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Abstract

The challenges faced by the food systems of our times are manifold—resource intensive
farming, decreasing quality of food, unequal distribution of food and income, and waste. Input-
intensive agriculture, dependent on industrially manufactured mineral fertilizers and pesticides,
has skewed the socio-economic balance against the main growers and caretakers of food i.e.
the farmers. Taking into consideration the ecological consequences of modern industrial
agriculture, and the pace at which the principal natural resources vital for food—soil and
water—are being exhausted irreversibly, the idea of a sustainable food system looks difficult to
realise. Despite producing food enough for more than 8 billion people, we still have more than
one-quarter of the world population living either in hunger or with improper nutrition. The
coronavirus COVID-19 pandemic has served to further put light on the discrepancies of the
food system as well as the socio-economic system. In a communique released in 2020 regarding
the pandemic, the International Panel of Experts on Sustainable Food Systems (iPES Food)
termed the crisis as an opportunity to rethink the world food systems and hence called for an
urgent shift from industrial agriculture to diversified agroecology-based agriculture.

Water is one of the primary natural resources that are needed across all farming systems, albeit
in differing quantities. Among the major food crops of the world, rice is classified as a 'thirsty
crop' because of the large quantity of water that is used in the currently dominant form of
flooded rice cultivation. Rice is the staple food for more than half the world population and is
hence critical to food and nutritional security around the world. Rice farming system in the
current dominant form of agrochemical-based flooded monocropping is however associated
with ecological degradation in the form of water scarcity, pollution and soil degradation. With
the food needs of the population expected to increase in the coming decades, a rethink and
restructuring of the farming system looks imperative from an environmental and ecological
engineering perspective. This study is a contribution in this direction. The first part of this work
makes the case for agroecological interventions in agricultural systems, with a focus on rice
farming systems (in South Asia). This part highlights the importance of rice as a world food as
well as the role agroecology-based rice farming can play in mitigating bulk of the negative
effects our current food systems have on the environment in the form of greenhouse gas
emissions, water contamination, soil degradation, and loss of nutrients. The contribution of
agriculture and rice cultivation to the regional GDP and employment is also discussed in the
South Asian context. The potential contribution of agroecology towards the achieving of
Sustainable Development Goals (SDGs) has also been discussed in this regard.

The second part of the work summarises the results of experimental studies of agroecological
engineering interventions in rice farming done at laboratory and field level. The interventions
dealt with an innovation to an existing agroecological methodology of growing rice called the
System of Rice Intensification (SRI). The intercropping of legumes (beans) with rice grown
under SRI was examined in this study. The hypothesis that intercropping can address two main
reported drawbacks of SRI, which are weed infestation and increased labour, while improving
the performance of the rice crop at the same time, was proven right in view of the results of the
lab scale (greenhouse) experiments and the field experiments. In the experiments the water
saving potential of SRI in comparison to the conventional flooded rice (CFR) cultivation, with



water savings of up to 39%, was also evidenced. In terms of plant growth characteristics, the
number of tillers in rice plants was found to be multiple times higher in SRI as compared to
CFR. In field experiments, the number of tillers was 3 times higher in SRI and the intercropping
treatment. The new rice farming system based on the SRIBI (System of Rice Intensification
with Intercropping) methodology is termed as Rice iCrop.

Intercropping was found to have significant effect on weed infestation in rice under SRI
management and also led to an improvement in different plant growth characteristics and
nutrient uptake of the plants. The nitrogen uptake in the rice plants was found to be 8% higher
under intercropping regime, while as the chlorophyll content was found to be up to 40% higher
as compared to SRI. The effect on the plant height under intercropping regime was very
significant, with a 20% increase observed. The most significant result however was the
reduction in the weed infestation observed with intercropping. The weed population in Rice
iCrop reduced by 65% on an average in experiments over two years, with 77% decrease
observed in 2019 and 59% in 2020, as compared to the SRI weedy control, with no weeding
done in either treatment after the date of intercropping. The occurrence of blast disease was not
observed in either SRI or SRIBI, which is otherwise a regular feature with the local variety of
rice that was used in the experiments. The rice yield increased by 15-20% in the intercropping
treatment as in 2019 and by 33% in 2020 field experiments. A significant increase in the
fodder/rice husk yield was also observed, with a 70% increase in 2020. From the perspective
of economics, the Rice iCrop system led to a 57% increase in the net earnings of the farmers,
with the productivity increasing from 2.88 to 3.11.

Rice iCrop is proposed as an alternative rice farming system, introducing more agroecology to
the System of Rice Intensification. It is a cropping system having the necessary adaption,
resilience, and regeneration potential to cope up with the current challenges faced by the food
system. This system is also beneficial from a socioeconomic aspect in that it contributes to
diversifying the income of small farmers while reducing their dependence on external inputs at
the same time. The results part of work ends on an anthropological note, with the recorded
experiences and remarks made by farmers during the course of the field experiments included
in the results. A decision support model is also included, aimed at benefitting farmers,
facilitators, and researchers in future studies.
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INTRODUCTION

1. INTRODUCTION

“...s0 that you may be mindful [of Him] who spread out the earth for you and built the sky; who sent

water down from it and with that water produced things for your sustenance.”

— M. A. S. Abdel Haleem, English Transiation of The Qur’an, 2016

“We can teach philosophy by teaching farming, but we cannot teach farming by teaching philosophy.”
— Bill Mollison, ‘Father of Permaculture’

“Am Anfang aller Humanitdt steht das Wasser. Am Anfang aller Wiirde, aller Gesundheit, aller
Bildung, aller Entwicklung.”
— Erik Orsenna, Die Zukunft des Wassers, 2008

Food and farming systems play a major role in sustainably tackling the modern day challenges
of resource degradation and economic disparity. In this regard, it is not surprising that most of
the UN mandated sustainable development goals (SDGs) relate to food and farming systems
one way or the other. A transition to resilient and sustainable food systems is hence essential to
the fulfilment of these goals. With the current food production system, planetary boundaries are
being challenged, and exceeded, in many ways and there is an urgent need for a transformation
with a systems-approach. Otherwise, the large external (ecological) costs of our food production
under the current model, which are not visible or stated when we buy our food at a supermarket,
have to be paid by the human society at large in the foreseeable future. This book addresses this
approach and is based on the doctoral research done at the Rural Revival and Restoration
Engineering research group in the Institute of Wastewater Management and Water Protection

at Hamburg University of Technology (TUHH), Hamburg, Germany?.

On a European level, the ecological costs of food production are really tangible, in number
reported in literature. The use of synthetic fertilizers has been found linked to the increased load
(50-80%) of nitrogen in freshwater bodies, which negatively effects water quality and aquatic
ecosystems. Agricultural intensification is associated with a rapid decline in on-farm
biodiversity and soil degradation. Annually, 970 million tons of soil are lost in Europe as a
result. In terms of climate change, the current agricultural model is a driver of the emission of
stored carbon in the soil into the atmosphere. Agricultural production of food, fibre, and fuel
accounts for 11.3% of greenhouse gas emissions and for 94% of ammonia emissions in the EU
that worsen the air quality. Unsustainable food systems also have a negative effect on the social

and health aspects of the society, giving rise to challenges like malnutrition and food poverty.
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Around 10% of the European population was unable to afford a good quality meal every second
day, in 2016. At the same time, more than half of the population is over-weight while as more
than one-fifths of the population is obese. As a result, 70-80% healthcare costs in the EU are
accounted by diet-related chronic diseases and the diet —related burden of cancer deaths stood
at 35% in the United States >,

1.1. Agreoecology and sustainability

Environmental degradation and resource scarcity are the issues environmental engineers
counter through various means and interventions worldwide on a daily basis. In the current
times, however, there is an added dimension to this problem in the form of changes in the global
weather patterns and the increasing frequency or visibility of extreme weather events broadly
classified under the umbrella of climate change. This has led to a paradigm shift in which
environmentalists and ecologists are coming together in structuring the solutions to the new age
problems. Any solutions to the problems in the environment need to consider the ecological
interactions between different constituents in order for the solutions to be sustainable and

acceptable to the primary stakeholders—the people!

This paradigm shift has resulted in a change of perspectives related to the questions of
sustainability. Even in academic circles, a new line of thinking or a new field of studies—
ecological engineering—has taken birth as a result of the new approach. If environmental
engineering is the use of engineering methods to make positive changes or reverse negative
changes in the environment, ecological engineering is the utilization of engineering together
with the knowledge of ecological interactions to make a sustainable change in the various
ecological systems. This work views the problems of water scarcity, soil degradation, and food

inequality from this perspective and proposes solutions through the application of agroecology.

Agroecology is broadly classified as “the science of applying ecological concepts and principles
to the design and management of sustainable food systems” °. It follows the approach of seeing
the food production system i.e. agricultural system as a system in a constant interdependent
relationship with other ecological systems. Agricultural systems cannot work on its own,
independently, and any intervention in the food production system that does not take into the
consideration its ecological relationships with other systems has less chances of being
sustainable and healthy. Like in the three pillars model of sustainability where every section is
viewed as equally contributing to sustainability and hence equally considered, without any

preference. However, the preferential model of sustainability, which is the one that is being
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followed lately, takes into consideration the relationships and the interdependencies of the three
systems—ecological, social, and economic. The slogan being: no economy without social
considerations; no society without ecological considerations. So, in this model the ecological

considerations have preference over the other two.

In the preferential model, agriculture plays a cross-sectorial role, as visualised in Figure 1. It
has relationships with the different constituents of the ecological systems in terms of
dependencies as well as influencing and being influenced by the ecological system. Soil, water,
and air form the three main realms of ecology and agriculture functions when the three are in
balance. And in turn, agricultural practices have an effect on the quality of these three
constituents of ecology. The socio-economic face of agriculture is more tangible yet mostly
invisible at the decision making stages and platforms. Agriculture is responsible for the
livelihoods of more than half the world population while as more than 90% of all agricultural
farms worldwide are family-farms or smallholder farms 8. And it is mainly these smallholder
farms that feed the overwhelming majority of the world population. In the economically poorer
regions of the world, agriculture continues to be the major means of livelihood for the
overwhelming majority of the population, for example in South Asia, more than 55% of the
population earns livelihood through agriculture, directly or indirectly 7. Food production
systems, in the form of smallholder farmers, hence play a major role in the socio-economic
setup worldwide, by steering the local and regional economies as well as avoiding chaos and
conflict by ensuring the right supply of food. Agroecology advocates keeping a consideration
of these relationships and interdependencies while making changes to the food production

system.

Social

Social

Economy

Figure 1. The three pillars model of sustainability (left) and the preferential model of sustainability (right); Agriculture as a
part of the preferential model. (Licence: CC-BY-SA 4.0)
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The conventional initiatives of catering to increases in food demand through expansion of
agricultural land by the conversion of non-agricultural land like forest or grasslands, or by the
intensification of agricultural practices on existing land has contributed to environmental
degradation in the past decades. This includes the depletion and contamination of water sources,
soil degradation and depletion, disruptions to the biogeochemical cycles of earth, as well as
contributions towards greenhouse gas emissions . This is where the role of environmental and
ecological engineers becomes relevant. This becomes more expedient in view of the effects that
intensive industrial agriculture has on the financial situation of farmers worldwide as well as
on the global food security, which paradoxically have been reported to have seen pervasive

reductions despite increased food production rates that have no precedents in history 8.

The study of the ecology of agricultural systems is essential to solving the problems that our
food production systems face. That agricultural activities have been described as the dominant
ecological force over one-third of the land areas of the earth and their direct influence on the
water quality points to the importance of ecological engineering in the area of agricultural
systems. Different plant functional traits have either a strong predictive power of ecosystem
response to environmental change or themselves have strong impact on ecosystem processes.
Their study hence is important for tackling large scale ecological questions. Based on
international consensus, 28 such functional traits have been termed as critical to this study of
vegetation responses to and vegetation effects on, environmental changes °. Agroecological
research based on these functional traits has been discussed as the possible framework that
would allow the development of generalized hypotheses relevant for engaging with ecological
questions at various levels: from farm-scale agricultural management, regional-level land-use

planning, or an international environmental policy 8.

Trait-based agroecology is a relevant approach in this regard. It is the study of ecologically
meaningful characteristics of plants and plant parts that are most important in “mechanistically
predicting plant responses to, and impacts on, surrounding environments. Trait-based ecology
is being embraced as a critical means by which scientists can test hypothesis on, and recommend
management practices for terrestrial ecosystems. Trait-based agroecology employs a systems-
approach to agroecosystems, in contrast to the vast amount of scientific and informal on-farm
research that tends to focus mostly on yield and related functional traits. The systems approach
seeks to understand the relation between functional traits and trait diversity, and multiple critical
ecosystem functions, including yield, with the aim of predicting, managing and enhancing the

functions (Figure 2).
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Figure 2. Features of the green agro-ecosystems of the future (Funes-Monzote 2009)

1.2.  Water scarcity and its socio-political implications

Water has been touted as “the petroleum of the next century” or ‘blue gold’ and it follows as a
consequence that food is the fuel of this century. It is the most important resource in the hotspots
of world politics. Although there are many reasons behind the stirring armed conflicts
worldwide, but water has the potential to be the necessary spark for a big fire, as seen recently
in Syria and Yemen; in Syria, Daraa; in Yemen, Taiz. Although water issues alone have not
been the sole trigger for warfare in the past, tensions over freshwater management and use
represent one of the main concerns in political relations between riparian states and may

exacerbate existing tensions, increase regional instability and social unrest °(Figure 3).
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Figure 3. The risk of potential international conflicts arising out of water scarcity (Farinosa et al., 2018)
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Water based conflicts have increased in frequency over the last few decades. It could be argued
that population increase is the main reason, however it is not only that. The overall consumption
per capita has drastically increased in this time. And a major portion of the total consume is the
proportion of water that is consumed ‘unconsciously’. This is the water that is not visibly
consumed by individuals, in that it is neither consumed as a drink nor with food, and also not
in washing or cleaning. This is the water that is known as virtual water, leading to the concept
known as water footprint. The water footprint gives the total amount of water for a process, for
example the agricultural process of growing rice. The total water footprint of a product is a sum
of three constituent water footprints—green, blue, grey. Green water footprint is the water from
precipitation that gets stored in the soil and is either incorporated by the plants or lost to the air
through evapotranspiration. Blue water footprint is the water that has been withdrawn from
surface waters or groundwater resources. Used for irrigation, this water is either lost to air
through evapotranspiration, or seeps down into the soil, or is incorporated by the plants. Grey
water footprint denotes the amount of freshwater required to assimilate the pollutants to attain
the standard water quality standards. In case of agriculture, this component of water footprint
would take into account the pollution caused by leaching of agrochemical residues and nutrients

from the soil into the groundwater or surface waters.

The grey water footprint forms just over 11.3 % of the total water footprint of agriculture crop
production . However, when compared to the total grey water footprint of a region, the
contribution from agricultural production stands out as the main constituent. In regions where
agriculture forms the main livelihood providing sector, like South Asia, where more than 55%
of the total population is dependent on an agricultural activity for their livelihood, the
percentage is even higher than the global average. In Pakistan, agriculture contributes to 78.5
% of the total grey water footprint, while as in Bangladesh, China and India, the number stands
at 70%, 62% and 55.5 % respectively. These four countries are among the top rice producing
countries of the world, contributing at least 60% of world’s rice production and accounting for
more than 40% of the world’s population. The average contribution of agriculture to the total
grey water footprint for this ‘rice bowl of the world’ stands at 61%. This is higher than the
world average; agriculture contributes more than 56% (this being the contribution of rice,

maize, and wheat alone) of the total grey water footprint on a world level }(Figure 4).
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Figure 4. Components of agricultural water footprint (Modified, original from SAB Miller and WWF, 2009)

Agriculture, including croplands (12%) and pastures (26%), takes up almost 38% of the planet’s
ice-free land surface, accounts for 70% of the freshwater used in the world, and produces about
30% of global greenhouse gas emissions 2. The current food production system increases
humanity’s dependency on fossil fuels and contributes to climate change. Meanwhile, climate
shocks and extreme weather events can cause food price volatility that affects both consumers
and producers around the world — hitting hardest in poor countries. The agricultural system has
also doubled the flows of nitrogen and phosphorus around the world predominantly through the
use of chemical fertilisers, causing severe water quality problems in rivers, lakes, and the ocean.
Itis also the single biggest driver of biodiversity loss. A growing number of international studies
and assessments stress that more attention, public funds, and policy measures should be devoted

to the agroecological approach in order to avoid these negative environmental impacts.

Figure 5. Country wise freshwater withdrawals in agriculture as a percentage of total water withdrawals (Mancosu et al.,
2015)
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The exclusive relationship between water and agriculture can be deduced from the fact that
water use in agriculture accounts for more than 70% of the total freshwater withdrawals
worldwide. And in some regions it goes up to 90% as well (Figure 5)!. Cotton and rice
cultivation are the most water-intensive agricultural activities, and are the most important
clothing fibre and staple food respectively. To produce one t-shirt worth of cotton on the farm,
at least 12,000 litres of water are used in cotton cultivation. Similarly, to produce 1 kg of rice,
3000-5000 litres of water are used. This has led to the classification of rice as the most thirsty

food crop .

The food production is vital for human sustenance and the demand for food is ever increasing
with the increase in the world population. More than 98 % of the food worldwide comes from
soil-based agricultural systems. However, in order to meet the demand, in order to ensure the
right amount of supply to meet the food demand, there is more to it than just increasing the
yield of the agricultural systems. Any technological intervention that is focussed on just one
aspect of the agricultural system complicates the problem by ignoring other related factors. The
introduction of high yielding varieties may have reduced hunger in the earlier decades in the
poorer parts of the world, for example but the ecological costs have been high. These are the
perils of using a natural production system similarly as an industrial production system, where
amere improvement in the production line or the raw materials makes sure you get an improved
product. However, the agricultural system is not an independent production system. In addition
to having interactions with its own immediate ecology, it has relationships with other systems
on which the growth of food is dependent. Hence, whenever changes are made to the
agricultural system, in any form — species grown, on-farm biodiversity, type of external inputs,

soil management practices — it has a direct effect on the related systems.

1.3. Agriculture Interrelated Systems

It would be pertinent here to introduce the concept of Agriculture Interrelated Systems (AIS).
The systems in agricultural ecosystem that are vital to the study of agricultural ecology. These
environmental systems are related to the agricultural system in that they are influenced by
agricultural practices and in turn influence future agricultural systems. That is, Agriculture
Interrelated Systems (AIS) are those systems that have a reciprocal relationship with the

agricultural system in general or the food production system in particular.

The hydrological system is an important component of the AIS, which forms the core of one of

the burning issues in our world today. Agriculture is the largest consumer of freshwater
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worldwide and the food production forms a major part of the same %'2. Even the food
production systems that are not soil-based, like aquaponics or hydroponics, are dependent on
water, or one could rather say, they exist because of water. Based on the amount of water used
and the way in which they utilize water, food crop systems can be divided into three: rain-fed
systems, manual watering systems, and irrigated systems. Of these, the irrigated systems have
the biggest share of the total water consumption in food production system. Agricultural crop
production also has a high grey water footprint, which often forms the major portion of the total

grey water footprint of a region .
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Figure 6. The Water-Soil-Food nexus relationship (CC BY 4.0 Sumbal Tasawwar, Tavseef Mairaj Shah)

Yet water is not the only natural resource that is vital to food production. Food production
involves the interplay of more than just one environmental system. The natural resource of soil
is vital for growing food. At the moment, more than 98% of the food consumed worldwide is
grown from soil. However the condition of soils worldwide is far from ideal and the world is
witnessing what scientists have called a soil health emergency and the fact that soil is
considered the basic infrastructure for climate change makes matters more serious *1°. While
as on one hand, soil is essential in the process of growing food, the different farming practices
in vogue have a defining effect on the condition of soil. In this regard, it is important to adapt
the way we grow our food in view of the current realities of the soil as well as the water resource
system. The relationship and interdependencies of soil, water, and food can be visualised in the

form of a triangular connection as shown in Figure 6.

The meteorological system is another system that can be included in the bracket of Agriculture
Interrelated Systems (AIS). Weather conditions play a vital role in the proper seasonal
functioning of the food growth cycle. The climate of a place dictates which crops can be grown
in a particular region and hence the local farming traditions have accordingly been shaped.
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However, in recent times, the increasing frequency of extreme weather events has led to losses
in the agricultural productivity in different regions of the world, which in the worst case can
also lead to a complete crop failure. However, agricultural practices also contribute to the
dynamics of the local climates through being a major consumer of the water resource, hence
playing a part in the hydrological cycle and also through the contribution of greenhouse

emissions.

