application strategies.
Source: Field data from Resilience project.
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Figure 2.5 Comparative performance of real-time N application tools in relation to grain
yield of rice varieties: Naveen and Swarna Sub 1.

Source: Field data from Resilience project.

terms of grain yield in the two rice varieties (Naveen and Swarna Sub) was
non-significant (Figure 2.5). However, the mean difference in grain yield was
statistically significant (P<0.05) between the tools and RDN. There was on
average an 8—13% increase in grain yield using the precision-based tools over
RDN. The grain yield of Swarna Sub variety was higher than Naveen variety in
all real-time N application tools including RDN but not significant (P<0.05).

Studies comparing real-time N management tools between SPAD and
CLCC are limited and showed varying results. For instance, Patil et al. (2018)
observed that N application using LCC (threshold 4) produced 8.5% higher
yields and using SPAD (threshold 40) produced 5% higher yields than RDN
application. An LCC-based application saved 30 kg N ha™!, while SPAD saved
only 10 kg N ha™! compared to RDN application. This indicates the need for
situation-specific standardization of SPAD threshold for N application.

An application of 30 kg N ha™! at <3.0 LCC led to additional application
of 42 kg N ha™ over RDN and contributed to a yield increase by 3.5-19.8%,
whereas an application of 30 kg N ha™! at <35 SPAD produced 0.6-15.4%
higher yield than RDN (Jahan et al., 2018). This implies that rice crop show-
ing less than 4 LCC reading requires more N application than using SPAD
meter. Other studies conducted by Ali et al. (2015) showed that applying
30 kg N ha™! at <4 LCC saved up to 40 kg N ha™!, whereas using SPAD
(reading < 37) savings increased to 70 kg N ha™! while producing similar
yield. In other words, applications of N using SPAD (with 35-37) save more
N than LCC (<4) based applications without yield loss.

Other precision tools and approaches

Green Seeker is another precision tool used to assess the real-time crop N
(Box 2.2). It is an optical sensor-based tool that can be used to calculate season N
requirement as per site-specific need of the crop.
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Box 2.2 Green Seeker: Principles and Applications

Green Seeker measures normalized difference vegetation index (NDVI)
based on reflectance of radiation in the red and near-infrared bands. The
NDVI can be used to predict biomass, leaf N concentration, plant N up-
take, photosynthetic efficiency, and potential yield. The N management
strategy involves the application of a moderate amount of N at planting and
crown root initiation stages. This is followed by a corrective Green Seeker-
guided N application at weeks 5-6 or 7-8 which resulted in higher yield
and NUE than the blanket recommendation. The adoption of sensor-based
N management strategy, consisting of 30 kg N ha™! at transplanting and 45
kg N ha™ at active tillering stage followed by a Green Seeker-guided dose
at panicle initiation stage, rendered 5-22% higher N recovery efficiency.
Source: Bijay-Singh et al. (2015)

There are also models such as Quantitative Evaluation of Tropical Soil Fertility
(QUEFTS), decision support tools (remote sensing, GIS), enhanced efficiency of
N fertilizers (e.g., SCU, NCU, and USG), and precision-based approaches such as
STCR and SSNM, which are coming into use these days to assess the real-time
crop N need (refer Table 2.1). Recommendations from the precision tools must be
put into wider practice in the cultivation of major cereal crops such as rice and
wheat to increase environmental sustainability and reduce GHG emissions.

Site-specific nutrient management (SSNM)

Different models such as QUEFTS and tools (e.g., remote sensing, GPS) are used
to implement the SSNM approach as shown in Table 2.3. The major steps in
SSNM are fixing an attainable yield target and estimating nutrients required to
attain the yield by (i) harnessing the available nutrient supply from all possible
sources, and (ii) filling the gap between crop nutrient need and indigenous nutri-
ent supply (Verma et al., 2020).

i Models and decision support tools
Several dynamic crop growth simulation models have been developed in re-
cent years to predict the crop yield which is crucial for estimating the nutri-
ent needs. The QUEFTS model has been effectively applied to a variety of
crops, including maize and rice. The algorithms of SSNM generated based
upon QUEFTS model are embedded into a web-based decision support tool
known as nutrient manager for rice (Buresh et al., 2014), which was later
renamed as Rice Crop Manager (RCM). The RCM can provide field-specific
recommendations with respect to rate and time of fertilizer application.
Web-based decision support tools such as Nutrient Expert and RCM have
a potential to scale up precise nutrient recommendations to a wider area.
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Table 2.3 Examples of previous research findings using SSNM approaches