1.4. Problem statement

The challenges faced by the human community are multifaceted yet interconnected. The
problems associated with changes in the global weather patterns, increase in the frequency of
extreme weather events, broadly classified under the rubric of climate change, act to the
disadvantage of human planning, agriculture, and general life in the urban as well as rural areas.
However, these challenges are the only ones that we are facing in current times. These are
challenges that are coupled and connected with other serious challenges faced by humanity,
namely water scarcity and contamination, soil degradation and land-use change, food waste and
nutrition imbalance, in addition to the now seemingly ever-existing energy crisis *©. Increased
migration, or at least the impression that of, across continents in recent years and the reactionary
xenophobic, anti-Semitic, and Islamophobic movements gaining more traction with each
passing day makes it more difficult for the governments to explore possible solutions. Hence
negotiations and decision-making at the highest level often have to resort to compromises in
order to have a consensus. In certain cases this also leads to a complete withdrawal of certain
parties from the agreements. The withdrawal of the USA from the Paris Climate Agreement is

a case in point.

In view of recent developments, taking stock of the underlying challenges in the food systems
brought to light by the COVID-19 crisis, the International Panel of Experts on Sustainable Food
Systems has called for an urgent paradigm from industrial agriculture to diversified
agroecology-based agriculture *’. In this regard, the solution to the wide-spectrum of challenges
starts by correctly identifying the nature of the problem. Dealing with the individual challenges
independent of each other has proven to be a non-starter in the long run. The one dimensional
approach of dealing with a problem independent of its relationships and interdependencies with
other challenges, in fact, has the potential of exacerbating the problem. The ‘Green Revolution’
and earlier climate agreements are a case in point. The earlier climate agreements failed to take
on board a wide spectrum of stakeholders, excluding in the process that section of the society

that face not just small losses but an existential crisis in the face of climate change—farmers.
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As a result the need to improve our agricultural systems and the contribution that agriculture

can make to climate change mitigation was ignored.

The Green Revolution was a reaction to plummeting yields and the resulting hunger mainly in
South Asia. Under the aegis of Green Revolution, the use of agrochemicals like fertilizers and
herbicides as well the development of irrigation canal networks in South Asia increased. This
movement had it focus solely set on one dimension, possibly the only one visible at that time,
of the agricultural systems—crop yield. It did help alleviate the condition of farmers as it
resulted in an increase in the production of agricultural produce, dependent on market-
dependent agricultural inputs 8. This, however, came at a cost that is still being paid, decades
down the line. The costs were associated with the negative effects of industrial agriculture on
the soil ecology and the environment in general *°. This line of thinking was a temporary
solution to a long term problem as put by the initiator of Green Revolution himself, Norman
Borlaug, who remarked that it was just a means for humanity to “buy(ing) time to adopt to more

responsible policies to manage population growth and natural resources” %,

However, the persistence with and rather the intensification of the measures suggested by green
revolution has put the agro-ecological system at an existential risk, alarming even the
proponents of industrial agriculture, prompting them to “add the ecological dimension” to crop
improvement 1. The effects have had manifold manifestation. The disappearance of local
indigenous varieties of different crops that were best suited to local ecosystems in the name of
productivity, that is being propped by increasing use of pesticides has disempowered local
farmers and made them even more dependable on external inputs. The current level of
disempowerment of farmers is evident from the fact that in India, every 33 minutes, a farmer
commits suicide due to the inability to pay back loans as a result of crop failure, with some
suicides having been effected by the consumption of pesticides 2223, Agriculture has fast
transformed into a non-remunerative activity leading to a large flight to the urban areas for
secure livelihoods and remunerative jobs, ultimately leading to unplanned and unsustainable

urbanisation %42,

In order to have a realistic chance of the remediation of the current climate situation, measures
that are net consumers of carbon are needed, in the context where a mere reduction or a standstill
of emission levels does not alone suffice. Rice is a staple for more than half of the world
population and it is one of the resource intensive crops. Water use in rice is the highest among
field crops; the amount of mineral fertilizers and pesticides used in rice cultivation is

unparalleled owing to the large scale at which rice cultivation is done, concentrated mainly in
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those regions of the world that are deemed to be the most vulnerable to the negatives of climate
change, manifest majorly in the form of increased frequency of extreme weather events. Given
that more than half of the agrochemical input in agriculture remains unutilized by the crops or
the soil, the major portion of the agrochemicals end up as contaminants in the groundwater and
also leach away vital trace elements from the soil, hence leading to a decrease in the soil quality
and by extension, food quality. This has also led to the unavailability of groundwater resources
to the farmers with an increasing tendency, in many parts of the Indus-Ganga plain, a region

that falls under the classification of regions most vulnerable to climate change.

Rice farming also contributes a major portion of the CO> eq. greenhouse gas emissions from
the agriculture sector. Agriculture contributes 7 % of the total anthropogenic CO; eq. of GHGs
worldwide, and the percentage is higher in USA and EU 28 countries, at 9% and 10 %,
respectively, with a highest of 31% in Ireland. Irrigated flooded rice farming which is the most
common way of growing rice worldwide contributes greenhouse gas emissions via two
pathways: methane gas production from the anaerobic digestion of organic matter and the
nitrous oxide generated from synthetic nitrogen additions to the soil. Methane emissions from
rice cultivation globally account for one-half of all crop-related greenhouse gas emissions and

this accounts for 2.5% of the current anthropogenic warming.

On an average, 2,500 litres of water need to be supplied by rainfall or by irrigation to a rice
field to produce 1 kilogram of rice. The variability is large ranging from 800 litres to 5,000
litres, depending on factors like the variety, fertilization regimen, and disease control strategies
used. On an average, it takes around 1,500 litres of evapotranspired water to produce 1 kilogram
of rice. So, almost half of the water supplied to rice fields practically ends up as water vapour.
Around one-quarter to one-third of the world’s ‘developed freshwater resources’ are used to
irrigate rice (the staple food for almost half the world population). In this respect, the current
model of rice cultivation owing to its wide ranging relevance has been to critically viewed in
the context of the water crises worldwide, the changes in weather patterns and the increased
frequency of extreme weather events, and the deteriorating effects of land use change of the
soil health. There is a growing need to restructure agricultural activity in the light of these new
realities. Innovative irrigation techniques like alternate wetting and drying (AWD) provide a
good chance in this regard to reduce the water consumption in agriculture. Mulching improves
the water retention capacity of the soils, seen particularly for rice cultivation. Intercropping
another food crop together with rice can be a good way to achieve this; the residue being

mulched into the soil eventually.
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This research is about the relationship between agricultural systems and the ecology, examining
how can changes made in the agricultural system at the farmer’s level have the potential of
having wide ranging effects on the ecology and environment. In the first part of the work, the
different aspects of this issue are analysed in an extensive review, followed by the detailing of
the experimental work done at laboratory and field levels. In this regard, the relevance of
agroecological strategies in rice cultivation like the system of rice intensification (SRI) and
intercropping is studied. SRI is a package of individual practices aimed at increasing the
productivity of rice farming but not at the cost of resources or the climate. SRI and allied
practices have the potential to contribute towards a water-conservative and climate-friendly
food production system. The experimental studies also explore the potential of intercropping
nitrogen-fixing plants with rice under SRI as a further innovation in the rice farming system.
The incidence of weeds under dry soil conditions under SRI has often been cited as a criticism
of SRI and weeds are one of the single largest limiting factors in rice farming in South Asia,
representing 6.6% of the total yield gap 2°. Intercropping is expected to have a restraining effect
on the weeds that grow in absence of water, under SRI and forms one of the main cited
limitations of SRI 2”8, This work deals with the systems approach of tackling the challenges
of water scarcity, food security, and soil degradation under the overarching conditions of a

rapidly changing climate—socioeconomic, political, and ecological.
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2. REVIEW OF RESEARCH ISSUES

2.1. Water and agriculture: an overview

Crop production is the major consumer of freshwater worldwide. In this view, in framing any
policy on water protection and water treatment or proposing solutions to the water crisis, water-
use in agriculture needs to be given due consideration. Under the current agriculture model,
water consumption in crop production does not only include water that is directly used in
irrigation but also the indirect consumption of water resulting from the contamination of
groundwater and surface water associated with the use of synthetic fertilizers and other
agrochemicals. The challenges of food security and water scarcity are hence to be seen as part
of a nexus relationship rather than being isolated, stand-alone challenges. As is the case
globally, improving water use efficiency in irrigated agriculture is vital for meeting future food
requirements in South Asia. India is the largest user of groundwater globally and being the
second most populous country in the world, the importance of water use efficiency cannot be

understated.

It is worthy to note here that empirical evidence on water use for domestic and agricultural
purposes in the US points out that the adoption of water efficient technologies does not
necessarily reduce the total use of water; in some cases it even leads to an increase in the same
2930 Fishman et al. (2015) reported a similar aspect of water use by focussing on water use
decisions taken by farmers in developing countries. In developing countries where water
withdrawal is often unregulated, irrigated agriculture is placing increasing pressures on the
freshwater resources, which have decreased over the past decades not just in per capita terms
but also in absolute terms. Increasing water use efficiency is hence required to transform
agriculture into a sustainable mode of growing food and securing livelihoods for millions of
smallholder farmers worldwide. These interventions need to go beyond just introducing new
technologies like drip and sprinkler irrigation techniques, the implementation of which does not
necessarily translate to reductions in groundwater extraction despite having the potential to do
so. This is because the impacts of such technologies are heavily dependent on farmers’
decisions; half of the reductions are lost due to the expansion of irrigated area. Hence, in
addition to technological interventions the farmers need to be sensitised towards the problem
31, Participative incentivisation of water conservation strategies in agriculture could be one way
to deal with this challenge. In absence of such incentivisation or sensitisation, expectations of

the water saving capacity of the new technologies are inflated at times *'. One of the challenges
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related to farmer behaviour Fishman et al. (2015) pointed is the ‘realistic scenario’ in which
farmers expand the irrigated area with the newly introduced techniques until the baseline (pre-
adoption) water use levels are reached. In this case, despite the adoption of water saving
irrigation technologies, the total water use remains the same. In this case, the total water
extracted will still remain the same, although you may have extra production, hence the problem

is still there.

In regions such as the Western Gangetic basin, which contribute the major share of food grains
in India, the maximal theoretical efficiency can reduce the rate of water table decline but cannot
reverse it. For that to be achieved, sustainable water management strategies need to be
introduced that shift the water requirements of growing food to the lower side. Hence a water
policy based entirely on the promotion of water saving technologies is inadequate in absence
of incentivisation of water conservation strategies or strategies that reduce the need to expand
irrigated area 3. This could be achieved by increasing the yield per drop with farming systems

like SCI/SRI (System of Crop Intensification/System of Rice Intensification).

Current realities like changing weather patterns, increasing frequency of extreme weather
events, and other associated effects grouped under climate change coupled with the increasing
population have intensified the need as well as the search for measures to conserve water
through the application of water conserving techniques in agriculture (Easterling, 2007).
However, Ward et al. (2008) report that water conservation subsidies are unlikely to reduce
water use under existing conditions. They argue that for real water savings, institutional,
technical, and accounting measures are needed “that accurately track and reward reduced water
depletions” (Ward et al. 2008). With many countries already reporting water scarcity and hence
the inability to meet their agricultural, environmental, and urban needs, worldwide water
demand continues to grow ***°. This demand includes growing enough food for the current
population and the 2 billion more that are expected to increase in the next 50 years, with
analyses estimating that 60% of this added food will come from irrigated agriculture 337, This

needs improved and sustainable crop water use efficiency 344,

An improved performance of crops with more crop per drop will result in more water available
for other uses. A case in point being that more than a billion people worldwide lack safe
affordable drinking water. Hence there is a direct link between increasing irrigation efficiency
and water availability and water supply “>-5. More crop per drop here is sustained water supply
elsewhere. In this regard, water applied in irrigation can broadly be divided into two parts, based

on where it eventually ends up. One portion of the irrigation water ends up in evapotranspiration
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while as the other portion returns to the basin as return flow. The water lost due to
evapotranspiration is associated with plant water use, while as the return flow is used at other
times in other locations. In this regard, if the return flow is loaded with excess agrochemicals,
it reduces the usability of the water and also reduces groundwater quality. In this case, similar
to cases when return flows travel to a saline body or brackish groundwater, most applied water
is consumptively used because the unused irrigation water is lost for future freshwater use.
Ward et al. (2008) hence suggest a re-examining of the widely held belief that interventions
focussed solely on increasing irrigation efficiency will relieve world’s water crisis. This has to
be accompanied by a sensitisation of the farmers towards more crop per drop strategies. In this
regard, technologies like drip irrigation are deemed to be important because of greater water
productivity and food security but it may not necessarily reduce water use when considered
from a basin scale #4647 In addition to measures such as accounting and measuring water use,
Ward et al. (2008) suggest strategies that reduce non-beneficial evaporation from soil and
switching to lower water consuming crops “84%. This could also be achieved by using
agroecological systems like the System of Rice Intensification, which combine the aspects of

reducing evaporation from soil and lowering water needs of crops.

Human water use has more than doubled over the past 50 years and also affected stream flow
in various regions of the world. The impact of human water consumption on the intensity and
frequency of hydrological drought over the period of 50 years between 1960 and 2010 is
marked. Human water consumption intensified the magnitude of drought by 10%-500% in
different regions of the world. On the other hand the frequency of drought conditions increased
by 35% in Asia, which represents the worst case. While as in Asia, the water consumption in
irrigation is majorly responsible for intensification of hydrological droughts, in the developed
regions, it is mainly industrial and household consumption. Human water consumption is
projected to remain a major factor intensifying hydrological drought in the next decades *°.
Hence a rethink of the way irrigation of agricultural fields is achieved seems to be a vital part

of the overall water use strategy.

The extent to which human water consumption affects water availability and drought can be
elucidated by first differentiating between meteorological drought and hydrological drought 2.
Meteorological drought is the situation caused by the lack of enough precipitation, which
ultimately results in hydrological drought as it begins to affect larger areas. This leads to
negative effects on water supply and food production 254, Although recent studies have pointed

towards the intensification of meteorological drought conditions owing to anthropogenic global
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warming %" due to increased evaporative demand and altered monsoon circulation in Asia
and Africa, the intensified hydrological conditions over the past decades have also been
influenced by increased human water consumption that has more than doubled in the same time
54 Water use in irrigation forms a major part of this increased human water consumption, which
has also exacerbated the incidence of hydrological drought %3°*. The intensification of
hydrological droughts, i.e. drought intensity and frequency, due to human water consumption
can occur even in water-rich regions or areas with no increased local water consumption as a
result of upstream human water consumption. This can also lead to water-based conflicts

between riparian states e.g. the Kashmir-Pakistan-India tripartite conflict.

While as in major developed countries, drought intensification is driven by water consumption
at industrial and household level, in developing regions like Central Asia and South Asia, where
irrigation water consumption amounts to more than 90% of total water consumption, the
intensification of droughts is more severe *8. This again points to the importance of introducing
sustainable interventions in how irrigation is imagined in countries most vulnerable in the
changing global scenarios. This also hints at the disadvantage the food producing countries are
at and evidences the unfair socio-economic water use balance between the Global North and
the Global South. This effect is more pronounced in India and Pakistan, as it is in these countries
that the severe drought conditions are driven by human water consumption (90% in agriculture).
This increased pressure on water resources can also aggravate groundwater overdraft, which
has resulted in groundwater depletion over large areas (the so-called food basket areas) in Iran,
Pakistan, India, China, Mexico, and USA °°. In a business as usual scenario, the hydrological
drought conditions are expected to become more severe given the increasing demand for food,
potentially having disconcerting impacts on the societal relations and ecosystem services 53°,
Different studies have pointed to the high potential of good water and land management
practices to increase the water use efficiency in agriculture and hence facilitate adaptive

response to aggravating drought conditions, particularly in Asian countries %6162,

Jagermeyr (2016) studied the global potential of improved on-farm water management practices
in closing the food gap while at the same time reducing water scarcity. The potential that on-
farm irrigation efficiency improvements have in this regard is evident from the numbers:
irrigation efficiency improvements can save up-to 48% of non-productive water consumption
in many river basins worldwide; these savings, when rerouted to water-deficient food growing
systems, can increase the global calories production by 26%. In view of an unabated climate

change scenario, improvements in water management have the potential to buffer its effects on
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crop yields, by increasing global production by up-to 40% and closing the water-related yield
gap by up-to 60% 53, This is significant given that the current food growing systems are already
challenging planetary boundaries and the need for extra calories production is expected to
continue to increase in the coming decades %8, Given that the current negative externalities
of the food system ruling out an intensification of agriculture from a conventional perspective,
increasing production on existing agricultural land by managing available resources more
efficiently, placing less pressure on the environment and sustaining future capacities, i.e.
sustainable intensification, can thus an important part of a solution and high on the global policy

agenda.

In this regard studies have classified the role of water harvesting (WH) and soil moisture
conservation (SMC) techniques as significant in increasing smallholder yields while at the same
time improving resilience in changing climate scenarios 2. Although such techniques are
already in practice in different parts of the world in different forms, there is still an enormous
potential to scale them up . Some of the SMC techniques to reduce non-productive moisture
loss include organic mulching or cover crops, and different conservation tillage systems. In
addition to increasing water use efficiency, these techniques also provide some additional
benefits for the crops, which include avoiding water stress, suppressing weed growth, and
improving cold tolerance "3. For example, organic crop residues covering 50% of the soil
surface have been observed to reduce soil evaporation by around 25% ©3. It is to be noted here
that water management is not a complete solution, a panacea, when applied in isolation. It needs
to be applied together with soil and nutrient management strategies to harness the strong
synergies between the water, soil, and nutrient systems 2. A case in point being cropping
systems that are highly nutrient-deficient as of now, in which case the best practice water
management strategies cannot function to the benefit of the farmers and might even lead to

cases of false negative results 74,

South Asia being the world’s largest food growing, food producing region, the sustainability of
its agricultural system attains global significance. The dependence of the region’s agricultural
production on its groundwater resource cannot be overstated. A case in point is agriculture in
India, where groundwater irrigation currently boosts crop production by 170 million people
worth of food needs. However the groundwater situation in the Indus-Ganga basin looks grim
at the moment, with overexploitation having led to drastic declines in the groundwater levels.
For example, in north-western India, groundwater levels have dropped from 8 meter below

ground level to 16 meter below ground level in the last three decades. Between 2002 and 2008
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alone, 109 km3 of groundwater was lost in north-western India, which includes the agrarian
state of Punjab. In comparison with the Central Valley region of California, US, the loss of
groundwater in Punjab is an order of magnitude higher. This points to the criticality of
interventions in this field in the region. This puts India’s smallholders—the backbone of India’s
food security—at the forefront of the fight against water scarcity and water misuse . In
addition to food security, agriculture in India contributes significantly to the social and political
economy, accounting for 20 % of India’s GDP and being the largest employer in India; India
exports $39 billion worth of raw agricultural products and 4.4 million tons of milled rice
annually. There is a need to foster a multidisciplinary approach to counter the intertwined
challenges of water depletion and food insecurity in the whole South Asian region, which is
home to one-third of the world population and also to almost half of the world’s extreme poor,

that primarily rely of on agriculture to secure their livelihoods ™

One such approach could be the use of numerous indicators that have been theorised to quantify
the use of water resources for different human uses. On of such indicators is the blue water
sustainability index (BIWSI), which incorporates the two main aspects of water use viz. non-
renewable groundwater use and non-sustainable water use, which are usually ignored in water
use calculations. BIWSI is special in that it pays special attention to the use of non-renewable
groundwater resources, which are the major source of food production in many regions of the
world. Using BIWSI as the reference, Wada et al. (2014) reported that the global non-
sustainable water consumption is showing an increasing trend, especially since the 1990s and
that this trend is projected to continue towards the end of this century’®. From Figure 7 ', it can
be seen that the most intense water consumption is occurring in the regions where the major
part of the global irrigated lands lie. By the end of this century, the trend is expected to continue,
with South Asia being among the regions with the most intense increase. On paper, non-
sustainable water use may be a regional problem, but it has socioeconomic and socio-political
consequences on a global level. International water sharing treaties, international food trade,
international migration are some of the aspects that scale the problem up from regional to global
level. Innovations in water management, crop management dietary diversification, and
incentivisation of efficient irrigation have been proposed as measures to counter the critical

scenarios in future 817678,
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Figure 7. Global map of the projected change (%) in total blue water consumption from 2010 to 2099 (Wada et al., 2014)

On a broader level, recent events have reaffirmed the need to revisit the general approach of
food ‘production’. Food production under the current rural-urban binary system is almost
exclusively restricted to areas designated as ‘rural’ while as the ‘urban’ is imagined as the centre
of industrial production or/and industrial dynamics, and as a place that serves as the hub of
consumption of all products. In this scenario, the urban is vitally dependent on the supplies
from the rural, especially when it comes to food. A mere mention of a possible shutdown sends
people into a frenzy of hoarding of different food items, either because of the belief that supplies
won’t last and that the supply lines may get disturbed. The current Coronavirus COVID-19
crisis is a case in point. Drawing on the examples of two cities from the ancient and medieval
era, from Classic Maya civilization and Byzantine Constantinople, respectively, Barthel et al
(2012) conclude that urban farming has been a vital feature of urban support systems and that
agricultural production is not “the antithesis of the city” but an acitivity that contributes to the
resilience of cities 7°. A similar pattern is seen in the establishment of the first capital of the
Islamic civilisation—the city of Medina 8. The oldest available plan of this city shows a
populated core of the city surrounded by gardens that would provide the city with food supplies
(Figure 8). The concept of garden cities is pertinent to mention here that envisages locally
produced food in a cooperative setup. In this regard the new town concept (Das Neue Dorf) can

also provide the guiding principles 8.,
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s ¥ PLANY OF MEDINA.

Figure 8. The populated centre of the city of Madina (in dark colour) surrounded by food gardens on three sides (Burton, 1914)

The last two hundred years have seen the enormous development of cities as the centre of
human activity, with the current percentage of the total world population living in cities at more
than 50%, which is expected to rise to 75% in the coming decades, under a business as usual
scenario 8282, Continuous technological progress has led to multiple waves of space-time
compression feeding off the surplus energy of diminished returns subsidized by fossil fuels 842°,
In such a scenario, large cities feed themselves by the globalized food system, completely
dependent on fossil fuels, sequestering food from different regions of the world -8, While the
space-time compression has decreased the importance of geographical barriers and hence
increased the resilience of cities in no-crisis and medium-crisis situations, the supply lines still
remain dependent on transportation over short and long distances, which are hence vulnerable
to a collapse under a severe crisis, in which international or even interstate borders might need
to be closed 7999, As an example, Lindgren and Fischer (2011) have reported that, in case of
a collapse of the fossil-fuel dependent food system, the city of Stockholm might be less than
two weeks away from starvation after household and store supplies are exhausted 9. While as
in the World Wars | and |1, urban gardens were vital in providing food—allotment gardens had
provided 2,000,000 tons of vegetables in Britain by 1918—a similar blue-green infrastructure
in contemporary cities is rapidly vanishing, if at all present "%, In this case the ancient and
medieval urban systems provide us examples of cities that did not depend on fossil fuels "
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mainly because they had their own share of food growing systems. Given that agricultural
activity in urban settings has the potential to significantly support the resilience of modern
cities, farming techniques that are less resource intensive can be implemented without the need
for extensive infrastructure build up. The potential of cities to be self-reliant in terms of food is
however not impossible in the current times. The example of Havana, Cuba is a case in point.
The US blockade in the early 1990s caused a shock in the food, fertilizer, and oil supply lines
in Cuba, hitting the urban centre of Havana in particular. However, 10 years later, Havana was
home to 400 horticulture collectives with an annual production of 8,500 tons of vegetables, 7.5
million eggs, and 3,650 tons of meat using agroecological methods *°, improving the
socioeconomic conditions of the people and making the city resilient to any future trade

breakdown 7°.

Water contamination makes it inaccessible and unusable in many regions of the world, northern
Indus-Ganga plain, in the Punjab region. Groundwater contamination in the Bengal and
Bangladesh regions. Water powers the world food systems. Rice is the world’s most thirsty food
crop, with anything between 3000-5000 litres of water. Rice is single most important staple
food worldwide, with more than 50 % of the world population having rice as in least one of
their staple diets. In South- and South-East Asia, rice cultivation is not just the source of food
and hence a cultural good, rather it is the source of livelihoods for a major part of the population,

hence is important to the social balance of the region.

However, water scarcity and water contamination in the region and elsewhere is affecting and
in some cases stopping rice cultivation. In the Kashmir region, for example, in the year 2018,
the local irrigation department advised the local farmers not to cultivate rice owing to the low
precipitation and hence low water levels in the rivers feeding the rice irrigation system (Figure
9). This also points to the complexity introduced by the change in weather patterns, the increase
in the frequency of extreme weather events, or changes in the average temperatures, also
sometimes clubbed under the blanket term of climate change on the food production systems.
Water is vital to human life and security in more than one ways, but in all ways connected to

food production.

22



REVIEW OF RESEARCH ISSUES

Water Crisis Hits Kashn'ilr‘

We are hardly able to manage supplies: Official

: 3flights cancelled due to fog
MUOOASIR ALl £ s
A ¢ Lehcoldest at minus 6.3 degrees Celsius
Srinagar. Nov 14 The Kl r — :
Valley Is Daclong a0 - o MUDASIR YAQOOS
0

Srinagae, Now 18: Theee Bights were Cancelled 00
Tursday o e Senage Aport S 110G, 58S denc
30 AUpon Authanty of Indka, SPa, Shanad Murma
e 20ed Pt thewe shermacn Rights coutd not
" % T2 Ve due 19 pOO vinibiiey. “One of e Bights
7[][| Water schemes tiady he dve 1190 30 COme Hom Mmerss whit ceher 1wo were hom
® Do " he s

48
Witer scbe 2
]Ggﬂ n?_—: schemes in Kashmie

- » Sae 3 flghts._on P10
10 mm &
Normal raetal between
100 mm o o Turtle doves, migratory birds
7| Beaetnyiogia stay away from Kashmir
Water schemes functional SHLH QAYOOM
23 under NADWP
][]2 ‘A’Mr«' tankars pressed it c

Lar cOme 10 e Vaddey S yeae B Bse dre nol enough
130003 O 30 EeV DNt oommay, then read on

Time running out to save Earth, S Tt coves. 02 P 10
A 15000 scientists warn

‘Rain, snow in J&K will
reduce Delhi smog’

Srinagae, Now 14 The regronsl merscechoge sl
oice here 0n Tuesday Sand that ran and snowlel
forecast i Janveu and Kashme will help reduce
0 wmog and polhution levelt 1 Dot and ey

0 ? RO Woas

+ Sew Raln, veow _on P 10

Figure 9. Newspaper cutting from 2018 about the looking water scarcity (Greater Kashmir)

2.2. Soil health worldwide: Global Soil Status
2.2.1. Soil health and food security

The IPBES report released in September 2019 points to a soil emergency that we are
experiencing. Although the status of the soil resource is different in different regions of the
world, the common denominator in all the regions is the rampant soil degradation and reduction
in soil quality to different degrees. The major anthropogenic, or rather the most controllable,
cause behind soil degradation is the use agrochemicals and unsustainable agricultural practices
%_ A proper balance between the input and losses of nutrients and carbon essentially controls
the stability of soil systems. Humans have been exploiting agriculture since a few thousand
years now, with the expansion, both in terms of area and in terms of utilization, being
proportional to the growth in the world population as well as diversifying needs. In the process,
however, the world soil resources have been depleted and soil continues to be lost at rates that
are many orders of magnitude higher than the rates at which soil can possibly be replenished.
Agricultural practices also practically led to the ignition of Earth’s carbon reservoir, which in
combination with anthropogenic warming from other sectors can further lead to accumulation
of greenhouse gases and hence exacerbate climate change. Land cultivation and clearing has,
for example, contributed a major fraction of the total anthropogenic greenhouse gas emissions

in the last two centuries °7. Well into the 20" century, the combined emissions contribution of
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cultivation and biomass burning to atmospheric carbon dioxide exceeded that of fossil fuels *’.
The need to adapt agricultural practices in the light of such relationships becomes more current

than ever °%.

However, as clear it may seem, the adaptation of agriculture in the age of climate change must
not be seen as a reaction to climate change induced scenarios. It can rather be assumed that the
climate emergency provided for a positive shock which led to the realisation that we are living
in an age of soil emergency, which needs drastic measures in order to sustain the different allied
ecosystem services including food security! The role of the biological and chemical processes
in soil in the global carbon and climate calculations is becoming increasingly popular, as the
report released by IPBES (2019) shows °>1%. Only in a scenario where the contribution of soil
processes to allied ecosystem services like water availability and water purification is clear to
the stakeholders can proper policies around soil management be realistic °. Managing soil the
right way can be vital part of the solution to adapt to and mitigate climate change in a timely
fashion. On the contrary, the consequences of continued mismanagement of soil will be seen in
the human society for centuries to come. Hence the management of soil, through agricultural

practices, has bearing on the long term health of the human society.

Global soils however do have the capacity to approach the original carbon storage capacity and
even regain a significant portion of the present fossil fuel emissions through changed soil
management strategies in agriculture. This includes measures to increase the organic content of
the soil, which as an agriculture practice has both ecological and agronomic benefits !, The
effect of different management practices on the rate of soil carbon sequestration is well
documented and can hence be used to design agro-ecological solutions for different farming
systems in different agro-climatic zones !°2. In industrialised countries, food prices became
lower and lower through the late 20" and early 21°' centuries, mainly due to the introduction of
energy intensive agriculture. Low-cost energy driven agricultural machinery forced a migration
of rural hand-power towards the urban centres creating challenges of its own. Additionally,
fossil fuel driven ‘cheap’ energy meant soil nutrients lost in soil due to intensive agriculture
could be replaced, at least theoretically, by applying industrially manufactured fertilizers '%,
including primarily nitrogen fertilizers manufactured by the Haber-Bosch process. This led to

the paradigm shift known as the green revolution '*

with which the earlier paradigm of
increasing cultivated area to increase yields was replaced by the notion of using fertilizers to
increase yield with the same cultivated area '%. This paradigm shift did increase the yield of

food and reduced hunger, but it came at an ecological cost. For example, approximately 80 %
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of the total nitrogen manufactured by the Haber-Bosch process is used to produce fertilizers for
agriculture. However, only 17% of the total nitrogen applied is consumed by humans in the

form of crop, dairy, and meat products 1419,

The effects of the current mode of agricultural intensification on soil degradation are well
documented, which include loss of organic matter, salinization, and acidification of the soils
107 "It is estimated that presently 33% of coils are moderately to highly degraded due to the
aforementioned mechanisms ' while as 52% of agricultural land is already affected by soil
degradation, ranging from moderate to severe !%°. With a further expansion of cultivated land
excluded from the list of possibilities and the ecological externalities of chemical-intensive
agriculture increasingly coming to the fore, a better management of our existing soil resource
seems to be the desirable and opportune alternative °. It is pertinent to mention the role of soil
organic matter in this regard. Organic matter ensures the retention of plant available water in
the soil known as ‘Green Water’, which is responsible for 90% of the global agricultural
production !'°, Hence, it has been found that soul management practices that increase the
organic content of the soil contribute to increasing performance of the crops through two
mechanisms: by increasing the availability of water and by increasing the availability of

nutrients 11

. The erosion of agricultural soil is one of the most destructive human
perturbations in the ecosystem. The loss of soil, on the other hand, not only affects the food
production through loss of nutrients but also the water quality and aquatic ecology by polluting
the same . In this regard, utilizing symbiotic relationships between different plant types to
provide nutrients to the crop plants can be one sustainable alternative e.g. legumes fixing
atmospheric nitrogen for crop plants, in an intercropping scenario. Similarly, naturally
occurring salts can be used as the source of other nutrients required for plant growth. In this

way, the energy intensive production of plant nutrients can slowly be phased out of agriculture,

hence reducing the ecological footprint of our food growing system %,

Another possibility to close the nutrient loop could be using nutrients from the ‘waste’ streams
that are otherwise environmentally damaging and economically taxing to manage. Managing
these ‘waste’ resources can be a vital contribution in the field of environmental sciences,
reducing the demand for imported nutrients on one hand and increasing the efficiency of water
treatment facilities on the other hand !'*. Any framework of soil management must focus on the
adjusting the pace of utilization of the soil resource with the rate of replenishment of the same

through regenerative measures. This should follow a three pronged approach: (i) balancing
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carbon inputs and losses, (ii) balancing soil erosion and production, through prevention and

regeneration, and (iii) balancing nutrient cycles °%.

This is possible when soil management is viewed from a nexus perspective, which has so far
been only talked of as the Water-Food-Energy nexus. The first State of the World’s Soil
Resources Report by the Intergovernmental Technical Panel on Soils has identified global soil
erosion as the main threat, which not only leads to food insecurity in many regions of the
developing world but also leads to deteriorating water quality in the developed regions and have
suggested a reduction in the overall use of mineral fertilizers in agriculture worldwide ''*. In
South Asia and Sub-Saharan Africa, organic carbon and nutrient imbalance, and salinization

have been identified as the main threats to soil after erosion (Figure 10).
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Figure 10. Map based region-wise assessment of the four main threats to soil (Montanarella, 2016)

The loss of soil organic carbon and nutrient imbalance are the most significant threats to soil,
even at a global level. In view of the importance of soil in providing different ecosystem
services, in addition to food supply, it is recommended to expand the scope of nexus studies to
Water-Soil-Food-Energy nexus '%7. Lal (2010) has advocated that “while advancing the study
of basic principles and processes, soil scientists must also reach out to other disciplines to
address the global issues of the 21st century and beyond” ''>. Hence, when addressing the

problem of worldwide food security, it is not just the food production that has to be kept in
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mind, but all other ecosystem services dependent on the well-being of soil. If only crop yield is
the parameter on which the focus is laid, it can well affect the other soil ecosystem services,
and that too in the long term. Thus any new agricultural strategy must duly take into
consideration as to how the purported benefits of higher agricultural productivity weight against
the loss of other ecosystem services provided by soil. Or, an even better way would be to
mainstream agro-ecological practices that take care of both the production aspect of soil as well

as the ecosystem services aspect.

As a prognosis to the status report of world’s soil resources, Richter and Markewitz (2001)
reported that the proper management of the soil resource is essential for the circulation of
chemical elements, water, and energy for the human well-being; while as its poor management
makes being optimistic about future a hard choice to make ?®. In this regard, Lal (2008) has
recommended increased focus on the use of crop residues, compost, mulching, and additives
that enhance microbial activity in the rhizosphere, in addition to the use of complex cropping
systems like intercropping and multicropping '!!. The organic agriculture movement is a good
example in this regard, which approaches the soil emergency from a systems point of view.
From a soil health perspective, the focus of organic agriculture on using organic additives rather
than industrial fertilizers and pesticides has shown different benefits, owing majorly to the
increase in the organic matter content of soil. On the other hand, organic agriculture on average
is 15% less energy intensive compared to conventional systems *"!'®. However, it has also been
reported that organic agricultural systems often have lower yields and yield stability *!"!1¢, These
are areas that can be worked on, also keeping in view the other ecosystem services organic
agriculture might have a larger positive contribution to, in the wider framework of the Water-
Soil-Food-Energy nexus. For example, organic agriculture has been reported to support
biodiversity levels at least 30% higher than conventional agriculture ''7. A failure to realise the
importance of our finite soil resource in sustaining the present and future generations can have

serious consequences in the times to come 77,
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2.2.2. Soil and UN Sustainable Development Goals
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Figure 11. The 17 Sustainable Development Goals mandated by United Nations (UN)

Soil health and the proper management of the soil resource can play a decisive role in the
achievement of different Sustainable Development Goals (SDGs) mandated by the United
Nations (UN) (Figure 11). Soils play an anchor role in food systems; fixing food systems and
achieving the UN SDGs have been termed as the two sides of the same coin 8. Soil related
measures have a central position when considering SDGs and the soil-water-plant-climate
system and aiming at reaching several of them at the same time using a systems approach. And,
in turn the SDGs provide soil science with goals of high societal relevance and recognition in
the form of “points at the horizon’ in order to formulate their work in clear terms for all the
stakeholders to understand 1%°. This is also facilitated by the fact that 195 countries of the world
have signed the SDG agreement and are legally obliged to issue progress reports of their efforts
towards achieving the goals. In order to achieve this, soil science has to team up with other
disciplines to ensure and better different ecosystem services that contribute to the SDGs 20121,
In this regard, the European Commission has delineated 7 soil functions that provide the link
between soil and the UN SDGs (Table 1) 1°.

28



REVIEW OF RESEARCH ISSUES

Table 1. The seven soil functions defined by the European Commission (EC, 2006; Bouma, 2018)

Soil functions

Biomass production, including agriculture and forestry

Storing, filtering and transforming nutrients, substances and water

Biodiversity pool, such as habitats, species and genes

Physical and cultural environment for humans and human activities

Source of raw material

Acting as carbon pool

NN N B W N~

Archive of geological and archaeological heritage

On the other hand, the ecosystem services that have an important soil component are presented
in Table 2 as follows after Dominati et al. '?2. The five SDGs that have a direct relation with
soil functions and soil related ecosystem services are SDG2, SDG3, SDG6, SDG13, and
SDGI15.

Table 2. Soil-based ecosystem services (Dominati et al., 2014; Bouma, 2018)

Type Ecosystem services

Provision of food, fibre and wood

Provisioning services Provision of raw materials

Provision of human infrastructures and animals

Flood mitigation

Regulating services Filtering of nutrients and contaminants

Carbon storage and greenhouse gas regulation

Detoxification and the recycling of wastes

Regulation of pests and disease populations

O 0| | N DN | W| N —

Recreation

Aesthetics
Cultural services Heritage values

[S—
-

—_—
—_—

[a—
\]

Cultural identity

The SDG 2 (Zero Hunger) official text goes as: “End hunger, achieve food security and
improved nutrition and promote sustainable agriculture”. In this case, the primary function of
soil, which is agricultural production, is of decisive importance. However, soil functions 2, 3,
and 6 also play a role here as improved nutrition and sustainable agriculture forms are included
in the aims of SDG2. Additionally, soil ecosystem services 1, 2, 4, 5, 6, and 8 are related to the
attainment of this sustainable development goal. This makes it clear that sustainability in food
system cannot be said to have been achieved unless all the environmental externalities have

been considered.
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In case of SDG 3 (Good Health and Well-Being), the official text goes as: “Ensure healthy lives
and promote wellbeing for all at all ages”. While as good health can be characterised with more
or less worldwide accepted standards, the concept of well-being can be quite personal and
culturally influenced. However, it can be safely argued that good health is a vital component of
human well-being anywhere. In addition to providing good food, soils have also been found to
have medicinal value in different ways, for example through the production of medicinal plants
but also as a source of new antibiotics 2. In this case soil functions 1, 2, 3, 4, and 6 appear to
have a significant role to play ' while as the rest two soil functions, 5 and 7, can be said to
have at least an indirect function to the human well-being. In terms of ecosystem services, all
of the 12 soil ecosystem services have potential contributions to human health and well-being.
In principle, the term ‘soil health’ which is now widely applied to mark the condition of soils,

can be said to have a proportionate relation with human health and well-being !!*-124,

The SDG6 (Clean Water and Sanitation) aims to “ensure availability and sustainable
management of water and sanitation for all”. In this regard, the soil function 2 is of direct
relevance while as soil function 6 contributes indirectly to the aims of this goal, as the filtration
capacity of soils increases with an increase in the organic content of the soil ', Additionally,
as Falkenmark (1997) has reported, the largest amount of freshwater in nature exists as ‘Green
Water’ in the soil °2. In terms of wastewater treatment, which ultimately affects water
availability, instead of releasing it into surface waters, this water can be used for irrigation after
the appropriate primary treatment has been done. For example, in Israel, currently 90% of total
wastewater is used for irrigation purposes %, In this way, the study of different soil processes
like infiltration and purification of wastewater during irrigation can also be a contribution
towards achieving SDG6 2. Among soil ecosystem services, the numbers 3, 5, and 7 have a

direct contribution to make towards SDG6.

The sustainable development goal directly related to climate change mitigation and adaptation,
the SDG13 (Climate Action) urges the different signatories and stakeholders to “take urgent
action to combat climate change and its impacts”. In this context, the soil function 6 is the most
pertinent, while as functions 1, 2, and 3 also play a role in climate change mitigation and
adaptation '?°. The measures can include increasing on-farm biodiversity, using green manure,
and adopting compost use. The aims of SDG13 also incorporate the soil ecosystem services 3,
4, and 6. Similarly, for SDG15 (Life on Land), with the official text: “Protect, restore and
promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat

desertification and halt and reverse land degradation and halt biodiversity loss”, the soil
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functions 1, 2, and 3 are the most relevant while as functions 4 and 7 can have varying degrees

of relevance, depending on the cultural and heritage differences.