SSNM approaches/tools  Key research finding

Models (e.g., Field evaluation (n = 209) in six agro-climatic zones of Odisha
QUEFTS) and showed RCM recommendation provided yield advantage of
decision support 23% over farmer’s practice and income increased by US$188
tools ha™! per season on average (Sharma et al., 2019)

Soil test-based crop STCR enhanced grain yield by 20% and increased REy by 18%
response under DSR (Singh et al., 2021)

(STCR)

Remote sensing Multispectral data provided by the MODIS satellite were used
and GIS-based N to predict leaf N status in rice. It indicated the in-season N
application need of the crop which varied between 60 and 120 kg N ha™!

for rice growing areas in Odisha. This enhanced rice yield by
8-12% over blanket recommendation (Tripathi et al., 2017)

iii

Promising initiatives are being undertaken by the NARES and state agri-
cultural extension departments to disseminate RCM-based recommenda-
tions through public extension services, private initiatives such as the village
knowledge centres (promoted by Resilience project), and e-service facilities.
These extension services are available at village level in India. More than
175,000 RCM-based nutrient recommendations have been generated to farm-
ers in Odisha that has increased the grain yield by 0.3-0.8 t ha™! compared
to the normal farmers’ fertilizer practices and by 0.2-0.4 t ha™! over blanket
fertilizer recommendation (IRRI, 2019).

Soil test-based crop response

It is evident that there is a linear relationship between crop yield and nutrient
uptake until a certain threshold. This linear relationship is used to estimate the
fertilizer requirement of a crop considering the efficiency of soil and fertilizer
nutrients. Based on the targeted yield approach, the ICAR initiated All India
Coordinated Research Project Soil Test Crop Response (AICRP-STCR). The
objective is to develop fertilizer prescription equations for different crops under
different agroecological regions. STCR studies have developed relationship be-
tween crop yield, on the one hand, and soil test estimates and fertilizer inputs,
on the other hand, using ‘targeted yield approach’ (Jat et al., 2015). An STCR-
based approach of nutrient application has advantage in terms of increasing
nutrient response ratio over RDN application and farmer’s practice. Despite
this, soil and plant leaf tests are time-consuming, inconvenient, and expen-
sive, and do not account spatial/temporal variability nutrient contents within
a field. Thus, remotely controlled drone-mounted sensors and associated tools
are required to implement precision-based N application over space and time.
Drone-mounted sensors, remote sensing, and GIS-based N application

Soil and plant sampling and tests using sensors attached on drones can col-
lect remotely sensed data from plant canopies, which can be used to measure
canopy greenness and precise N topdressing recommendations (Huuskonen
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and Oksanen, 2018). Drone-mounted sensors, geospatial sciences, GIS, GPS, big
data analytics, and ICTs have a distinct advantage in terms of capturing the var-
iability of agricultural systems for spatio-temporal monitoring of crop and soil.

Remote sensing methods have been proposed to help in precision farming
to gather data, and with proper analytics, the growth during the season can be
monitored. Remote sensing provides spatially dense information that can be used
to assess the crop N status and understand and predict spatially variable crop N
needs. Tripathi et al. (2017) established a relationship between NDVI (obtained
from MODIS image) and leaf N concentration (field measurements) using uni-
variate regression analysis. They developed N fertilizer recommendation map
using MODIS NDVI and leaf area index for rice growing areas in Odisha.

The precision-based tools/techniques used for N management could promote
the effective implementation of soil management practices thereby improving
soil health and reducing environmental footprints in rice cropping systems.

Agroecological-based approaches for improving soil health

Selected conservation agriculture (CA) and/or agroecological (AE) based and in-
tegrated nutrient management practices that have the potential to improve soil

health were reviewed and discussed below.