Given the centrality of soil management to the achieving of different parameters of
sustainability as delineated by the UN SDGs, it is essential that efforts in this direction must be
made considering these relationships. The relationships that connect soil degradation and soil
mismanagement with different challenges like global warming, food insecurity, the drought-
flood loggerheads, water pollution , and the massive loss of biodiversity. What must however
also be kept in mind the different possibilities in sustainable agriculture that make it a perfect

candidate for both climate change mitigation and adaptation '!%!26,

2.3. Food security worldwide: an overview

As discussed in the previous sections, the natural resources of soil and water are vital for
growing food for the world population. More than 70% of the food consumed worldwide is
sourced from smallholder and family farms. In this regard, the stability of smallholder and
family farms signifies the stability of the global food system. Secure livelihoods for
smallholders hence translates to food security for the majority of the population. The Food and
Agriculture Organisation (FAO) of the UN defines food security as the condition when “all
people, at all times have physical and economic access to sufficient, safe and nutritious food
that meets their dietary needs and food preferences for an active and healthy life” 27, In the
current times, however, more than 800 million individuals worldwide do not have access to
enough food while as about 2 billion people do not have access to the required quality of food,
in that they have key micronutrient deficiencies, leading to the phenomenon known as ‘hidden
hunger’ %, Hence 60% of individuals in low incomes countries are categorised as food
insecure. Food security is not an issue of empty stomachs or unhealthy food; lack of access to
food, qualitatively and quantitatively, affects the different aspects of human development—
physical, emotional, social, and cognitive—and is hence detrimental to the planetary health. All
of the Sustainable Development Goals (SDGs) mandated by the United Nations (UN) have a
direct or indirect relationship with food security. Hence ensuring food security through
sustainable food systems is vital for the overall health of the human civilisation and the natural

systems that sustain it 1%°.

According to a recent assessment by the FAOQ, in terms of the Food Insecurity Experience Scale,
the percentage of individuals living under general food insecure conditions ranges from 10.8%

in high-income countries to 56.5% in low-income countries. On the other hand, the percentage
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of people living under severe food insecurity was reported as ranging from 3.1% in high-income
countries to 29.5% in low-income countries 3. The bidirectional relation of the UN SDGs and
food security highlight the need to promote sustainable agricultural strategies that aim at
minimizing the carbon footprint of agriculture and its impact on natural resources, particularly
soil and water, in order to improve food security across societal classes across the world (Perez-
Escamilla, 2017). This includes promoting agricultural practices that reduce greenhouse gas
emissions, agriculture being a major contributor of the same, releasing more greenhouse gases
than all forms of transportation taken together '31*2. Large scale industrial rice farming and
cattle farming are the major contributors here. In addition to this, the application of fertilizers,
ostensibly to increase yields for food security, can also lead to pollution of water resources
BBLI33 Fyrthermore, one-third of all food grown worldwide ends in waste or is lost in the supply
chain 13213 These all factors need to be counted in when framing strategies to alleviate the

problems of food insecurity worldwide.

The prediction that food supply needs to double by 2050 to meet the demands of that time and
the dependence of worldwide human food narrowing down to a few food crops (with merely
20 plant species comprising 90% of the world's calories) points to the need to improve the food
system, both qualitatively as well as quantitatively '3*. The current system promotes major
staple crops that have been bred primarily for intensive agriculture, which are designed to
maximise yields with an increase in inputs **. The evolution of organic and agroecological
farming practices offers guiding examples of how to improve the productivity of growing food,
both qualitatively and quantitatively, while at the same time ensuring care of the ecosystem
components like water, soil, and air. Consumers in high-income regions can also play a role in
promoting sustainable ways of growing food and thus contribute to the upkeep of planetary
health, by altering their choices and food habits and preferring food products that are sourced

sustainably 129133,

The land associated challenges of our times, meaning the challenges in which land management
and the way food is grown have a major role to play, can broadly be classified under four
themes: climate change mitigation, climate change adaptation, combatting land degradation of
various types, and ensuring food security. Perez-Escamilla (2017) referred to them as the ‘land
challenges’ and assessed the potential of different land-management practices and their
contribution towards meeting the four challenges. Different land challenges are related to each
other, in ways that a change in one practice related to a particular challenge can have positive

contributions with respect to other challenges, hence necessitating a transformative systems

32



REVIEW OF RESEARCH ISSUES

change in the food growing system 3137 Some of these practices could have cascading effects
on solving different land related problems. For example, increased food productivity can one
hand reduce food insecurity and on the other hand decrease the demand for land use change,
which can in turn lead to conservation of natural vegetation and biodiversity, which can

contribute to climate change mitigation and adaptation 2133,

The mitigation potential of increased land productivity, as stated above, is however a function
of the methodology employed to achieve that, as a function of crop type, cropping system,
fertilizer management, soil management, and soil type '3!3 If the productivity is a result of
an increase in agrochemical inputs, it could have adverse effects on the environment. However,
if the improvement in agricultural performance is achieved through sustainable means,
emissions’ savings in the range of 13 Gt CO2eq per year could be realized '**!#!, The emissions’
savings as a result of non-conversion of grassland to cropland is an added aspect in this regard,
given that conversion into croplands leads to an average loss of 36% of soil carbon stocks over

a period of 20 years ',

Sustainable intensification also involves the sustainable use of other agricultural inputs like the
water used for irrigation. Water management practices in combination with other land
management practices, for example soil carbon conservation with cover crops, can improve the
soil water retention capacity. Such integrated management practices can lead to an increase in
water-use efficiency by 30%, yields by up to 37%, income by up to 40%, and greenhouse gas
emissions’ savings by up to 25%. The savings in GHG emission through the reduced energy
consumption in irrigation is an added benefit '**. An increase in agricultural productivity can
also be achieved through agricultural diversification, which is being promoted as an important
land-based climate change adaptation option '3%13%14 Crop diversification can not only
improve the global food system from a supplies perspective but it can also have a wide range
of benefits, which include combatting malnutrition and over-nutrition, in addition to combatting
hunger !**. In addition to increasing the socioeconomic resilience of the farmers through income
diversification, it can also improve the resilience of crops by suppressing disease transmission

and buffering against the effects of extreme weather events '+

. This integrated land
management and diversification of agriculture is estimated to benefit at least a 1,000 million
people, many of whom live from subsistence agriculture and are highly vulnerable to climate

Change 134,135,138,144,146.

In case of smallholder, low-input agriculture, the incorporation of legumes in the cropping

system could be a way to diversify agriculture. In addition to providing a high protein diet

33



REVIEW OF RESEARCH ISSUES

component, legumes also contribute to the nutrition of crops by fixing atmospheric nitrogen
134 This could be achieved through intercropping, cover cropping, or rotational cropping
systems. Recent studies suggest that government and non-government organisations are
increasingly favouring such interventions in agricultural diversification '47!48. In this regard,
the United Nations declared the year 2016 as the ‘International Year of Pulses’. These initiatives
need to be kept up and accelerated with policy support that promotes smallholder farmers as

the frontline candidates to feed the world 4.

2.3.1. Ecological costs of the Green Revolution in South Asia

The input-intensive modern agriculture heralded by the Green Revolution (1960s-70s) has been
associated with an increase in food production 2%82% (Farmer, 1986; FAO, 1961-1998) that is
ultimately credited with saving millions of people from hunger, especially in South Asia. The
increases have mostly been in wheat production, with rice production having shown relatively
lower extent of yield increases 2%, However, the increase in the application rates of fertilizers
and agrochemicals as mandated by Green Revolution practices came with problems of their
own. In addition to the correlation of higher productivity with high chemical input,
environmental degradation and effects on human health have also been found to be linked with

high chemical inputs in different countries 3%,

As is evident from the previous discussion, the successes of the Green Revolution has been
directly linked to the large quantities of agrochemicals that need to be applied. It has been
reported that this ‘miracle technology’ is incomplete without fertilizers and pesticides and that
its full benefits cannot be achieved just with the farming of the high yielding and hybrid
varieties. In South Asia alone, between early 1960s and the mid- 1970s, the fertilizer application
in rice farming alone increased sevenfold 3°%. And this was followed by extending this trend of
increasing agrochemical inputs to other crops in the 1980s and 1990s. In these three decades
(from 1961-1996), characterised by the widespread adoption of Green Revolution practices,
nitrogen fertilizer consumption in agriculture increased 41-fold, with Pakistan, Nepal, and
Bangladesh having shown even larger increases. Similarly, phosphate and potash fertilizer
consumption increased 49-fold and 37-fold in India during this time; in Pakistan, while as
potash consumption increased by 31 times in this time period, phosphate fertilizer consumption
recorded an astronomical increase, increasing 839-fold. The trends are similar for Bangladesh,
Nepal, and Sri Lanka 2%,
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The use of pesticides has also shown a phenomenal increase in this time period, coinciding with
the adoption of Green Revolution practices and strategies 3%. This has been attributed to the
weaker resistance of Green Revolution varieties to pests and diseases 30239, The fact that
monocultures were preferred under this new framework and intensive cultivation was
prescribed, the incidence of pests and diseases in agricultural fields also intensified. The import
of non-local varieties, that had little natural resistance to local pests and diseases and the
possible annihilation of natural pest predators by broad spectrum chemical pesticides also
contributed to the same %4, In comparison to fertilizers, the data on pesticides consumption is
not easy to obtain 3%. The reported data shows that the pesticide consumption increased by
more than 2.5 times (from 31,361 metric tons to 84,700 metric tons) in just over 15 years from
1972 to 1988 3.

The large amounts of chemical fertilizers and pesticides applied in agriculture had led to the
phenomenon of agricultural pollution, due to which the agricultural environment has been
affected mainly with nitrates and pesticide residues. This has also led to a decline in the
productivity of crops (18). Continuous application of agrochemicals also leads to a stock up of
the chemicals in soil, resulting in the leaching away of essential soil nutrients like zinc and
boron 300396.307 ' A decrease in the yield of crops like rice, wheat, and maize as a result of such
micronutrient deficiency in soils has also been reported 3%. This leads to a feedback effect
which increases the need to apply even larger quantities of fertilizers, thus increasing the input
costs for farmers, while as the yields remain the same. As an example of this, IRRI has reported
that in 1994, farmers applied up to 40% more fertilizers than ten years before for the same
amount of rice. Acidification of soils and faster loss of organic matter has also been attributed

to chemical-intensive monocultures 300308,

The use of pesticides has also been associated with a decrease in crop productivity, albeit
indirectly. High vyielding and hybrid varieties have traditionally been found to be more
vulnerable to pests and diseases, and the use of pesticides has led to an increase in the virulence
of crop pests 36392310 ‘mainly due to destruction of non-target species that include natural pest
and parasite predators 204311314 proliferation of minor pests into causatives of major pest
outbreaks has also been widely reported, associated with prior use of insecticides 3>36, An
example of this is the brown planthopper outbreak in the 1970s-1990s in Asia, which led to
losses due to destruction of millions of hectares of rice. Under a no insecticide condition,
planthoppers are controlled by wolf spiders and other natural predators on field, which are

decimated by pesticides used on rice 31":3!8, The graduation of white backed planthopper from
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aminor pest to a serious one thanks to the application of insecticides has posed serious problems
in rice farming in several south Asian countries like Pakistan, India, Nepal, and Bangladesh 31°.
A link between the increase in the application of nitrogenous fertilizers and proliferation of

pests and diseases in rice has also been established in different studies 3!:318320,

2.4. Rice cultivation and Food Security in South Asia

2.4.1. Rice cultivation and ecosystem services

Rice (Oryza sativa) is a major food crop and is the world’s most widely consumed staple food.
According to FAO, rice is grown in 112 countries of the world, in different climatic conditions
from temperate to tropical, spanning over 160 million hectares 4. Rice, wheat, and maize are
the main cereal crops consumed worldwide. Rice is however arguably the most popular food
crop worldwide, with a unique word translation in 80 languages **°. However, the importance
of rice in global food security as well as poverty alleviation is evident from fact that in many
low and medium-income countries, rice is the major staple food as well as a source of
livelihood. It is the staple food to more than half the world population and provides about 25%
of the global energy consumption. The global calorie consumption from rice has seen a marked
increase in the last few decades, going from 391 to 541 kcal per person per day from 1961 to
2013. In the last decade, much of this increase has been observed in Africa but Asia still remains
the region with the highest rice calorie consumption, at 780 kcal per person per day **°. One
reason for the popularity of rice is that it is consumed as whole grains and has considerably

higher carbohydrate and protein content than, for example, maize, millet, and cassava®®:.

The global rice production was 740 million tonnes in 2016, almost 90% of which was produced
and consumed in Asia 19152, In addition to being important as a food, rice production systems
provide livelihood for more than 144 million farming families °2. With growing population,
the demand for rice is increasing, especially in sub-Saharan Africa 1>, while as the contribution
of Africa to global rice production is still very low, at 3.3.%. However, the problems associated
with rice are not restricted to its yield; problems of malnutrition, micronutrient deficiency, and
overweight have been found common with rice consumers. On the other hand, monocropping
systems enjoy a monopoly when it comes to growing rice, resulting in reduced on farm
biodiversity 0. In this context, a diversification of rice farming systems presents itself as a
timely intervention, increasing on farm biodiversity on one hand and the nutrient content of rice

on the other, in addition to aiding in the nutrition of the plants 134145,
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Figure 12. Major rice growing areas in the world; irrigated in light blue; rainfed-lowland in yellow; rainfed-upland in red
(GRiSP, 2013)

Rice farming has traditionally been done in regions with abundant water supply, owing to its
large water footprint of around 2-3 times that of upland crops. Of the total 160 million hectares
under rice cultivation worldwide, 58% of the land area is irrigated while as 33% is under rainfed
lowland, and the rest 9% is upland rice ecosystem (Figure 12). The produce contribution of
these three different rice ecosystems are rather skewed in favour of irrigated rice, being, 75%,
19%, and 6% respectively 2. Alone in this context, with better management strategies in
rainfed lowland and upland rice systems, the total global rice production can be increased by
30%, taking the irrigated rice efficiency as the target. Irrigated rice systems employ continuous
flooding of the field and are intensive monocropping systems heavily dependent on fertilizers,
pesticides, and herbicides, which does not make it an ideal candidate when it comes to
environmental concerns and biodiversity. For example, the nitrogen fertilizer losses have been
found to be the higher in paddy rice systems, compared to wheat and maize. Nitrogen losses
due to ammonia volatilization up to 60% of applied nitrogen have been reported in paddy rice

systems 1%,

Rice is native to Asia and Africa, the two continents that together house more than 75% of the
world population. More than being a source of food and livelihood, rice has become an integral
part of the cultural inheritance in different regions of the world. In Japanese, the word rice is
used to mean a complete meal: ‘gohan’, while as in Kashmiri the word for cooked rice ‘batteh’
is used refer to the lunch and dinner meals. Rice is considered divine in many Asian cultures,

with Indonesians referring to it as ‘Me Posop’ (Mother Rice), while as in the Philippines, rice
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is known as ‘gatas ng langit’ by the Aetas people, which translates to breast-milk from the
heavens. In the South Asian region, a single variety of rice based dish, the biryani, has more
than 20 regional variants, including those with beef, mutton, chicken, prawn, fish, eggs, or even
vegetables. It is seen as a long lasting cultural communion of central Asian and south Asian

154 In some

cuisines, cutting across the different religious, ethnic, and linguistic barriers
regions, the sharing of this rice based dish called biryani on Muslim festivals of Eid al-Fitr and
Eid al-Azha forms an important part if the celebrations. Rice cultivation can also have
subsidiary purposes, as is the case in the Kashmir valley, where the rice straw is used either as
livestock feed or as a packaging material for horticultural products like apples. It is almost a
closed loop. As soon as rice is harvested, the horticultural growers take away the straw as soon
as the rice is shredded. This also takes mitigates some effects which rice cropping has on air
quality in countries like India and China, where the burning of rice straw causes smoke that
affects millions of people in big cities like New Delhi and Beijing **°. The issue of methane
emissions is another challenge for rice farming. Methane is a greenhouse gas with a global
warming potential 25 times greater than carbon dioxide. It is produced in anaerobic conditions
during the flooding of rice fields. The extent of this challenge can be gauged from the fact that
India and China contribute about 22% and 19% of the global methane emissions 32, with rice
farming contributing 11% of the global methane emissions *°. In this regard, better water
management strategies like the alternate wetting and drying (AWND) in rice farming system have

led to a decrease in the methane emissions °°,

Flooded rice systems also have an associated health risk, particularly in tropical and sub-tropical
regions, in terms of potentially aiding the proliferation of water-borne diseases like malaria and
Japanese encephalitis *°. In this regard, more than 137 species of mosquitoes, many of them
potentially transmitting the above mentioned diseases, that breed in flooded rice paddies have
been recorded worldwide °%7, The flooding of paddies during rice farming has another
potential risk, which is associated with food safety in terms of toxic residues of pesticides and
metalloids/metals like arsenic, cadmium, and mercury. These can be a health risk particularly
when rice forms a large percentage of the diet, which is the case with South Asia. Hence arsenic
pollution is a widespread concern in the Bengal and Punjab regions of South Asia, which
straddle the Bangladesh, Pakistan, and India %8161, In this regard, it has been reported that
aerobic water management in rice systems is expected to reduce the risk of arsenic uptake in
the crop but could exacerbate cadmium uptake 162, Pesticide residue in rice has been reported

to result from the application of pesticides in the late cropping season .
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The productivity of rice farming systems has increased in the last 5 decades, in the Green
Revolution, which was accompanied by a massive increase in the application of fertilizers and
agrochemicals in intensive rice monoculture. While as this increase in productivity contributed
to increased food availability, it was associated with environmental degradation and greenhouse
gas emissions. The potential of rice farming systems in different ecosystem services including
nutrient cycling, carbon sequestration, climate mitigation and adaptation, and biodiversity
conservation is huge, which remain untapped in the absence of the necessary adjustments and
changes in the way rice is grown, in the was soil, water, and plants are managed in rice farming

systems 1%,

2.4.2 Rice in South Asia

The South Asia region comprises of the countries of Afghanistan, Pakistan, India, Nepal,
Bangladesh, and Bhutan, in addition to the contested region of Kashmir lying towards the North
of India and East of Pakistan. It is the world’s most densely populated region, housing close to
2 billion people, which is around one-fourth of the world population, with an area that is only
3.5% of the world’s surface area. Despite having a period of marked economic growth in the
past 2 to 3 decades, depending on the country, this region still has the distinction of being the
2™ poorest region in the world with more than 500 million people living with an income of less
than 1.25$ a day '® (the poverty threshold was revised in 2015 and increased to $1.90 per day).
In terms of food security, the region is home to the largest population of undernourished people.
It has been reported that the situation could have been much worse in absence of the Green
Revolution, which steered improvement in the food security in South Asia, primarily with the
use of high yielding varieties of rice. Rice has played an indispensable role in improving the
food security as well as livelihoods in South Asia, and has the potential to further contribute in
this direction, given that in the face of current day challenges like water scarcity, soil emergency,
and climate change, a rethink of different agricultural practices is needed 71 In Asia,
generally, stable prices of rice have been directly linked to food security as it forms the staple
food for more than 50% of the population '°®1¢7 In South Asia, however, this percentage is even
higher, at 70% '%’, making it the most rice dependent region in the world in terms of population,
in addition to being the second largest rice producing region in the world, 41% of its arable land
under rice cultivation '%®. Thus, improving rice production as well as improving the ecological
performance of the rice farming system is an effective approach to ensure food security as well

as tackle ecological challenges in South Asia '3,
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In India, rice farming covers a quarter of the total cropped area and contributes 42% of the total
grain production and 45% if the total cereal production. In Bangladesh, the world’s sixth largest
rice producer, rice farms form almost 80% of the cultivable land and rice constitutes 92% of
the annual food grain production. Pakistan is the world’s fourth largest producer of rice even
though its staple food is wheat. As of now, only India and Pakistan are self-sufficient in rice in
South Asia; the annual import of rice was 1.84 million tons in 2011 %3, Agriculture in general
has a significant effect on the GDP of south Asian economies and rice forms an important aspect
of the same. About 60% of the labour force in South Asia find their employment in agriculture
while as agriculture contributes 22% of the regional GDP % (Figure 13). The contribution of
rice to GDP however is on a decline in South Asia, having contributed 8.4% of the total GDP
in 1961, which declined to 2.7% in 2007 163,

L y

Afghanistan > ) Afghanistsn .. Fi R
: Bhut
Pakistan Nepal U Pakistan Nepal Bhutan
Bangladesh » Bangladesh
India India
By
Sri Lanka Sri Lanka
W Agriculture
Industry
Services

Figure 13. Relative share of agriculture, industry, and services in GDP and employment in South Asian countries (World Bank,
2016)