Conservation agriculture and/or agroecological practices

The three major principles of CA are (i) minimal soil disturbance (minimum/zero
tillage) by direct sowing into the soil cover without seedbed preparation (refer
Chapter 6), (ii) keeping soil permanently covered by residue retention or growing cover
crops, and (iii) diversification including crop rotations and intercropping.

i

Zero tillage andfor minimum tillage: There are several research studies that
demonstrate minimal soil disturbance improves soil health and reduces car-
bon or nitrogen losses. For example, a study conducted by Lal et al. (2019)
showed that zero tillage (ZT) lowered energy use by 56%, carbon footprints
by 39%, and N;O emissions by 20% compared to conventional tillage. Zero
tillage also contributes to improving soil health by enhancing the major plant
nutrients including N, labile pool of carbon and enzymatic activities in soil.
A study by Dash et al. (2017) found that the change in soil organic carbon
(SOC) stock was significantly higher under ZT transplanted rice by 5-7% in
the dry season and 8—-10% in the wet season, compared to conventional tillage
practices. About 12% less methane emission was recorded under ZT treat-
ments over control. In the long run, ZT can aid in enhancing soil health and
reducing the environmental footprint of a rice cropping system despite a 10—
15% yield penalty in early years of the experiment. However, studies also (e.g.,
Yadav et al., 2021) reported that conventional tillage disrupts soil structure
and accelerates soil carbon loss by exposing the inter/intra-aggregate spaces of
carbon to aerobic microbes for rapid oxidation (Al-Kaisi and Yin, 2005).
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Crop diversification (including crop rotationsf/intercropping): The rice-based
monocropping systems in India and other rice growing regions could bene-
fit by growing diverse crops/varieties over time and/or space. These benefits
include increased productivity, increased profitability, and reduced climate
change risks. Farmer-led demonstration trials were conducted in Odisha un-
der the Resilience project. The trials showed that the diversification of rice
fallow with toria (Brassica campestris L.) and green/black gram rendered ad-
ditional yield of 2 t ha™! and increased system productivity from 4 t ha™' to 6
t ha L. Other studies, e.g., growing dry season crops such as green gram and
black gram, had reduced energy use and carbon footprints (Lal et al., 2020).
An inclusion of black gram and green gram in a rice-based cropping system
enhanced yield of subsequent crop and resulted in 0.04% increase in SOC
content (Porpavai et al., 2011) and reduced GHG emission (Dash, 2019).
Crop residue mulching: Crop residue mulch-based ZT system can save energy
in the form of fuel and labour, reduce carbon footprints, and improve net
farm income, soil health, and environmental quality. However, organic sup-
plements are scarce in dry areas of the tropics and farmers use the crop res-
idues for feed, fuel, and/or construction materials. Burning of crop residues
emits GHGs, and causes problems of air pollution, health hazards, and loss of
nutrients which is a matter of serious concern in countries like India. Crop
residue retention in the form of residue mulching using rice straw enhanced
crop production, microbial biota, and enzymatic activities of soil (Lal et al.,
2019). It also has a potential to reduce carbon footprints by avoiding burning
of residues, e.g., in India in rice monoculture (Yadav et al., 2021).

Integrated nutrient management

Integrated nutrient management (INM) implies the application of chemical fer-
tilizers along with organic resource materials like farmyard manure, composting,
green manure, biofertilizers, and other organic decomposable materials which are
essential for sustainable crop production.

i

ii

Farmyard manure with chemical fertilizers: Shahid et al. (2017) reported that
the inclusion of farmyard manure enhanced crop yield and carbon seques-
tration in the long term. Higher carbon sequestration was reported in humid
climates of lower Indo Gangetic plains compared to semi-arid climate of the
upper Indo Gangetic plain (Nayak et al., 2012). The rate of increase in carbon
stock varied between 57 and 89 kg ha™! yr! by applying chemical fertilizers
alone, whereas the rate of increase in carbon stock raised to 61-138 kg ha™
yr ' with the application of chemical fertilizers (NPK) plus farmyard manure.
This implies that combined application of chemical fertilizers along with or-
ganic materials like farmyard manure increases SOC stocks and sequestration
in the soils, which will contribute to reduction in GHG emissions.