Given that rice provides up to 70% of calories and up to 55% of proteins in the diet in South
Asia, the importance of rice cannot be understated, with the population predicted to exceed six
billion by the end of the century. This has to be seen, also in view of the challenges like water
scarcity, soil degradation, agrochemical misuse, and poor infrastructure. Agricultural economy
is basically rice economy in South Asia and gaining self-sufficiency in rice production can
essentially translates to achieving national food security in the different south Asian countries.
It can be argued that the proportion of undernourished people globally has declined, however it
would be reductionist to use this number as an indicator of global prosperity because of the

substantial variation across regions . Agricultural research in South Asia since the ‘Green

40



REVIEW OF RESEARCH ISSUES

Revolution” has mostly focussed on increasing the yield of rice and wheat through technological
interventions and it has been successful to meet the regions food production goals 2. However,
South Asia is home to 28.3 and 24.5 million stunted children in the dominant rice wheat farming
system and the rainfed mixed farming system respectively. Among the top ten farming systems
based on the number of stunted children, in fact, South Asia is home to five of them. Clearly,

the focus needs to be also on the nutrition and not just the yield 26163,

Smallholder agriculture is the focus of the current agricultural forums at national and
international levels, after their initial neglect in the early years of agricultural research 2. The
International Fund for Agricultural Development (IFAD), which was set up in the 1970s has
kept supporting smallholders as its strategic priority because of the fact that smallholder and
family farms provide the bulk of the consumed food worldwide 7. In this regard, the UN
declared the year 2014 as the International Year of Family Farming. The international research
umbrella organisation CGIAR (Consultative Group on International Agricultural Research)
also reviewed its strategy in 2008 and renewed focus on poor farmers’ needs 1'%, Smallholder
farming should not just be classified as such on the basis of land holding; it has been described
as the type of farming which is done under a general scarcity (smallness) of resources, which
barely satisfy the farmers’ basic needs *’°. On a land holding basis, however, anything below 2
ha is considered smallholding. However, in South Asia, the threshold is much lower than this
global standard. Worldwide, there are an estimated 500 smallholder farms (and families), which
lead to the full-time or part-time employment of about 2.5 billion people, in addition to
providing food for 80% of the population in Asia and Africa ®1"2173 In South Asia,
smallholders constitute at least 75% of the total number of farmers 1™ and it is common that
women take major responsibility in producing food, in different roles, in this scenario 1. It is
a paradox, though, that smallholders, despite contributing majorly to the global food production
and consumption, are net buyers of food and constitute the majority of world’s economically
poor and undernourished population 32170176177 Thjs js the reason empowering smallholders
with sustainable and less input-dependent strategies of farming is important to achieve the goals
of eradicating poverty and hunger from the world and to maintain global food security; in fact
there is no other example of rural and agricultural development that works better in this
direction 177178 It is estimated that at least 50% of the food needs of the world population in
2050 will be produced by smallholders 1”°. In terms of reducing poverty, smallholder agriculture
is expected to have major impact in the regions of sub-Saharan Africa and South Asia %,
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However, the interventions in smallholder agriculture in the global South need to move beyond
the ‘green revolution’ thinking of the 1960s and 1970s. Although, the Green Revolution did
lead to increase in agricultural productivity, many of the interventions led to severe
environmental degradation, the effects of which are being felt currently 1”3, As a result, the food
security challenge in our times is as big as it was 50 years ago, but we can no longer avoid the
aspects of climate change induced complexities and sustainability requirements. The
deceleration of yield increases over the past five decades is also a matter of concern and puts
into question the gene-manipulation and input-intensification based strategies of yield
improvement in the context of increasing food needs, while at the same time maintaining the
health of ecosystems 81, Hence, across some regions, new agricultural strategies need to aim at
increasing the productivity generally as well as offsetting the climate-related and degraded
resources-related yield losses 7. This points to a renewed focus on the areas of climate change
adaptation, on farm biodiversity, crop diversification, natural resource management, and
sustainable intensification 170172173182-187 The focus also need to be put on agroecosystems
with degraded soils, which could not benefit from green revolution interventions, which were
more suited for favourable conditions. The Indian Council of Agricultural Research (ICAR) has
included ‘halting land degradation and rehabilitating degraded land and water resources’ as a
top research priority, accordingly 8. It is pertinent to note here that the incidence of weeds in
rice farming system is one of the single largest sources of yield losses and represent 6.6% of
the yield gap in South Asia %8. In this regard, agroecological strategies like the System of Rice
Intensification (SRI) that aim at rebuilding degrading ecosystems and making the best use of
existing capabilities of the soil need to be made more common, preferably through farmer-
participatory research in South Asia 174,

2.5. Agriculture in climate change adaptation and mitigation

Agriculture is one of the vital human activities which contributes to, and is affected by climate
change. The concentration of different greenhouse effect causatives like water vapour, methane,
carbon dioxide in the atmosphere have a strong relationship with agricultural activities. And in
turn the indicators of climate change like irregular weather patterns, increased frequency of
extreme weather events, and temperature extremes in summers affect agriculture and hence by
extension the food system. It is thus imperative that the measures to adapt agriculture to the
new climate realities be taken together with the measures that mitigate the effect of the different
agricultural activities on the climate and environment. It may appear that land based mitigation
strategies might compete with land required to grow food, hence putting the SDGs of climate

action (SDG13) and zero hunger (SDG2) apparently at loggerheads. Many studies have shown
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that climate change can affect food security severely, thus highlighting the importance of
mitigation 222!, But this holds only in a scenario in which the current food system is not
improved in a sustainable way 222, It is possible to meet food security objectives and achieve
multiple sustainable development goals, while being consistent with the Paris Agreement in
terms of climate change mitigation and adaptation i.e. to limit global warming to less than 2

degrees and pursue the goal of 1.5 degrees above pre-industrial level 222,

However, it is possible to reconcile the seemingly conflicting interests of land-based mitigation
per the Paris Agreement and food security. Broadly, the measures in this direction can be framed
under the heading of closing the yield gaps in regions where the food growing potential of
different farming systems is limited due to different biotic and abiotic factors. This can be
achieved through improved soil nutrition, better management, and more efficient irrigation
141.223.224On the other hand, it is often argued that to achieve the land based mitigation targets,
large scale afforestation needs to be done, which in turn can affect food security because of the
associated land use change 2222, However, in this scenario food forests or agroforestry systems
can be an integrated solution. These interventions on the supply side can increase the efficiency
of the food system and reduce the competition related to land availability between food security
and land-based mitigation. In case of land-based mitigation, it is important to consider the
disparity in the distribution of food-insecure people across different regions of the world while

framing the strategies.

On the demand side of the food system, dietary changes and dietary diversification can also
play an important role in limiting the negative effect of land use change on food security and
climate change mitigation efforts 272?°_ In this regard, strong reductions in per capita meat
consumption is expected in China and Latin America (30% - 40%), while as moderate
reductions are expected in Russia, Near East, and OECD countries (20% - 30%), which would
still keep the daily meat consumption in these regions way above the recently proposed healthy
diet by Willet et al. >*°. In South Asia and sub-Saharan Africa, no meat reductions are to be
expected in comparison, highlighting the added importance of sustainable intensification in
mitigation efforts in these two regions. Dietary changes and diversification in the former regions
where the consumption is very high can lower the requirements for achieving the targets in
regions where the consumption is already low 2?2, Taken together, the potential of better
management practices in agriculture towards reducing global greenhouse gas emissions has
been projected to be in the range of 0.3 to 1.17 Pg carbon per year, which represent 2.7 to 10.4%

231-235 It is

of the total global greenhouse gas emissions in this context that sustainable
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agriculture has been defined as the system of agricultural practices that meet the societal
demands ‘for food and fiber, for ecosystem services, and for healthy lives, and that do so by
maximizing the net benefit to society when all costs and benefits of the practices are considered’

for the current and the future generations 2223,

The soil linked strategies to increase the mitigation of greenhouse gas emissions include soil
organic carbon build up through various means. The main pathways to increase and restore soil
carbon stocks proposed by different studies include improving on farm biodiversity and
increasing biomass-C input through the use of cover crops ''>?*”2% These measures also lead
to an increase in the agronomic productivity of the crops. Taking the example of South
American agriculture, which, a phase-wise adoption of low-carbon agricultural systems can
offset up to 50% of the global annual emissions over a period of 30 years, with a potential
mitigation of 8.24 Pg C. Low-Carbon Agriculture (LCA) has the potential to significantly
increase food production in parallel to these mitigation contributions, indicating that with
proper management practices agriculture can be an important part of the global climate change

mitigation efforts and food security efforts in a synergetic manner >**,

2.6. The Nexus approach: Water-Soil-Food nexus

In the previous sections, the discussion has led us into a particular direction regarding the
approach to be taken in navigating the bigger challenges of our times like food security
(qualitative and quantitative), water scarcity, land degradation and land-use change, poverty,
and climate change. The interdependence, or at least the interrelatedness of these different
challenges calls for an integrated systems approach to solve the problems associated with water
scarcity, soil health, and food security ?*>2*7_ This approach that focusses on interventions that
take into account the different relationships between the water, land, and food sectors can be

termed as the nexus approach and the corresponding nexus as the Water-Soil-Food nexus.

The two natural resources that are essential to growing food are land and water, which are not
inexhaustible. In fact, in many regions of the word water scarcity and land degradation (soil
emergency) are already affecting food production, resulting in yield gaps. Studies have shown
that in ‘business as usual’ scenario, by 2050, 40% of the population worldwide will be living in
regions with not enough water and land to meet the food requirements of the population 2. In
addition to dietary changes and diversification of food, interventions that address the nexus
challenges need to be put into place in our food systems. Energy is an important aspect of the

nexus approach as well, but seen from a purely local community perspective’*-?*°, in which the
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focus is laid on reducing the input intensive nature of the farming practices, the approaches

discussed below focus on the Water-Soil-Food nexus.

The need for a new nexus approach to food systems is evident from the numbers relevant to the
issues of food, land, and water. The per capita availability of land halved (from 4360 m? per
capita per year to 2280 m? per capita per year) from 1960 and 2010 and is expected to decrease
30% more to 1660 m? per capita per year by 2050 7170, Similarly, the water availability has
also halved in the past 50 years, from 26,100 m® per capita per year to 14,000 m> per capita per
year, from 1960 to 2010 '7°, It is expected that the regions with the strongest constraints to food
supply will be Asia and Africa in the coming decades. In the past, however, water scarcity
projections have become a reality much before than the expected date. For example, the 2025
water scarcity projections by the International Water Management Institute (IWMI) were
reached in 2000 %!, In this regard, it is important to discuss the availability of both land and
water together. Otherwise, the scenario could be the same as in some countries, where there is
a stable supply of water but the available land is just not enough to fulfil the food demand *%.
The outlook for 2050 presented in a study by Ibarrola-Riva (2017) has shown that under a
business as usual scenario, even with a lower population growth and no further agricultural
expansion, South Asia and sub-Saharan Africa will not have either enough water or land to
produce enough food to fulfil the needs of their population 2. The analyses are however based

22253 where a closing of the yield gap * is still possible,

on the current agricultural systems
particularly in developing countries. This means that these regions have challenges to navigate
with respect to food systems more than any other region >*®. Hence, there is a need, more urgent
than ever, to change the way we grow our food, with strategies that take care and take into

consideration the wellbeing of our land and water ecosystem in addition to the agro-ecosystem
248

In this regard, simply increasing the agricultural production with the available land and water
resource may not be the solution, as explained above. The traditional water saving scenario by
improving irrigation infrastructure have reported to have failed to restore either a groundwater
balance or regional water sustainability > due to the practice of the ‘saved’ water being diverted
to other purposes or expanded land 2%°. As a result, the reduced the cultivation of water-
consuming crops (the so called thirsty crops) has been suggested as a more effective way to
resolve the global water shortage 2°°. However, this may also not be very effective, given that
these crops are not just any commodity; they are staple foods of people around the world. Hence

the need to provide a integrated systems solutions that increase productivity, reduce water needs
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of the crops, and preserve land and soil at the same time. This can also help developing countries
that have a far greater agricultural water footprint than developed countries to halt the rampant
groundwater depletion and at least serve as a disruption to the virtual water monopoly of the
industrialised regions, as crop water use, groundwater depletion and international food trade
are intricately connected 2°"-2°°. While as 13% of the water used for crop production globally
was consumed in the end effect internationally and not in the region the crop was produced,
three major world crops, wheat, rice, and maize, account for upto 55% of the global virtual
water flow 2%°. The need to focus on the less developed regions becomes more important in this
regard, given that the effects of climate change on agriculture and food security are more
pronounced in sub-humid tropics in Africa and South Asia 2°!, regions that already have a low

capacity for adaptation 2°6262,

The Comprehensive Assessment of Water Management in Agriculture (CAWMA) reported that
the current consumptive water use in food production is about 6800 km? per year, out of which

47.251 "With the current agricultural

about 1800 km® is supplied through irrigation water
practices, in order to cater to the food needs of the world in 2050, an additional 5600 km? per
year will be required. A small part of this additional requirement, a maximum of 800 km? can
come from improvements in irrigation efficiency, while as 1500 km> per year is possible
through improvement in water use efficiency in rain-fed areas. That leaves us with a deficit of
3300 km? per year’!%°1:2%3 (Figure 14). This deficit needs to filled in through improvements in
the way agriculture is done, in the way food is being grown. The use of saline and wastewater

in agriculture has also been proposed 264

, the practicability of which needs to be examined in
view of toxic accumulation in the crops. The interventions need to focus on the land aspect of
growing food as well, rather than just improving the water use efficiency. The fact that
technological interventions alone cannot offset the yield gaps is evidenced from the following
examples. In southwest India, in the Thungabhadra irrigation project, an estimated 15% of the
system productivity was lost due to land degradation while as in Punjab, Pakistan, 1/3™ of the
total factor productivity growth attributable to technological innovation, infrastructure
development, and education was lost to resource degradation caused by the intensification of

land and water use 22265266,
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Figure 14. A representation of the world water demand in food production projected for 2050 (de Fraiture et al., 2007;
Molden, 2007; Molden et al., 2007; Hanjra and Qureshi, 2010)

From the discussion above, we can deduce that the food crisis is as much as problem of water
scarcity in arid and semi-arid regions, as much as problem of land in water-rich regions '®!, and
as much as worldwide problem that needs an integrated approach to sustain the support system
of food for the next generations. This approach known as the nexus approach is defined as the
“systemic thinking and a quest for integrated solutions to guide decision-making about resource
use and development”, as defined by the Stockholm Environment Institute 2°’. The domains of
land and water are intricately connected through various feedback loops that ultimately affect
the food production process 2. For example, land use change can affect water quality while as
soil degradation can affect the water retention capacity of land and ultimately the groundwater
recharge 26270, Lower water quality in turn affects the ability of the soil to hold nutrients (or

toxic metals) and thus its ability to produce healthy food and fiber?®’

. Hence, the nexus approach
aims at improving the efficiency of food production in an integrated manner by identifying the
linkages across the relevant sectors of land and water?*® (Figure 15). Targeted agroecological
interventions like integrated soil fertility management, alternate wetting and drying of rice
fields have been listed as steps in this direction 2. Otherwise, as the Bonn Nexus Conference
2011 declared, “this pressure on resources could finally result in shortages which may put water,
energy and food security for the people at risk, hamper economic development, lead to social

and geopolitical tensions and cause lasting irreparable environmental damage” 26272,
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Figure 15. The nexus relationships between food, water, and energy sectors (Golam Rasul, 2016)

2.7. Water Pollution and Wastewater as Water and Nutrient Source

2.7.1. Groundwater and surface water pollution with agriculture

The effects of agriculture as a whole on the original pristine state of freshwater systems are
widely documented. Previously, a simplistic approach of considering a fixed number of
substances as pollutants and their individual effects on specific communities and components
in freshwater bodies was used to quantify water pollution. A more holistic approach considers
the impacts of different point and non-point sources on the ecosystem as a whole. The European
Water Framework Directive has implicitly recognised this in highlighting the need to restore
water bodies to ‘good ecological quality’ 2’*. The complex relationship between agriculture and
freshwater systems has been well recognised in literature since long. As early as in 1979, the
Royal Commission on Environmental Pollution (RCEP) published a report entitled ‘Agriculture
and pollution’ 2™, however the focus on the pesticide residues, agrochemicals, and farm wastes
as just pollutants has changed ever since. Now, the focus has shifted to their impacts on the
whole freshwater system rather than just treating them as an anomaly in the composition of the

water mass 273,

The impacts of the pollutants can be quantified in terms of the different ecological features 2”3
or functions of the freshwater ecosystem. The first among these is the balancing and cycling of
essential nutrients like nitrogen and phosphorus. Second is the biological composition of the
water body, specific to the climatic zone where it is located. Then there are the physical extent,
connectivity, and size of the water body. In a pristine state, these ecological features of a

freshwater body are self-regulating. However, any change to these features requires corrective
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measures, like when residues from agricultural practices end up in the water bodies, disturbing
the nutrient balance and as a result affecting the biological composition and biodiversity of the
same 27>27°. Essentially, pollution exacerbates the risk of damage to a natural ecosystem and
affects all associated and related living beings. There have even been studies linking agricultural

practices with the increased incidence of diseases caused by water-borne vectors 280281,

However, the very nature of uncertainty 282236 in quantifying precisely the effect of different
agricultural activities on the different ecological features of a water body has been weaponised

in order to delay the regulation of agricultural activities 7°.

With a further increase in food needs projected for the next decades, these processes are
expected to pick up pace, with the current agricultural practices. The projection for the next 50
years suggests that a further 10° hectares of land (natural ecosystems) worldwide will be

converted into agricultural land 2%

, if the business as usual scenario of growing food is
continued, leading to up to three-fold increase in the eutrophication of water bodies 2*%. Hence
the challenge here is to redesign our agricultural systems to minimise the damage as well as to
ensure a secure supply of the land-based products >7 like food, fibre, and meat. In this regard,
the classical approach to economics of Adam Smith is increasingly being referred to as flawed
and environmental damage and environmental benefits are no longer disregarded as simply
‘externalities’. The same applies to natural ecosystems whose value, although difficult to

quantify, may well surpass that of modern systems of production 2732829,

2.7.2. Wastewater as a Nutrient and Water Source

The water and nutrient needs of the farming systems are the basic needs that enable a land mass
to grow healthy and nutritious food. Yield gaps in different farming systems in different regions
of the world lead to insufficient food supply, with water scarcity and the loss of nutrients in the
soil being the main reasons for the same. Wastewater is increasingly being looked at as a
potential input material for agricultural production, be its direct use or indirect use. By direct
use, the use of suitably treated wastewater is meant, while as the indirect use can also mean use
of wastewater for growing non-food energy crops on polluted land areas where food crops
cannot be grown (Reference), which in end effect increases the availability of freshwater for

food crops.

A recent study presided over by the United Nations University 2°* gives insights into the global
potential of wastewater as a water, nutrient, and energy source. According to this study, about

380 billion m® of wastewater are generated worldwide, annually 2°. This number is equal to

49



REVIEW OF RESEARCH ISSUES

21% of the total annual irrigation water consumption in food agriculture, which is 1800 billion
m? 47251 The worldwide wastewater production is expected to increase by at least 50% by 2050
over the current levels (Figure 16). The nutrient load of the three essential plant nutrients
nitrogen, phosphorus, and potassium in the global wastewater stream would offset 13.4% of the
global demand in agriculture, with their respective quantities embedded in the wastewater being

16.6 million metric ton, 3.0 million metric ton, and 6.3 million metric ton respectively.
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Figure 16. Projection of wastewater volumes in 2050 in different regions of the world (Qadir et al., 2019)
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Figure 17. The average per capita contribution of wastewater in different world regions (Qadir et al., 2019)

The plots in Figure 16 and Figure 17 point to a water monopoly that was also discussed in

earlier sections 2°°. While as in absolute terms, Asia is the highest producer of wastewater
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annually (159 billion m®), in per capita terms, North America and Europe are the biggest
producers with 231 m? per capita and 124 m? per capita respectively. Sub-Saharan Africa has
the lowest per capita wastewater production at 46 m® while as Asia stands at 82 m?, both values
less than the global average of 95 m® per capita per year 2°. This adds to the already existing
virtual water imbalance that works against developing countries that produce food and goods

that travel through international trade and are ultimately consumed in developed countries.

In order to recover nutrients from wastewater, the recovery of nutrients can already be started
at the source, the toilet in case of urine, which is known to contain nutrients like nitrogen and
phosphorus in high concentrations 2%2. It is worth noting here that human urine is responsible
for 80% of the nitrogen loading and 50% of the phosphorus loading in the wastewater going
into municipal wastewater treatment plants 2%3, This approach would not only provide nutrients
required in agriculture but also prevent eutrophication of water bodies and save the amount of
energy needed in the running of wastewater treatment plants 2%42%, Another approach could be
specific treatment of the wastewater stream keeping the nutrient requirements of soil as the
effluent benchmark, using the effluent to irrigate and fertilize the soil at the same time 291:29.297,

2.7.4. Agriculture and Water Pollution

The excessive use of agrochemicals in agriculture has also had impacts on other components of
the environment as discussed in previous sections. Eutrophication of in water bodies is an
example of the same. In agricultural systems, fertilizers have been found to be responsible for
the increase in the growth of weeds in rice fields, which furthers the need to use herbicides and
hence perpetuates the dependence on agrochemicals and aggravating the agricultural
environmental pollution 34321, Hence the challenge of our times is to implement agricultural
strategies that are less dependent on chemical inputs and do not serve to perpetuate the
ecological degradation in pursuit of higher yields 3.

Water quality issues linked to agriculture are not restricted to developing countries alone. In
developed countries in the Organisation for Economic Co-operation and Development (OECD),
agricultural water quality has been marked among the major environmental issues. In OECD
countries, agricultural activities from crop and livestock management have been found to be
responsible for the pollution of water with nitrates, phosphates, soil sediments, salt, as well as
pathogens. This leads to costs associated with the removal of pollutants from drinking water
supplies as well as the decontamination of rivers, lakes, and other water sources to maintain to

avoid damage to different commercial, recreational, and cultural ecosystem services 32,
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Although most of the OECD countries operate monitoring networks to keep track of the state
of water pollution in water bodies, the monitoring of agricultural water pollution is very limited.
Just over one-third member countries monitor nutrient pollution in water bodies resulting from
fertilizer applications and even lesser number of countries track pollution due to pesticides. The
extent of agricultural groundwater pollution is even less documented as compared to surface
waters due to the costs involved in sampling. Despite the lack of extensive monitoring
infrastructure, nearly one half of the member countries have reported that the concentrations of
nutrients and pesticides (mainly sourced from agricultural practices) in surface and groundwater
at monitoring sites exceeds the nationally approved drinking water limits, with the problem
more severe in rivers, lakes and marine waters. Over the last three decades, while as the
pollution due to point sources has decreased rapidly, it has only increased the share contributed

by non-point pollution (e.g. agricultural water pollution), both in surface and coastal waters 322,

In a growing number of OECD countries, farmers are now increasingly adopting farm
management practices that reduce the risk of water and soil pollution, as part of voluntary
private-led initiatives. However, still only one-third of the member countries have mechanisms
to monitor changes in soil management 322, In this regard, changes need to be made at a policy
level in the form of policy packages that encompass institutional reforms and increased
community engagement aimed at addressing agricultural water quality issues and water
resource management 322, Given the vulnerability of agricultural systems and water resources
to the vagaries of climate change, policies need to be increasingly responsive and adaptive to
these new realities 6. Agroecology based organic farming promises to be an important step in
this direction and statistics are encouraging in this regard. Currently, 2% of the total farmland
area in the OECD countries is under organic farming while as the number is higher in most
European Union countries, at around 6-8% 323. There is an increasing trend in this regard with
the total organically managed agricultural area increasing by 20% from 2016 to 2017 324, In this
regard, agriculture based on the integration of land-use and water-use management in order to
conserve water, improve water quality, and to provide multiple associated ecosystem services

seems to be the way forward 322,

2.8. The concept of the environment as a trust —amanah

The way human beings manipulate and exploit their natural resources and the environment is
demonstrative of their beliefs, worldviews, and the cultural background. The worldview (the
belief system) essentially reflects the terms of interaction with the environment 3. It is in this

regard that Nasr (1968) identified the root causes of the environmental crises as spiritual rather
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than anything else in his book Man and Nature — The Spiritual Crisis of Modern Man 3%,
Timothy Winter (2020) contends that the religious case against materialism, which is
characterized by consumerism and makes human beings and the planet sick ‘spans the religious
divisions’ %7, Hence it is practical to present the ideas of sustainability and resource
conservation to people we intend to work with within an ethical (faith-based) framework they

can easily relate to.

The Muslim countries’ belt ranging from North Africa through the Near East to Central and
South-central Asia are particularly affected by and/or vulnerable to the diverse effects of
climate change, desertification, and an increasing scarcity of natural resources 328, The
overexploitation of water resources threatens the drinking water supply as well as the
agricultural production in these countries. It is in this regard that the discourse around
environment protection and consciousness is gaining in traction in these countries, which has
manifested itself also in the form of references to Islamic environmental ethics in the Friday
sermons. The central element of Islamic environmental ethics includes the love for the creation
in all forms, with the understanding that all forms of creation have their own functions to
perform for the proper functioning of the life system, in which every life form is interdependent
on the other. All the components of the environment function in an integrated manner and play
a vital role in maintaining the environmental balance in nature and in performing the essential
functions assigned to them that make it possible for human beings to live in a state of good
health and prosperity 32233, This unity of the life system in the interdependence of its various

components reflects the core concept of the Islamic theology, which is the unity of God (tauhid)
328,331,332

Although a concrete codified form of Islamic environmental ethics does not exist, there are
directions and remarks in the canonical sources of Islamic theology (Qur’an and Sunnah) that
point the reader towards a higher environmental consciousness. It has been noted that the
metaphysical conception of nature in the Quran transformed the Arab superstitious and lifeless
views of the natural world into a purposeful view of the creation 333, The philosopher-poet
Muhammad Igbal, who did his doctoral studies from the Ludwigs-Maximillian University in
Munich, also remarked that the apparent purpose of the first revealed chapters of the Quran
seems to awaken in the reader a genuine consciousness of the different relationships between
man, the Creator, and the environment at large 33*. The general Quranic paradigm seems to be
the utilization of natural resources and the environment based on the philosophy of avoiding

aggression and misuse, and of construction rather than destruction 3%,

53



REVIEW OF RESEARCH ISSUES

However, since decades the over exploitation of environment and natural resources has been
continuously justified for the sake of economic development and industrial growth. This has
led to grave consequences like the loss of biodiversity, desertification, soil erosion, flash floods.
The loss of biodiversity in forests has been counted among the main issues in environmental
degradation, in this regard 3*. With the aid of modern technologies, the exploitation of natural
resources has become easier than it ever was for our previous generations. Overexploitation of
a natural resource is bad not only because of the exhaustion of that particular resource but also
different constituents of the natural ecosystem are closely linked and related to each other. So
much so that even a renewable resource becomes so depleted that it increasingly resembles a
non-renewable resource . This further highlights the need for a framework to work with that
implores people at large from the perspective of the divine to preserve and protect the
environment, in societies in which the divine laws play a greater role than imagined in the
modern discourse. In this regard, the Maqgasid al-Shariah (Objectives of the Islamic Law)
approach ranks the preservation and protection of environment as one of the pillars of the
principle of the preservation of property 3. Izzi Dien (2000) argues that the protection to
human life as enshrined in the Quran extends to include protection of all the environmental
conditions that enable all forms of life to continue; right to life means right to healthy

environment 37,

It is imperative in this context to mention the six terms from Quran and Sunnah that serve as

anchors to the body of Islamic environmental ethics 328:

i.  Fitra: The natural tendency to conserve and protect the creation against harm.

ii.  Tauhid: The unity of the creation in their interdependence as a reflection of the unity of
God.

iii.  Mizan: The balance in nature that creates a perfect life supporting system for all forms
of life, which must not be disturbed.

iv.  Khilafa: The role of the human being as a caretaker representative of the Creator,
responsible for taking care of the earth.

v.  Amanah: The trust of responsibility that has been bestowed on the human beings. This
bestowed trust includes the earth, the environment, the different forms of creation—
plants and animals.

vi.  Ubudiya: The submission to the Creator, in responsibility and being answerable for

actions.
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It is in this framework that Quran prescribes the conservation of resources, calling upon the
believers to avoid being extravagant 33, through wastage and overconsumption 328, The role
bestowed by Khilafa on the human being prohibits them from taking actions that cause
manipulation or pollution in the environment and use the natural resources also keeping the
needs of future generations in mind 33%34°_ |t has been argued that human beings have been
entrusted to bear Amanah (obligation duties) of the earth by virtue of their ability to attain
knowledge and intellect 31, Mawdudi (1967) has argued that humans have been given the
power to make use of the environment through the knowledge and technology and their disposal
and this in itself is a divine test for human beings to see how they take care of the trust (Amanah)
342 The concept of Amanah is hence interpreted as the obligation to conserve the trust that has

been bestowed upon us in an honest and sincere way.

In the Muslim tradition, the life of Prophet Muhammad(Peace be upon him) s considered as an
example of the bonafide example that Muslims can aim to follow as the way to follow the divine
commandments. There is a narrated tradition in which a companion of his was using an
excessive amount of water to wash himself for prayers when he commanded him “not waste
(water) ... even if you are washing yourself by a flowing river” **3ahmadah. This imperative to
be mindful of consumption of water even when it is for a ritual purification for prayer highlights
the importance of mindful consumption that can serve as a guide towards resource conservation
and sustainability in Muslim societies 3*". Such traditions can also be extended to agricultural
practices and can be utilized to spread awareness about water conserving agricultural practices.
The values of trusteeship should enable people to deal with natural resources properly no matter
if he or she works in an industry, in a farm, or in a forest. Hence, per Islamic environmental
ethics, the protection and preservation of environment and natural resources is not just for a

worldly purpose but also to fulfil the duty of having been entrusted with Amanah 332,

2.9. Agroecological approach to agriculture as an alternative

The agroecological approach to agriculture in general and food security in particular is being
widely pushed as the way forward, given the limitations of the current industrial agriculture and
the numerous challenges faced by the food systems. In the last three decades, a wider acceptance
of agroecological interventions has led to projects being done in different parts of the world
researching the role agroecology can play in achieving the goals of food security, sustainable
development, and bio-diversity protection while at the same time giving due consideration to
the aims of the global climate agreements. The following network visualisation gives an idea

about the research papers published in the time period 1991 to 2020, whose subject area lay at
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the intersection of the topics of agroecology, sustainable development, food security, and

climate change (Figure 18). In the figure, the top 29 keywords are visualised as a network map
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Figure 18. A network visualisation of the top 29 keywords that have appeared in literature published in the time period
between 1991 and 2020 on topics related to agroecological contributions to food security in the backdrop of climate change
(VOSviewer Trial Version)

with the help of VOSviewer software (trial version) from the Centre for Science and
Technology Studies, Leiden University, The Netherlands. The subject area wise distribution of
the research papers can give the reader an idea about the wide ranging relevance of
agroecological interventions in the current times (Table 3). The table contains the top 10 subject
areas on Scopus (Elsevier) database based on the number of research papers falling under the
scope of the subject area. The following example can be a guide for the reader to make sense
of the two percentage values in the table. A total of 45% papers fall under the subject area of
‘Environmental Science’, however some of these papers may also fall under another subject area
due to its interdisciplinary nature. Hence the sum of percentages of the 10 subject areas listed
can be well over 100. This also gives an idea about the cross-disciplinary relevance of
agroecological interventions in the current social, economic, and ecological systems, especially
the food system.
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Table 3. The top 10 subject areas of research that contain the bulk of agroecological literature in the time period 1991 to
2020 on topics related to agroecological contributions to food security in the backdrop of climate change (Scopus)

RANK SUBJECT AREA FREQUENCY ABSOLUTE %
(T=1974)

1 Agricultural and Biological Sciences 1155 58.51

2 Environmental Science 889 45.04

3 Social Sciences 549 27.81

4 Earth and Planetary Sciences 205 10.39

5 Energy 179 9.07

6 Engineering 123 6.23

7 Biochemistry, Genetics and 112 5.67
Molecular Biology

8 Economics, Econometrics and 98 4.96
Finance

9 Medicine 55 2.79

10 Arts and Humanities 48 2.43

As discussed in the previous sections of this chapter, the importance of rice cultivation is of
worldwide importance. However, the current input-intensive framework in which rice farming
is done currently is neither ecologically and economically viable for the smallholder farmers,
nor does it cater to the projected increases in the food needs of the generations to come. The
sustainability aspect of the current rice cultivation system is in stark focus in this study. In this
regard, the negative effects of the agrochemical-intensive rice farming systems on the land,
water, and air ecosystems has been discussed in the previous sections. As a result, the need for
alternative practices that are both sustainable and gainful for smallholder farmers, who are the
main producers of the food consumed worldwide, looks ever more crucial. In this regard,
agroecology has been proposed as the guiding principle to achieve world food and nutrition
security through sustainable means by no less than the United Nations itself *4. The global
COVID-19 pandemic has only reinforced the urgency that is needed to carry out a paradigm
shift from industrial agriculture to diversifed agroecology-based agricultural systems ' (Figure
19).

57



REVIEW OF RESEARCH ISSUES

A Enhanced biodiversity
« Better water quality

Better soil quality

INTENSIVE SPECIALISED AGRICULTURE DIVERSE AGROECOLOGICAL AGRICULTURE
(ORGANIC FARMING)

Figure 19. A graphical representation of the different 'yields' (benefits) of intensive monocultures and diverse agroecological
agriculture (Yen Strandqvist, Chamlers University of Technology)

The System of Rice Intensification (SRI) is an agroecological set of practices that presents an
alternative to the currently dominant method of growing rice under flooded conditions. SRI is
reported variously as an agro-ecological, climate-smart, water-efficient, and a resource-
conserving methodology of growing rice. The inclusion of the term ‘intensification’ in the name
does not allude to any increase in the input, in the industrial agriculture sense of the word. On
the contrary, there is less input of seeds, water, and agrochemicals in rice production with SRI.
SRI consists of practices give more consideration to the proper management of the resources
associated with rice cultivation—seeds/plants, soil, water. The SRI method has shown potential
in reducing the ecological costs of rice farming while at the same time increasing the gains for
farmers in general, and for smallholder farmers in particular. Under SRI, the water use in rice
farming can be reduced by up to 50% and the yield can go up by up to 200%. The SRI
methodology has been adapted to different agro-climatic zones and also other crops like wheat,
maize, and sugarcane, under the rubric of the System of Crop Intensification (SCI) 186345348,

The System of Rice Intensification is characterised by a few farming practices that set it apart
from the traditional flooded rice farming system. Starting from first stage of rice farming, the
nursery; under SRI the nursery is not kept under flooded conditions unlike the conventional
system. The rice seedlings are transplanted at the two-leaf stage (8-14 days age) as compared
to 4-5 weeks under the conventional system. In SRI, instead of planting multiple seedlings at
one place, seedlings are transplanted singly and at a wider spacing (25-30 ¢cm) in a square
pattern. Once transplantation is done, the rice field is not kept flooded with water and rather
irrigated based on need (alternate wetting and drying). Another practice that is unique to SRI is
the manually operated weeding that is done in the first few weeks after transplantation, instead
of using chemical weedicides. These different practices serve towards the better management

58



REVIEW OF RESEARCH ISSUES

of soil, rice plants, and water in the framework of rice farming system. As a result of this better
management of the different resources, studies have shown farmers achieving better results in
terms of the crop yield, primarily. SRI is a subject of increasing interest in rice research.
Although, different studies have pointed to an increase in the productivity of rice under SR,
employing the alternate wetting and drying (AWD) method of irrigation, it ensures increased
dry periods in the rice cultivation time. As a result, there is an increased occurrence of weeds,
competitors to the rice plants, under SRI. This is one of the major reasons that leads to an
increased labour requirement in SRI in the form of manually operated weeding, which forms
one of the common critiques of SRI from a socio-economic perspective 181:349.350
Agroecological crop management is also vital to enhance the micronutrient content of the soil
and by extension tackle the problem of micronutrient deficiencies in the human diet 128

However, SRI also provides room for other agroecological practices like intercropping and
mulching to be introduced in rice cultivation. These practices are not possible in true sense
under traditional flooded method. SRI, with wider spacing between the plants and alternating
dry and wet periods without flooding provides an ideal space for an intercrop. Intercropping
also promises to address the common criticism of SRI viz. growth of weeds under dry
conditions and the resulting increased labour in weeding, as is evidenced from intercropping in
other crop systems. Intercropping is also one of the recommendations of the UNFCCC (United
Nations Framework Convention on Climate Change) for the agriculture sector for climate
change mitigation and adaptation. Depending on the type of intercrop used, intercropping can
also fix nitrogen to the soil and also aid in carbon sequestration besides improving the soil water
retention capacity and organic content. Hence, the intercropping of legumes with rice under
SRI can be a good starting point in the direction of the transition of rice farming from the

conventional industrial farming to agroecological farming 2.
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3. MATERIALS AND METHODS

3.1. Research Methodology

The experiments were conducted at two levels—Ilab experiments at greenhouse chamber level
and farmer-participatory experiments at field level. The greenhouse experiments were
conducted in three batches of 5-7 months each in August 2017 -January 2018 (GH2017),
February-June 2018 (GH2018a), and August 2018-February 2019 (GH2018b). The field
experiments were conducted in two batches, one each in the summer of 2017 (FW2017) and in
the summers of 2019 and 2020 (FW2019, FW2020) in Ganderbal and Islamabad (Anantnag)
districts of Indian-adminstered Kashmir (referred to herefore as Kashmir) region respectively.
Furthermore, field studies were done in 2018 to identify the partners for the field work and to

do a feasibility study of the proposed interventions.

3.2. Greenhouse Experiments

Experiments were first conducted at greenhouse level to establish the proof of concept. Once
the proof of concept was established, the innovation was optimized with further experiments.
The optimization took into consideration the timing and spacing of the plants in an
intercropping system. The initial experiments were conducted in pots of 20 cm diameter
whereas the later experiments were conducted in mini-plots of 60 by 50 cm size. Experiments
were first conducted under controlled conditions in a greenhouse chamber. Three sets of
greenhouse experiments, with each lasting 5-7 months. In the initial experiment, rice growth
under System of Rice Intensification (SRI) was compared to the conventional flooded rice
(CFR). In the second experiment, another treatment called System of Rice Intensification with

Beans Intercropping (SRIBI) was introduced.

In the first batch of greenhouse experiments, each treatment was replicated thrice (Figure 20)
while as in the second and third batches 6 and 12 replications respectively were done. The three
treatments compared in the first batch were: (i) rice cultivation conditions corresponding to SRI
(SRI), (i) conditions corresponding to SRI with intercropping of a legume (SRI+I), and (iii)
conditions corresponding to conventional flooded rice (CFR). In the CFR treatments, three
seedlings were planted together compared to single seedlings per pot in (i) and (ii). The CFR
treatment in the greenhouse experiments did not completely follow conventional rice
cultivation in that two of the usual SRI practices were adopted in this treatment: (i) compost

application for plant and soil nutrition, and (ii) wider spacing between plants.
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Figure 20. A photographic representation of the experimental setup for the first (L) and second experiment (R)

The salient features of the three different treatments are presented in tabulated form in the

following table (Table 4).

The third batch of greenhouse experiments was done in mini plots to optimise the intercropping
pattern. The experimental schema for the third experiment is shown in Figure 21. In this

experiment, SRI was compared with SRIBI under different parameters of time and space. The

Table 4. The different experimental parameters in the three treatments of the first batch of experiments

Treatment SRI SRI+I Flooded Rice (FR)
At20d 3
Transplantation | At 7 days, singly | At 7 days, singly seedlings ?g;;ther
Spacing One hill per pot One hill per pot One hill per pot
Fertilizer Compost Compost Compost
A kl A kl
Aeration er.i;lted weesy er.i;lted weewy Not aerated
until 2 months until 2 months
Watering Not flooded Not flooded Flooded
Intercropping No Yes No

three intercropping treatments were as follows:

SRIBI — 19: Intercropped SRI with beans sown between the rice rows at 9 days after

transplantation (DAT)

SRIBI — 135: Intercropped SRI with beans sown between the rice rows at 35 days after

transplantation (DAT)
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iii.  SRIBI — IS: Intercropped SRI with beans sown as a separate row at 9 days after

transplantation (DAT)
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Figure 21. A graphical representation of the intercropping setup in a mini-plot

3.2. Field Experiments

The field experiments were conducted at
two different places in the Kashmir valley
region administered by India (Figure 22).
The Kashmir region holds immense
significance for the water security, and by
extension, food security of both Pakistan
and India. India and Pakistan being riparian
states have a water sharing agreement called
Indus Waters Treaty, which governs the use

=

of the six rivers of the Indus System of Figure 22. Location of the region, Kashmir valley (OpenStreetMap)
Rivers. As per the treaty, for three of the six rivers, the western rivers—the Chenab, the Indus,
the Jhelum—the control of the flow has been given to Pakistan while as the control of the 3
eastern rivers—the Beas, the Ravi, the Sutlej—has been given to India. Interestingly, all the
three western rivers pass through the Kashmir region under Indian administration *°2. The major
part of the rice ecosystem in Kashmir is fed from the waters of the river Jhelum (the Greek
Hydaspes). Rice being the staple food in the Kashmir region and rice farming being a major
source of livelihood in the region in addition to being the largest consumer of irrigation water,
this research assumes significance in socio-economic, ecological, as well as political

dimensions.
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Figure 23. Location of the two experimental sites in the Kashmir valley

The design of field experiments followed the innovation process as detailed by Styger et al.
(2011) in which the first year (2017, this case) involves a test experiment with a single plot to
make the initial assessments about the applicability of SR in the region 3. In the second year
(2018), the feasibility of scale up was examined in cooperation with local partners. In the third
and fourth years (2019-2020), the intervention was scaled up with further innovation

development.