Green manuring: Green manure has been identified as an important substitute
to chemical fertilizers in INM practices — particularly applying green manures
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of leguminous agroforestry trees (e.g., Gliricidia sepum: refer Chapter 8 of this
book) that provide multiple benefits such as fixing nitrogen and capturing
nitrate leaching. In eastern India, green manuring with Sesbania aculeata (in
direct seeded flood-prone lowland rice) accumulated 80—-86 kg N ha™! in pure
stand and 58-79 kg N ha™! when intercropped with DSR at 50 days of growth.
Dhaincha (Sesbania aculeata) manuring was comparable with 40 kg N ha™! as
urea in increasing yield of direct seeded and transplanted crops (Sharma and
Ghosh, 2000). In general, green manuring with Sesbania spp. enhanced labile
carbon fractions in soils, thereby enhancing microbial biomass.

iii  Vermicomposting including biofertilizers: Vermicomposting is a biological pro-
cess using a variety of worms including earthworms to transform organic
waste into natural nutrient-rich compost, which breaks down organic mate-
rial through the interaction between worms and microorganisms (Rahman
et al., 2019). In India, the application of vermicompost at 20 t ha™' to the
soil significantly improved soil porosity and aggregate stability (Ferreras et al.,
2006). In rice-legume cropping systems, an integrated application of 50%
vermicompost and 50% chemical fertilizer/biofertilizers resulted in 12-20%
higher grain yields compared with 100% chemical fertilizer alone (Jeyabal
et al., 2001). On-farm demonstration/training on vermicompost preparation
and its application was conducted for farmers in Ganjam project areas of
Odisha through the Resilience project training programme. Farmers realized
the benefits of applying vermicompost into the soils in terms of increase in
yields, benefit-cost ratio, and income compared to conventional composting.

Biofertilizers containing blue-green algae with microbial strains such as Pseudomonas
can potentially substitute part of the nutrient requirement of crops by fixing atmos-
pheric N and provide plant available N. An application of 50% RDN from urea,
25% RDN from blue-green algae, and 25% N from farmyard manure reduced N,O
emission by 25% compared to 100% RDN applied Urea alone. Biofertilizer formula-
tion containing Pseudomonas, Penicillium, and Actinomycetes species could enhance
total SOC content by 6% after three years of experiment (Debska et al., 2016).

Policy implications

Several schemes have been initiated by the Government of India recently to pro-
mote location-specific improved agronomic practices using soil health cards and
precision-based tools/techniques.

i Soil health card scheme
A major policy measure to improve soil health in India is the Soil Health Card
(SHC) scheme which was initiated in 2015 by the Government of India under
the Ministry of Agriculture and Farmers’ Welfare. The scheme is to ensure soil
test-based fertilizer application and improve soil fertility throughout the coun-
try. The purpose of the SHC scheme is to provide information to farmers on
the soil nutrient status and customize fertilizer management strategy at the farm
level and thereby maintain the health of soils. Grids of 10 ha for rainfed and
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2.5 ha for irrigated area are used as sampling unit in the SHC scheme. Since
2019-2020, more than 200 million SHCs were distributed to farmers in differ-
ent states of India. The implementation of the SHC scheme has shown a re-
duction in urea and DAP fertilizer application by 20-30% in paddy and cotton
growing areas. Moreover, it has reduced cost of cultivation by INR 2,500-10,000
ha ! (~US$288-1,150 ha™!). There was also a significant increase in crop yield
with adoption of SHC-based fertilizer reccommendation and increased farmers’
income on average by 30-40% (Reddy, 2018). There is variation in the imple-
mentation of the scheme at the state and district levels, with some states in
India taking proactive measures, while others still lagging behind.

Site-specific, need-based nutrient management practices and precision
tools support the SHC scheme of Indian government by providing evidence-
based information/data. This will contribute to improved soil health and
conserve the soil ecosystem sustainably. However, uniform grid size adop-
tion for soil testing in the SHC scheme may not represent the field-to-
field soil variability. Therefore, grid mapping of soil heterogeneity index
using GIS-based soil fertility maps at block/village level is necessary. The
index will help to improve precision application of SHC-based fertilizer
recommendations.

ii Support to precision-based tools/techniques

One of the eight national climate missions of India developed under the
National Action Plan on Climate Change (NAPCC) was the National Mis-
sion for Sustainable Agriculture (NMSA). The NMSA was formulated to
enhance agricultural productivity by focusing on several programme com-
ponents such as soil health management. Under this component, creation of
database on soil resources through land use survey, soil profile study, and soil
mapping using precision-based tools/techniques (refer to early sections) are
one of the key implementation strategies of the NMSA.

The NMSA mission in coordination with other government schemes
and missions is promoting specific interventions of precision-based tools/
techniques. For example, the LCC technology is supported by NMSA in
coordination with other missions and schemes. The precision-based tools/
techniques for soil management practices have the potential to increase
carbon sequestration and reduce GHG emission. This will contribute to
Nationally Determined Contributions (NDCs) and net-zero emission target
of India if the initiatives are systematically followed, documented, and re-
ported. It will be necessary to incentivize farmers for generating carbon cred-
its through soil health improvement measures they undertake.

Conclusion

This chapter has presented and discussed some key research results from the ongo-
ing Resilience project to show the positive contributions of precision-based tools/
techniques in nutrient management in rice cultivation in Odisha. In addition, soil
health improving practices that have the potential to reduce environmental foot-
prints and their policy implications for large-scale adoption were discussed.
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i Precision-based tools/techniques for nutrient management

The precision nutrient and soil management techniques discussed in the
chapter have demonstrated advantages in terms of yield advancement, re-
source saving, enhancement in carbon stock, improvement in soil health,
and reducing environmental footprint. Some of the precision nutrient
management technologies involve high cost, sophisticated instruments, ad-
vanced data collection and analysis. However, data generated using these
technologies will be useful for validation and ground toothing while devising
large-scale remote sensing-based site-specific recommendation. The advent
of remote sensing system such as unmanned air vehicles equipped with mul-
tispectral, hyperspectral, and thermal sensors can deliver real-time data at
the spatial scale required for precision nutrient management.

The precision-based tools/techniques have considerable adaptation and
mitigation potential that could be exploited by providing policy support, ad-
equate funding, infrastructure and extension, and farmer training support as
needed. Government policy support and open collaboration with stakehold-
ers at all levels will facilitate adoption of precision soil and nutrient manage-
ment practices in agriculture.

ii  Soil health improving practices

Agroecological approaches, such as conservation agriculture, with good agron-
omy and soil management practices such as zero tillage, crop diversifications,
and residue mulching have shown an increase in carbon storage and seques-
trations, and reduction in GHG emissions and GWP. This is in relation to
the emission of methane from rice paddies and nitrogen losses from inefficient
use of nitrogen fertilizers. India’s commitment for the NMSA — achieving its
NDCs, and attaining the goal of zero emission by 2070 — can be supplemented
to great extent by promoting cost-effective precision-based tools/techniques
with suitable soil health improving practices. In this connection, there is a
need to investigate low-cost precision-based tools/techniques for the effective
implementation of soil health management practices that are user friendly.
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Introduction

Paddy rice agriculture needs to respond to two issues relevant to climate change:
one is to reduce greenhouse gas (GHG) emissions, and the other is to save water.
Paddy fields are an important source of methane (CHy), which is one of GHGs
responsible for global warming. Though nitrous oxide (N;O) is also one of GHGs
released from the agricultural fields (Nishimura, 2004), the carbon dioxide equiv-
alent of N;O released from rice paddies is lower than that of methane (Quang
et al., 2019). Therefore, methane is the focus in this chapter. Wetland soils are the
main natural source with an estimated emission of 100-200 Tg-year !, whereas
the other sources are oceans, forest soils, termites, and wild ruminants. Of the an-
thropogenic emissions, domesticated ruminants (65100 Tg~year’1) and rice fields
(25150 Tg-year™) are responsible for 15-40% of the total emissions. Human ac-
tivities, including the expansion of paddy rice, played an important role in the
observed long-term methane trend over the past two millennia (Sapart et al.,
2012). Hence, the need to reduce methane emissions from paddy fields is critical
for mitigation (Runkle et al., 2019).