The field experiments followed a Randomized Complete Block Design with four replications
and a plot size of 60 m2 (10 m x 6 m) each. The experiments were carried out in two villages
falling under the Sagam belt of Islamabad region (District Anantnag) in Kashmir, a popular
niche belt of the local heritage aromatic landraces of Kashmir, particularly the Mushkibudij
(Mushk Budji) variety used in the studies. The experimental fields are located at 33°36'31" N,
75°14'59" E and 33°36'54" N, 75°15'2" E, in Jammu and Kashmir (Figure 23). The elevation

of the experimental site is at 1800 m amsl.
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Figure 24. A topographical representation of the two experimental sites, Ganderbal and Kokernag

The first field experiment was carried out in April-September 2017, in Ganderbal, an area to
the north of Srinagar, the capital of Kashmir, in cooperation with the Mool Sustainability
Training and Research Centre. Ganderbal falls in the catchment area of the river Sind in
Kashmir. Although some visible improvements in crop establishment in the initial stages after
transplantation was observed, no significance difference in the yield was observed. The final
round of field experiments were carried out in 2019 and 2020, in cooperation with Human
Welfare Foundation (J&K) with the participation of a farmer’s collective in the Kokernag area
in Islamabad (Anantnag) district, to the south of Srinagar. Kokernag lies in the catchment area

of the river Jhelum in Kashmir (Figure 24).

In these experiments, which together with the greenhouse experiments form the basis of our
conclusions, 10 farmers took part in the studies, with a total experimental land area of 0.5
hectares. In 2019, the date of transplantation was the 19" of June, while as in 2020, it was the
10" of June. In the SRIBI (System of Rice Intensification with Beans Intercropping) treatments,
legumes were introduced at 22 days after transplantation (DAT), which was midway between
the 9 DAT and 35 DAT, the two treatments that were part of the greenhouse scale study.
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3.2.1. Field Experiment Design

The field experiments with intercropping beans with rice under the System of Rice
Intensification (SRI) management system involved the planting pattern as schematised in
Figure 25. Rice was planted and managed following the standard SRI practices as described

below.

Figure 25. A graphical representation of the rice and beans intercropping schema
(CC BY-NC: Tavseef Mairaj Shah, Sumbal Tasawwar)

The standard SRI practices that make it different from the conventional rice cultivation
system are summarised as follows:

- Watering the nursery to keep the soil just moist; no flooding of the field.

- Transplantation of the seedlings at the 2-leaf stage (10-14 day age).

- Transplanting single seedling per hill, with a wider spacing, in a square grid pattern (30 cm
x 30 cm).

- Intermittent water application i.e. alternate wetting and drying of the rice field.
- Application of compost or organic fertilizers, preferably.

- Weeding with a rotary hoe/cono-weeder.
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In case of intercropping, the intercropping seeds (beans) are sown in the inter-crop row space
after the first weeding done under SRI. The rough timeline that can be followed in this regard
is shown in Figure 26.

Seeding Tra nspl- Weeding Sowing ::2:19352:(? Harvesting
Nursery antation Beans T Rice

Dav 1 Day 14 15 DAT 0DAT/ when ready when ready
Y (0 DAT) 15 DAT (90 DAT/100 DAT) (130 DAT)

Figure 26. A rough timeline that can be followed when intercropping rice with beans under the SRl management

3.3. Materials and Conditions
3.3.1. Soil characteristics

The soil used in the greenhouse experiments was sandy clay loam soil (luvisol). The measured
characteristics of the soil were: pH 7.3; EC 53.1 uS/cm; soil organic matter 1.10 %; total N 0.16
% ; total P 0.05%; total K 0.47 %. The soil was put into pots each 25 cm in diameter and 25.5
cm high, with 12 kg of soil in each pot. The soil organic matter content was found to be 11.25

% at the beginning of the GH2018b experiments.

The compost used had the following characteristics: total N 1.1%; total phosphate 0.45%; total
potassium oxide 0.79%. Overall, 2.2 kg of compost was applied to each pot over the first 4
weeks after transplantation. This corresponds to per-pot application of: 24 g N; 9.8 g P; and
17.25 g K. The water applied to each pot was measured and documented.

3.3.2. Greenhouse conditions

The greenhouse conditions in which the experiments were conducted were with a temperature
maximum of 28°C and humidity maximum of 75% (Figure 27). The photoperiod in the

greenhouse was 13 hours.

Temperature of the greenhouse
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Figure 27. Temperature variation in the greenhouse over a sample time period of 50 hours

3.3.3. Seedling preparation

The rice variety used was Oryza sativa ssp. Japonica. The seeds were first allowed to germinate
under warm and moist conditions and subsequently were sown in a tray nursery. The tray soil
characteristics were as follows: pH 5.8; 120 mg/I N; 180 mg/I P; 700 mg/| K; and 95 mg/| Mg.
The seedlings for SRI pots were transplanted at 7 days while as the ones for the flooded rice

treatment were transplanted at 20 days age, which is somewhat earlier than the common rice

cultivation practice of transplanting seedlings at about 5 weeks of age.

In the intercropped SRI pots (SRI+l) pots, bush beans (Phaseolus vulgaris) were directly sown

into the pots after being soaked overnight, 2 seeds per pot, at 9 days after transplantation of

the rice.

3.3.3.1. Germination rate and seed vigor index

The rice seeds were soaked overnight in water and then kept in a warm and moist
environment (covered with layers of jute sacks that were kept moist) in order for them to
germinate. The germination was observed after 60 hours. The seed quality and seedling

growth was expressed in terms of germination rate, and the seed vigor index (SVI) was

calculated using the following formula (Doni et al. 2017).

Seed Vigour Index (SVI) = Germination rate (%) x Seedling length (Shoot length + root length)

Germination rate (%) =56 of 75=75%
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Here, germination rate refers to the percentage of the number of grains that germinated from

the total number of grains that were put in.
Seedling length (@ 8 days) = (19.7+3.5) =23.2 cm

SVI=75x23.2=1740

3.4. Sampling & Analyses

The parameters that were measured or recorded in the greenhouse and field experiments are
listed in Table 5.

Table 5. List of parameters that were measured during the course of experiments

Parameter Greenhouse Field
experiments experiments

Chlorophyll content
Plant nutrient uptake
Soil organic matter
Water use

Number of leaves

Plant height

Number of tillers
Number of panicles
Panicle length

Spikelet number per panicle
Grain weight

Filled grains per panicle
Rice grain yield
Biomass/Straw/Fodder
Weed density

Labour requirement
Economic balance

AN

ANERRSEYANANENENENEN

ANENRNANANENANENENENENAN

3.4.1. Chlorophyll content

The chlorophyll content in leaves was measured at different growth stages—at the seedling
stage and then at different days after transplantation. The method used for measurement was
the same as used by Doni et al. (Doni et al. 2017), using the following formula:

Cchl-a=12.7 A663 - 2.69 A645
Cchl-b =22.9 A645 - 4.68 A663

Where A663 and A645 are the values of absorbance of the solution at wavelengths of 663 nm
and 645 nm, respectively. The solution was prepared by cutting leaves into fine pieces and
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placing 0.1 g of the same into a test-tube to which 20 ml of 80% acetone was added. This
solution was kept in the dark for 48 hours for incubation, and afterwards it was analysed with

a spectrophotometer.

3.4.2. Plant growth characteristics

Nutrient uptake

Nutrient uptake in the plants was measured at the maturity stage (120 days). Rice plants were
washed with water after harvesting and were allowed to dry, covered in paper bags, at 65 °C
for 7 days. A mixture of all plant parts was then ground up to pass through a 1 mm sieve. This
ground mixture was then analysed for NPK content. Nitrogen was measured by the Kjeldahl
method, phosphorus by cuvette test (Hach Lange LCK350), and potassium by reflectometer
method (Merck Reflectoquant RQflex 10 Reflectometer). Nitrogen content was also measured
by a cuvette test (Hach Lange LCK138) and was found to be the same as the value determined

using Kjeldahl method.

Physiological characteristics
The different plant physiological growth characteristics were recorded in mature rice plants (at

120 days). Plant height was measured as the length from the ground to the tip of the longest
leaf. The number of leaves, number of tillers, number of panicles, and spikelets per panicle
were measured by manual counting for each treatment. The plant fresh weight was measured
by removing the plant from the soil, avoiding any significant damage to the roots. The biomass
weight measurement was done after drying the plants at 65°C covered in paper bags for 7 days.
In addition to this, the grain weight was also calculated at the maturity stage. The colour of the

roots in different treatments was also observed.

Statistical analysis. The statistical analysis for ANOVA (Analysis of Variance) for data from
field experiments was done using Statistix 10.0 (Trial version) analytical software (Tallahassee,
FL, USA, https://www statistix.com/). The statistical significance level in ANOVA was set at
p=<0.5.
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4. RESULTS AND DISCUSSIONS

4.1. Field Experiments — SRI (2017)

The first set of field experiments was conducted in May-September 2017. This set of

experiments was meant to establish liaison with the farmers and to find the best way of practice

to be utilized in the later experiments.

Figure 28. (L) A view of the rice seedlings in the dry rice (SRI) nursery. (R) Rice seedlings transplanted singly in SRI pattern.

In this set of experiments farmers were trained with the basic practices of the System of Rice
Intensification (SRI) by demonstration in a trial field. The newly introduced SRI practices
included setting up of a dry rice nursery, transplantation of the seedlings at the two-leaf stage,
transplanting rice seedlings singly with a wider spacing, and the alternate wetting and drying
of the field (Figure 28). Only a single plant growth parameter was recorded at the end of the
experiment, which was the number of tillers that had grown from a single transplanted
seedling. As seen in Figure 25, at 3 weeks after transplantation, the rice seedlings had grown
and tillering had started by this time. At the time of harvest, the average number of tillers was
found to be 14, which was higher than the number of tillers formed with conventional planting

system (Figure 29).

harvesting.
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4.2. Greenhouse Experiments — SRl and SRIBI (2017-2018-2019)

Experiments were conducted on greenhouse scale in four periods of 5-6 months each between
August 2017 and April 2019 but the results of only three experiments were usable as one of
them experiment had to be aborted midway due to crop failure in the greenhouse due to
unconfirmable reasons (Figure 30). The results of the experiments mainly concern water use,
nutrient uptake, chlorophyll content and different plant growth characteristics, which are

summarised under the following headings.

Figure 30. A photographic representation of the second batch of greenhouse experiments (GH2018a)
4.2.1 Water use

The quantity of water used in SRI and SRI+I was considerably less than that used in FR. In
GH2017 the water saving with SRI and SRI+I was 27%, a significant saving in a water-
constrained world (Figure 31). In 2018a, the water savings in case of SRI and SRIBI was
observed to be 39% when compared to the water needed for the CFR treatment. The fact that
in case of larger pots (2018a), the water savings was higher possibly hints at a higher water
saving potential with SRI with larger plots. It was further observed that in the flowering stage,
when the rice crop needs water, the soil in the SRI and SRI+I pots soaked up water easily,
whereas in the flooded rice (FR) pots, the soil did not absorb water easily and the water
remained standing on the surface for. This indicates that the soil is more porous under SRI
management, probably indicating further greater presence and activity of the soil biota, with a
higher water retention capacity. This also hints at the possibility that in case of flooding due to

incessant rains, the SRI soil will hold more water and hence can prevent flooding or at least
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diminish it to a certain extent. These findings are in resonance with the findings of previous

findings on water savings with SR 27:28:354-3%

45 -

W GH2017 mGH2018a

40 A 39

35 ~
27
25 ~
20 A
15 A

10 A

Water savings (%)

Figure 31. Average water savings in SRl as compared to plants under conventional flooded treatment

4.2.2. Nutrient uptake in the plants

In this study, the general effect on nutrient uptake found was that intercropping had a positive
effect on the nutrient uptake in the rice plants cultivated with SRI methods.

Nitrogen
The nitrogen content in the mature leaves was found to be higher in SRI+1 plants, indicating a

higher nitrogen uptake. The nitrogen content was found to be 0.69% in SRI+I leaves, 0.64% in
SRl leaves, and 0.58% in FR leaves (Figure 32). This can be attributed to the effects of nitrogen-
fixing legumes intercropped with the rice on the soil, which include increased mycorrhiza
formation and colonization **’. A higher N-uptake is a sign of better growth of plants and a
higher yield potential. The higher nitrogen uptake, and nutrient uptake in general, in case of
SRI has also been attributed to the greater biomass and vigour of roots under SRI management
38359 The differences in nitrogen uptake were consistent across all replications of the three
treatments and significant (P < 0.05). Among the different intercropping treatments, the highest

nitrogen uptake was recorded in the strip intercropping treatment (IS) (Figure 33).
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Figure 32. Nutrient uptake in flooded rice, SRI, and SRI with intercropping in the first experiment (2017 GH)
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Figure 33. Nutrient uptake in SRI and different configurations of SRI with intercropping in the third experiment (2018b GH);

19: intercropping at 9 DAT; I135: intercropping at 35 DAT; IS: intercropping as strip cropping at 9 DAT

Potassium
The potassium content in SRI+I rice plants was also recorded to be higher than in the SRI plants,

indicating a higher phosphorus uptake in the rice intercropped with beans, although not higher
than with FR treatment. The potassium content was found to be 2.75% in SRI+I leaves, 2.43%
in SRI leaves, and 2.80% in FR leaves (Figure 34). In this case as well, the trend was similar
across the three replications, with SRI+1 recording higher phosphorus-uptake than unmodified
SRI (p < 0.05) although there was no significant difference from FR practice. The slightly
higher uptake of potassium in flooded rice observed in this study follows the trend observed by
Beyrouty et al. (1994), who also observed that potassium uptake did not limit growth when
compared between flooded and intermittent irrigation . Among the different intercropping
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treatments, the highest potassium uptake was recorded in the intercropping at 9 DAT treatment
(19) (Figure 35).
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Figure 34. Nutrient uptake in flooded rice, SRI, and SRI with intercropping in the first experiment (2017 GH)
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Figure 35. Nutrient uptake in SRI and different configurations of SRI with intercropping in the third experiment (2018b GH);

19: intercropping at 9 DAT; 135: intercropping at 35 DAT; IS: intercropping as strip cropping at 9 DAT
Phosphorus

The phosphorus uptake in SRI+1 was also higher than with the other two treatments, seen from
the significantly higher phosphorus concentration in mature leaves. The phosphorus content
was found to be 0.33% in SRI+I leaves, 0.25% in SRI leaves, and 0.22% in FR leaves (Figure
36). The phosphorus uptake was significantly higher in SRI+I treatment than in the other two
treatments (P < 0.05). The higher uptake of Phosphorous in SRI and SRI+I can be attributed to
vigorous and early root establishment as pointed out by Jogi et al. 1. Phosphorous acquisition
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has been described as a limiting factor in plant growth and phosphorous is an important
micronutrient for plants 6234 Among the different intercropping treatments, the highest
nitrogen uptake was recorded in the intercropping at 9 DAT treatment (IS) (Figure 37).
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Figure 36. Nutrient uptake in flooded rice, SRI, and SRI with intercropping in the first experiment (2017 GH)

12 -

1 .
_ 0319 089 o882
S
08 -
© mI9
S
3 0.6 A m 135
o
o IS
S
g 0.4 - SR
<
a

0.2 -
0 _

Different treatments

Figure 37. Nutrient uptake in SRI and different configurations of SRI with intercropping in the third experiment (2018b GH);

19: intercropping at 9 DAT; I135: intercropping at 35 DAT; IS: intercropping as strip cropping at 9 DAT

The individual values of nitrogen, phosphorus and potassium uptake in the case of SRI+I were
significantly higher than in SRI (P < 0.05). The contribution of legume intercropping to the
NPK nutrient uptake in upland rice plants can be attributed to the nodule-forming ability of the

legume plants as well as to vesicular-arbuscular mycorrhizae 3%, It has been reported that in
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cereal and legume intercropping, mycorrhizae formation is increased, leading to improved

nodulation and hence to increased acquisition of N and P %',

Soil Organic Matter
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Figure 38. A comparison of the final organic matter in soil in SRI and intercropping pots (GH 2018b)

The soil organic matter content was also measured at the end of experiments in GH 2018b
batch. The organic content was found to be slightly higher in case of intercropped SRI than in
SRI, as shown in Figure 38. Any improvements in the organic content of soil can lead to

improvement in different plant growth supporting characteristics of the soil 36667,

4.2.3. Chlorophyll content

The content of both chlorophyll-a and chlorophyll-b was considerably higher in SRI+1 leaves
than in the leaves of either SRI or FR. The measured chlorophyll-a and chlorophyll-b contents
were 12.85 and 3.87 pg/g; 9.15 and 2.83 pg/g; 9.34 and 3.03 pg/g for SRI+1, SRI and FR
treatments, respectively (Figure 39 and Figure 40).
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Figure 39. A comparison of the chlorophyll content (a and b) in the leaves in the first experiment (GH 2017)
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Figure 40. A comparison of the chlorophyll content (a and b) in the leaves in the third experiment, featuring different

intercropping configurations (2018b)

It can be seen from the data that intercropping had a strong positive impact on the chlorophyll

content of the rice plant leaves under SRI. The observed data suggests that SRI and

intercropping improve the chlorophyll content of the leaves. Chlorophyll content in crops has

been suggested to be linked to increase biomass production and grain yield in the crops 368

Based on these numbers, it can be expected that intercropping leads to an improved

performance of the rice crop.
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4.2.4. Plant physical characteristics

All of the following parameters were measured at 120 days after transplantation. Generally, the
plant growth characteristics were found to be better for all SRI configurations as compared to
flooded rice. In case of SRI intercropped with legumes, the plant growth parameters were found
to be better than normal SRI. These findings are in line with other comparative studies on SRI
and flooded rice reporting better growth parameters in rice under SRI management 3¢°30, These
improvements indicate that an alternative to the current input-intensive, agrochemicals-driven,
and market-dependent farming system under the auspices of agroecological farming is possible,
which has the potential to improve the current food system.

Number of leaves

The number of leaves was found to be the highest in case of SRI+1 with an mean of 58 followed
by SRI at 41 and FR at 39.