The production and consumption of methane in soils is caused by the meta-
bolic activities of soil microorganisms. Soil organic matter is decomposed by a
series of microbial activities, and methane is finally produced by methanogenic
bacteria under strongly reducing conditions. When redox potential drops to
less than =150 mV (Gupta et al., 2021) or =200 mV (Jean and Pierre, 2001), the
methanogenesis process starts. After the production of methane, some of it is
consumed by methanotrophs in oxidized zones (rhizosphere, lower part of culms,
soil-water interface, and submersion water) (Jean and Pierre, 2001), and some of
it is released to the atmosphere. In planted rice fields, there are two pathways of
methane from soil to atmosphere: ebullition loss by the release of gas bubbles, and
plant transport, into the roots by diffusion and conversion to methane gas in the
aerenchyma and cortex of rice plants and concurrent release to the atmosphere
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through plant micropores (Davamani et al., 2020; Gupta et al., 2021). At the
beginning of the crop cycle, when rice plants are small, the main transfer mecha-
nism is bubble formation and vertical movement in the bulk of the soil. Diffusion
through the aerenchyma becomes the dominant process, which is responsible for
more than 90% of the methane emitted during the reproductive phase of the rice
plant (Cicerone and Shetter, 1981; Jean and Pierre, 2001).

The amount of methane released from rice paddies depends on the redox status
of the soil, so, if properly managed, it can be controlled by ponding water man-
agement. Draining the continuously flooded rice paddies once or more during
the rice-growing season would reduce global emissions by 41 Tg CHy4 year ! (Yan
et al., 2009). Therefore, rice paddy water management is very important for cli-
mate mitigation.

Paddy rice cultivation uses a large amount of water. There is a concern that
climate change will increase the frequency of drought risks (Aryal et al., 2020),
resulting in the loss of stable production of rice. Though paddy rice is convention-
ally grown in lowland systems under continuously flooded conditions, rice can
be successfully grown with less water by the adoption of new technologies and
various water-saving approaches which have been tested and disseminated (Ishfag
et al., 2020). Water-saving irrigation to maintain rice productivity is required with
increase in extreme weather events leading to droughts (Bouman and Tuong,
2001). Alternate wetting and drying (AWD) has been attracting the attention of
scientists and farmers as one of the promising water-saving management methods.

In this chapter, the focus is on AWD irrigation. The chapter discusses the dif-
ferent options for the organization of irrigation water management for AWD im-
plementation based on experiences from Japan and Vietnam, and the challenges
in AWD adoption followed by potential pathways and conditions for upscaling
AWD.

Alternate wetting and drying

The AWD was originally proposed by the Irrigated Rice Research Consortium
(IRRC) of the International Rice Research Institute (IRRI) as a water manage-
ment technique for water-scarce areas (Enriquez et al., 2021). In AWD, irrigation
is applied intermittently with a period of non-flooding, whereas in traditional
cultivation, the paddy is continuously flooded during the cropping period. Thus,
in AWD continuous flooding is maintained for about two weeks after rice trans-
planting and about two weeks before and after the flowering period. The reason
for keeping the fields flooded for two weeks after planting is to suppress weeds
and to improve seedling growth. The temporary non-flooding during the crop-
ping season is already practiced in several countries, including China, India, and
Japan (Richards and Sander, 2014). In Japan, for example, the drying of rice fields
is carried out for about two weeks from about one month after transplanting.
This is called the midseason drainage. The purpose of the midseason drainage
is to suppress the production of hydrogen sulfide and organic acids due to soil
reduction, and to create oxidative conditions in the soil, which inhibits root rot,



AWD irrigation management in rice 47

promotes root elongation of the rice plant, and suppresses the development of
non-productive tillers (Shindo et al., 2017). Furthermore, by hardening the sur-
face of the rice fields, harvesting can be carried out smoothly using a harvester
even if the field is flooded until the late stage of maturity. Insufficient midseason
drying leads to excessive number of stems, which in turn leads to lodging, white
underdeveloped grains, additionally weak rooting, and a soft soil surface when the
rice reaches maturity. If water is drained early before harvesting, the vigor of the
rice will decline in the latter half of the maturity period. Furthermore, the inter-
mittent irrigation with alternating supply of water and oxygen is applied after the
midseason drainage, except for the period before and after the flowering period,
to keep the vigor of the rice plants intact. However, since most Southeast Asian
countries customarily use continuous flooding throughout the cropping season, a
non-flooding period is effective in saving water.

The AWD method can contribute to reducing methane emissions since the
aerobic soil environment is formed due to the non-flooded period and the meth-
ane production is suppressed. As shown by Enriquez et al. (2021), studies con-
ducted in various countries have shown that AWD can reduce GHG emissions
and irrigation water use without significant yield loss. Yagi et al. (2020) conducted
a meta-analysis, which indicated that water management options, including single
and multiple drainage approaches such as AWD, significantly reduced methane
emissions by 35% as a mean effect size based on 31 region-specific cases selected
for the analysis.

The widely publicized standard technique for intermittent irrigation is to in-
stall a field water tube (30 cm long, 15 cm in diameter, either plastic or bamboo
pipe with drilled holes) to monitor the water level in the paddy plot and to irrigate
water when the water level is 15 cm below the surface until the ponding depth is
3-5 cm. This is called the safe AWD (Rejesus et al., 2011). A depth of 15 cm is
the standard to avoid rice yield loss. To reduce yield loss, it is important to level
the paddy field surface properly and not to allow dry areas during flooding. The
area available for AWD increases in the dry season (Sander et al., 2017). In other
words, the effect of AWD varies depending on climatic conditions, especially the
amount of rainfall.

Challenges for adopting AWD

AWD is based on the knowledge that rice is tolerant to non-flooded conditions
(Kiirschner et al., 2010), and does not involve major changes in irrigation facilities
or additional costs. However, it requires careful planning and managing irriga-
tion schedules. It is a technique that can be implemented if farmers are aware of
the AWD advantages and have a strong motivation. It is not easy to change the
mindsets of farmers to switch from the conventional continuous flooded irrigation
to AWD because of the risks of poor growth due to soil drying, and overgrowth
of weeds and pests. Even if water management is seen as a potential measure to
reduce GHG emissions and recommended to farmers, the effects cannot be seen
in the short term. Hence, it is difficult for farmers and local agencies to feel the
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direct and visible benefits. In addition, it is necessary for farmers to monitor the
water level in each plot and manage water intake as needed, which can be labor
intensive when there are many plots to be managed. Therefore, it is not easy to
convince farmers to adopt the AWD system.

The incentives for farmers to adopt AWD also depend on the irrigation system,
the water availability, and the associated water pricing scheme. In the case of
gravity-driven canal irrigation, there is no incentive for farmers to adopt AWD
because the water usage fee is generally fixed per cultivated area or in some cases
free of charge, and thus there is no change in the compensation for irrigation wa-
ter saving, unless there is water shortage. Therefore, in a gravity-irrigation system,
the number of farmers who adopt AWD tends to be limited. However, in case
where water is used by a pump, farmers have an incentive to adopt AWD because
it can save the pump fuel or electric costs for drawing water.

In general, water tends to be scarce in the downstream areas of an irrigation
scheme or region compared to the upstream areas. Hence, when AWD is imple-
mented in the upstream area, the possibility for the balanced distribution of water
to the downstream area increases, which can contribute to reducing conflicts be-
tween the upstream and downstream areas (Rejesus et al., 2014). In this case, it is
necessary to foster motivation of farmers especially in the upstream area.

For increasing the adoption of AWD, paddy fields suitable for AWD need to be
well considered in terms of irrigation conditions, and simultaneously irrigation
facilities need to be developed (Yamaguchi et al., 2019). Additionally, adequate
support by local government is essential, for example, training and education of
farmers. The economic incentives, organizational strengthening, and improve-
ment of the quality of irrigation infrastructure are important for the widespread

adoption of AWD (Enriquez et al., 2021).

Organization of irrigation water management and AWD

While individual farmers’ understanding and implementation of AWD is impor-
tant, relying solely on each farmer to implement AWD, especially when there is
no or insufficient direct benefit to the farmer, would not be easy for motivating
farmers. Therefore, if the irrigation management organization or water user group
can systematically distribute water according to the AWD cycles, the feasibility
of AWD irrigation management can potentially be increased. Locally based irri-
gation management organizations such as water user group (WUG) or water user
association (WUA) can play a key role in AWD adoption. The members of the
water user groups are basically farmers, but in some cases, experts are