Plant height

The plant height was measured as the length of the tallest leaf observed. SRI plants recorded
the maximum height with 103 cm, with SRI+I and FR at 92.5 and 94.5 cm, respectively in
GH2017. The average height observed in the rice plants for the four different treatments
followed an increasing trend in the order: IS < 19 < SRI < I135. The four treatments recorded
average values of height as 87.67, 91.33, 94.00, and 96.33 in that order, in GH2018. The highest
plant height observed for each treatment is shown in Figure 42.
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Figure 41. Highest plant height observed in the different intercropping treatments compared to SRI (GH2018b)
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Number of tillers

Table 6. A comparison of the number of tillers in flooded rice, SRI, and intercropped SRI at three different stages of growth in
the GH2017 batch

Age SRI+I SRI FR
(DAT)

28 5-8 2-3 -
65 8 5 6
120 22 12 10

Tiller number set the SRI+I treatment distinctly apart from the other two treatments. The
number of tillers per pot at the time of harvest was 22 in SRI+I, while as it was 12 and 10 for
SRI and FR, respectively (Figure 43-44). The higher number of tillers per plant in SRI+1 was
visible in the early stages of the plants themselves. At 28 days after transplantation (DAT), the
number of tillers in SRI+1 was 5-8 across the three replications, while as it was 2-3 in the case
of simple SRI. At the age of 65 days after transplanting, SRI+1 had 8 tillers while as SRI had 5
tillers. At around the same age, the FR plants had 6-10 tillers per pot (Table 6).
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Figure 42. Graphical representation of the number of tillers in flooded rice, SRI, and intercropping treatments
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Figure 43. Highest number of tillers observed in the three treatments in the first experiment (GH2017)

In terms of the different time-based intercropping configurations, 1-35 (intercrop sown at 35
DAT) was observed to have more number of tillers than 1-9 (intercrop sown at 9 DAT). The
number of tillers in 1-9 were not very different from that in SRI, as can be seen in Figures 45
and 46. This could also hint at the possibility that intercropping at 9 DAT was too early to show

any improvements in the plant growth characteristics.
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Figure 44. Number of tillers in SRI and two different intercropping treatments (GH2018a)
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Figure 45. Highest number of tillers observed in SRI and two different intercropping treatments (GH2018a)

In terms of space-based differences in the different intercropping configurations, a higher
number of tillers was observed in strip cropping (IS) as compared to 1-9 and 1-35 (Figure 47-
48). Although strip intercropping (1S) showed a higher number of tillers compared to the other
two intercropping configurations (19 and 135), it was not the better one in terms of yield. This
was because panicle initiation was observed the latest in the IS configuration. Hence it was 19

and 135 that were marked as the potential configurations for field experiments.
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Figure 46. Number of tillers observed in different intercropping configurations in GH2018b at different stages of growth
(GH2018b)
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Figure 47. Highest number of tillers observed in the different intercropping configurations compared to that of SR/

(GH2018b)

It can be inferred from the number of tillers at different stages that the SRI+I treatment led to a
higher number of tillers in the vegetative phase, which is important for the productivity of the
plant. However it was also seen that the number of tillers kept on increasing well into the
reproductive phase in some replications of the SRI+I treatment. As a result, SRI+I plants took
more time to mature compared to the other two treatments. This effect was however not
observed in the field experiments, where in some cases plants under intercropping matured

faster. However, the effect of this later tillering on the yield parameters is discussed below.
Panicle characteristics

The number of panicles per pot was also distinctively higher with SRI+I than with the other
two treatments, i.e., 20, compared to 11 and 9 for SRI and FR, respectively. The number of
grains per ripe panicle was 143, 103, and 118 for SRI, SRI+I, and FR, respectively. The panicle
length was 22 cm, 14 cm, and 19 cm for SRI, SRI+I, and FR, respectively, which shows a
positive correlation with the number of grains per panicle. The spikelets per panicle were lesser
in the case of SRI+I than for both of the other treatments. For SRI, it was 120, while as for

SRI+1 and FR it was 60 and 80, respectively.
Maturity percentage

As a result of the above mentioned phenomenon, the average percentage of ripened panicles at
the time of harvest (120 days after transplantation) in the case of SRI+1 was very low, 30%,

while as it comparatively higher for SRI, 40%. The percentage maturity of panicles was highest
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in case of the FR treatment, around 70%. However, since the total number of panicles was
higher for SRI+I and SRI treatments, the number of ripened panicles was the same for CFR and
SR+I treatments, 6, while as it was 5 for SRI. The lower maturity of panicles, or lower filled
spikelet percentage in rice has been attributed to a higher availability (input) of nitrogen371. In
the field experiments, however, the ripening was not delayed and SRI+I had better yield

characteristics.

Yield

The yield of SRI+I in these trials was the same as for SRI and considerably less than for FR.
The total ripened grain weight per pot was 12 g, 11 g, and 22 g per pot for SRI+I, SRI, and FR,
respectively. The mean individual grain weight for the three treatments was, however, in the

same range: 23.6 mg, 24.1 mg, and 25 mg for SRI, SRI+I, and CFR, respectively.
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Figure 48. Beans intércfopped Wth rice und

significantly higher number of tillers and
panicles. If the SRI+1 pots had been harvested at maturity and their yield weighed then, their

production would have been considerably more.

The 1000-grain weight was in the range of 20-24 g for all three treatments. However, in the
case of SRI+I, there is also the 2 g of beans per pot (2 pods per plant) that were harvested, with

a pod fresh weight of 6 g to be considered (Figure 49).

Plant biomass weight

There was no difference observed in shoot biomass per pot, which was 31 g, 30 g, and 30 g for
SRI, SRI+I, and FR, respectively. The root biomass was 7 g, 5 g, and 5.5 g for SRI, SRI+I, and
FR, respectively. It was observed that roots in case of SRI and SRI+I were vigorous and better
distributed radially, whereas the roots in the FR treatment were feeble and localized axially at
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the time of harvest. The root colour was observed to be mostly dark brown to black for the FR
plants, and light brown to white for the SRI and SRI+I plants, which is indicative of better
health of roots for the latter (Figure 50). The health of the root system is indicative of the growth
potential of the crop 371372,

Figure 49. A comparison of the root system for SRI, SRI+I, and Flooded Rice plants (L-R)

Spikelets and panicles

The average panicle length was observed to be the generally higher in case of intercropping
treatments. The average panicle length observed was 14.67, 15.83, 12.00, and 14.50 cm for 19,
135, IS, and SRI respectively. The highest panicle length recorded was observed in the case of
135, which was 20 cm (Figure 51).
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Figure 50. Panicle length maximum in the different intercropping treatments compared to SRl (GH2018b)
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Yield

The average number of spikelets per panicle followed a trend similar to the panicle length, with
19, 135, IS, and SRI recording 122.64, 109.36, 80.00, and 96.00 respectively (Figure 52).
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Figure 51. Spikelet Number per Panicle (GH2018b)

The average 1000 grain weight was found to follow a similar trend, with two of the
intercropping treatments recording a higher average than SRI. The observed values were 18.67,
25.00, 20.33, and 20.50 grams per 1000 grains for 19, 135, IS, and SRI respectively. 135 and 1S
both recorded a high of 27 grams respectively (Figure 53).
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Figure 52. The yield parameter of 1000 grain weight for the different treatments (GH2018b)
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In conclusion, it was the treatment 135 that was found to be the best in terms of different plant
growth characteristics. However, the 19 treatment was observed to be better than 135 in certain

characteristics e.g. the spikelet number per panicle (SNPP).

4.3. Field Studies (2018)

Field studies were conducted in the summer of 2018 to identify feasible areas and partners to
scale up the experiments conducted in the previous year (Figure 54). In this regard field trips
were conducted to examine the current condition of rice farming in the region and to assess the
challenges faced by the farmers with respect to rice cultivation. In Kashmir, generally the water
availability for crop cultivation has been dwindling over the years. This has made rice farming
more difficult and laborious in the recent past, leading to some farmers giving up rice cultivation

for good.

Figure 53. Rice fields being prepared for transplantation under flooded conditions (April-May 2018)

In 2018, on March 26, the Irrigation and Flood Control department in Kashmir issued an
advisory asking farmers not to grow rice that year due to low availability of water 3337, This
was a result of low precipitation in the late winter that year (Figure 55). However, in order to
inform the farming fraternity about alternative ways of cultivating rice, | wrote an article for
the most widely circulated English newspaper in Kashmir detailing the System of Rice
Intensification 376, This also set into motion discussions around SRI in the agricultural circles
in Kashmir leading to the local agricultural university (SKUAST-K) promoting SRI as an
alternative in water scarce conditions *’. Even though the availability of irrigation water was
scarce, farmers still reported good yields, dispelling the fears that rice cannot grow under water

scarce conditions 378,
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Figure 54. Dried up rice fields due to non-availability of irrigation water (June-July 2018)

With respect to general farming practices, it was observed during the field studies that
intercropping of legumes is already widely in practice in crops such as maize and wheat, which
are grown in dry conditions (Figure 56).

Figure 55. Intercropping of beans with maize.
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4.4, Field Experiments — SRIBI (2019-2020)
The results of the field experiments in 2019 and 2020 strongly evidenced the proof of concept

established from the results of the preceding greenhouse experiments of the previous years.
Most of the physical growth characteristics of the rice plants measured during the study showed
marked improvements in the rice plots under SRI with beans intercropping (SRIBI) regime
compared to plots under simple SRI. Although the flooded rice plots (CFR) were transplanted
2 weeks before the SRI and SRIBI, the parameters for SRIBI were still found to be better when
compared at 110 days after transplantation (DAT). In case of SRI and SRIBI, weeds were
allowed to be grown after the first weeding for comparison, as a result of which some
parameters for SRI were expected to be weaker than CFR. The SRI treatment in the current

study is also referred to as SRI-w (weedy control) interchangeably.

4.4.1. Plant physical characteristics

The effect of intercropping on the different rice plant growth characteristics observed in the
field experiments is summarised in the following sections, visualised in the form of bar graphs.
In general, an improvement in the plant growth characteristics was observed in case of SRI with
Beans Intercropping (SRIBI) as compared to simple SRI. The overarching reason behind the
improved growth parameters under intercropping can be attributed to the enhancement of
nitrogen availability to the rice plants due to intercropping as nitrogen content is an important

indicator of growth in crop plants 37362379380 (Figyre 57).
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Figure 56. A theoretical representation of enhanced nitrogen availability to the rice plants under intercropping regime
(CC: Ralf Otterpohl)
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Height

In the 2019 experiments, the maximum height observed for CFR, SRI, and SRIBI was 136cm,
125 cm, and 148 cm respectively (Figure 58). While as the mean height observed for CFR, SR,
and SRIBI was 125 cm, 119 cm, and 123 cm respectively. The increase in height in case of
SRIBI in comparison to SRI was found to be statistically significant (p <0.05; p=0.05). In 2020,
the advantage of SRIBI over SRI and CFR was again evidenced with the highest recorded
height values for the three treatments being 101 cm, 104 cm, and 109 cm respectively.

150 ~ 148 115 4

®WCFR mSRI ®SRIBI W CFR mSRI-w m SRIBI

145 4

[N =

w H

% o

1 1
= =
o =
(9] o
1 1

Maximum height observed (cm)
&
o

Maximum height observed (cm)
S
o
1

125 -
95 -
120 -
90 -
115 -
110 - 85 -
Different treatments Different treatments

Figure 57. A comparison of maximum plant height achieved in CFR, SRI and SRIBI regimes (Left: 2019; Right: 2020)

When compared for two different legumes intercropped with rice under SRI, intercropping with
Mong — mung beans (SRIBI-M) was found to show better plant growth than intercropping with
Razma — kidney beans (SRIBI-R). The maximum height observed for SRI, SRIBI-R, and
SRIBI-M was 124cm, 131 cm, and 139 cm respectively (Figure 59). While as the mean height
observed for SRI, SRIBI-R, and SRIBI-M was 116 cm, 122 cm, and 126 cm respectively.
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Figure 58. A comparison of maximum height in SRl and two SRIBI regimes with different legumes

Number of tillers

The effect of the SRI method on the tillering 38138 was clearly visible in the studies. On an
average, the SRI-based plots, including SRIBI, showed three times the number of tillers as
compared to the conventional flooded rice (CFR). The average number of tillers in SRIBI and
CFR was observed to be 26.33 and 9.50 respectively, while as the highest number of tillers
observed was 39 and 14 respectively, in 2019 (Fig. 56). The difference in the number of tiller
was found to be statistically significant (p < 0.05; p=0.0001). In 2020, the average number was
34, 30, and 12 for SRIBI, SRI, and CFR respectively (Figure 60).
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Figure 59. A comparison of the number of tillers under CFR and SRI-based regimes (Left: 2019; Right: 2020)
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4.4.2.Yield characteristics

Panicles length

The panicle length has a minor correlation with the yield of the rice crop (Ramakrishnan et al.,
2006; Bhutta et al., 2019), which could give an idea about the yield potential of a particular
crop management system. In 2019, the mean panicle length from the sample size was 24 cm,
22 cm, and 22 cm for CFR, SRI, and SRIBI respectively. The difference among the three
treatments was found to be statistically insignificant (p > 0.05; p=0.065). However, in 2020, the
panicles of the SRIBI treatment were markedly longer than of SRI-w and CFR (Figure 61).
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Figure 60. A comparison of average panicle length in CFR, SRI, and SRIBI (Left: 2019, Right: 2020)
Yield

Spikelet number per panicle (SNPP) is one of the most important yield components
used to estimate rice yields (Zhao et al. 2015), and is linked with the number of grains. And,
grains per panicle shows a significant positive correlation with yield 34 and with a higher
number of spikelets per panicle, higher number of grains per panicle is expected. Given that the
spikelet number per panicle was significantly higher (p < 0.05; p=0.0001) in case of SRIBI as
compared to CFR and SRI, it can be deduced that the grain yield of rice can improve under

intercropping regime (Figure 62).
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Figure 61. A comparison of spikelets per panicle in CFR, SRI, and SRIBI (Left: 2019; Right: 2020)
Grain weight

The 1000 grain weight was similar for SRI and SRIBI to a large extent, showing that
intercropping did not affect quality of the grain in rice (Figure 63). Additionally, for the SRIBI
system, for every 1000 g of rice, an average of 25 grams of beans was also harvested. This
shows that intercropping with rice under SRI can further improve the socioeconomic conditions
of farmers as also evidenced by the SRI methodology.
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Figure 62. A comparison of 1000 grain weight in SRl and SRIBI
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In terms of total yield, on average, a 20-30% increase in rice yield was noted in the trials across
2019 and 2020. The average yield in the area is between 2.5 — 3.5 t/ha while as with SRIBI, the
yield reported was between 3.7 — 4.6 t/ha (Figure 64).
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Figure 63. Yield observed in the different treatments (Left: 2019; Right: 2020)

Filled grains per panicle

The number of filled grains per panicle was counted for the three treatments and intercropping

was found to have a positive effect on this parameter, as can be seen in Figure 65.
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Figure 64. Grains per panicle observed in the different treatments (2020)
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Fodder units

Rice husk is used either as home-made fodder for domestic animals or as a filling material
during the packing of horticultural products like apples, hence has a significant economic value
for the farmers in the region. In 2019, the number of fodder units per kanal (1 hectare = 20
kanal) in CFR was found to be 90, while as in case of SRI with intercropping, it was found to
be 140. While as in 2020, the number of fodder units per kanal under intercropping SRI was
found to be 160 (Figure 66). This can be attributed due to the higher number of tillers in case
of SRI management practices.
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Figure 65. Number of fodder units observed in the different treatments (Left: 2019; Right: 2020)

4.4.3. Effect of intercropping on weed density

The comparison of weed density was done only between SRI and SRIBI because in case of
CFR, herbicides are used conventionally to kill the weeds. In SRI and SRIBI test plots, after
the first weeding weeds were allowed to grow in order to make the comparison. In SRIBI,
although only about 30% of the beans grew into plants, the effect of the intercrop on the weed
incidence and growth was statistically significant (p < 0.05; p=0.0048) (Figure 67). The weed
density was 77% lesser in 2019 and 59 lesser in 2020 intercropping treatments compared to the
SRI (weedy control). The lesser incidence of weeds in intercropped systems has been well
documented in other crop systems before. Kermah et al. (2017) reported a reduced weed density
in maize-grain cropping system, while as Liebman and Dyck (1993) and Trenbath (1993) have
remarked that weeds and disease may be better suppressed in case of intercropping systems as

compared to sole cropping system 38-38 The findings of this study are also in consonance with
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the findings of Singh et al. (2007), where it was reported that intercropping with sesbania

decreased weed density in case of dry seeded rice °.
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Figure 66. Weed density comparison between SRI and SRIBI (Left: 2019; Right: 2020)

Since the incidence of weeds and the labour needed to control them form the two main
criticisms of the SRI methodology, it can be deduced from the results of this study that

intercropping can be a vital addition to the SRI method.

The following photographs are a visual representation from the experimental plots, showing the
difference in the incidence of weeds under SRIBI (Figure 68) and SRI (Figure 69). The average
number of weeds per m? in case of SRIBI and SRI was 56 and 196 respectively, in 2019 (Figure
67) (p <0.05; p=0.0048). In 2020, the average number of weeds in SRIBI was recorded as 87
per square metre while as for SRI, it was 213 (Figure 67). Among the sampled sites, SRIBI
recorded a highest incidence of 56 per plant square and a lowest of 22 per plant square. On the
other hand, SRI recorded a highest incidence of 200 per plant square and a lowest of 133 per
plant square. A plant square is the square area of land between four rice plants forming the four
corners of a square. It can be seen that on an average intercropping legumes reduced the weed
population by around 60-70%. Farooq et al. (2017) also studied the suppressing of weed growth
using sorghum as intercropped mulch and reported a reduction of weed population by up to
77% 3%,
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Figure 68. Weed incidence in a SRI plant square
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4.5. Farmer reflections on the field experiments

The economic balance of the new rice farming system, Rice iCrop, with beans as the intercrop,
as seen from the field experiments, is presented in Table 7. The increase in the net earnings of
farmers was observed to be 57%. This was accompanied by an increase of 41% in the input
costs with a corresponding increase of 51% in the output benefits. The cost of compost
constituted 63% of the input costs and this points to the potential of decreasing the inputs costs
even further through local production of compost. In this case, the net earnings would be more

than double compared to the conventional rice farming system.

Table 7. Economic balance sheet of the innovations implemented during the course of research

Input Quantity Cost Output Quantity Benefit  Earnings  Increase
(per ha) (INR) (per ha) (INR) (INR) (%)

CFR Seeds 400 kg 6000 Rice 5600 kg 84000

Manure 0.33 trolley = 20000 Fodder 1800 units 72000

(Rice Straw)

Fertilizer 300 kg 6666

Pesticides n.d. 4000

Labour for | 80 work 5000

weeding hours

Labour for | 200 work 12500

irrigation hours

Total cost 54,166 Total benefit 156,000 101,834
SRIBI  Seeds 40 kg 600 Rice 7200 kg 108000

Manure 0.33 trolley = 20000 Fodder 3200 units 128000

(Rice Straw)

Compost 6000 kg 48000

Intercrop 2 kg 400

Seeds

Labour for | 10 work 660

weeding hours

Labour for | 100 work 6260

watering hours

Total cost 75,920 Total benefit 236,000 160,080 57,20

The practices and the results of the agroecological practices of the System of Rice
Intensification and intercropping on one hand appealed to the farming sense of the local
farmers, evoking in them old ecological memories associated with farming and on the other
hand, sometimes, left them surprised with the results. The response of the farmers to the

interventions indicated that farmers are not just fence-sitters when it comes to innovations in
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the food system. They are the most relevant parties when it comes to the implementation of new
strategies. They ask questions, they understand the philosophy behind new interventions, and
only then do they put all their heart and soul in the implementation.

The practice of alternate wetting and drying of the rice field under SRI evoked memories of a
farming practice in a participating farmer that he had witnessed in a neighbouring village, where
a farmer used to dry his rice field before watering it again. Our farmer reported that despite
facing ridicule from his fellow farmers for ‘not taking care’ of his rice plot, that farmer had got
a rice harvest that ‘had never been seen before’, with 30 panicles per plant. This indicates that
the farmers are privy to the workings of agroecological interventions that we as scientists
consider as new. The only thing new in such projects is the initiative and incentive that farmers
are provided with in order to encourage them to take up these practices. For researchers it may
just be another study, but for the farmers on ground it is their food and livelihood.

The concept of compost or mulch wasn’t a new, never heard of before, concept either for the
farmers. It was another practice that the farmers already knew of, even knowing the local name
for compost (Boujar). When we talked about intercropping and mulching with the farmers, the
farmers showed an understanding of the concept of nitrogen fixation by the legumes in aid of
the rice plants by likening it to composting. This again highlights the importance of traditional
ecological knowledge that is present in the sociological subconscious in the farming
communities, waiting to be initiativised, in order for it to again benefit the farmers as well the
ecology. Once, while introducing the subject of SRI to an elderly couple working their rice
field, the old woman farmer asked; “yes, that is fine, but what is the philosophy behind these
practices?.” This led to an explanation of the different SRI practices from the project team
which ultimately satisfied the farmer to adopt it in her field. That even the unlettered farmers
have the capacity to ask questions of the practices being introduced speaks of the responsibility
of the researchers and scientists on ground to effectively communicate the right things to the

farmers.

The visible plant growth characteristics of rice plants that differed between flooded rice, SRI,
and intercropped SRI were duly observed by the farmers who made it a point to visit each
other’s farmers to check on and learn from each other. That a single transplanted seedling could

produce up to 50 tillers was something impressive and unseen of among the farmers.
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Figure 69. One of the farmer's grandson observing the difference between SRI and SRIBI

A few observations made by the farmers without any specific inquiry from the project team
were about the resilience of the crop against disease and extreme weather. The aromatic rice
variant (Mushkbudij), a local geographical indicator (GI), grown in the experiments is prone to
rice blast, having led to up to 80% vyield losses in the past. The disease is normally controlled
by the application of insecticides on the panicles at the ripening stage, thus increasing the
chance of their residues entering the human food chain. The farmers observed that the
occurrence of the disease was generally low in that season but in the SRI plots, this disease did
not even appear. Another observation was the effect of rainstorm on the standing crop, with

plants in normal crop partly forced to lie down while as the SRI plants stood tall.

It was also found that the agroecological interventions undertaken evoked the entrepreneurial
spirit in some of the farmers during the course of the studies. Before delving on this further, it
would be pertinent to mention that nowadays farming has been relegated to a sort of subsistence
activity or in the worst case, a liability—an activity that has to be done without any realistic
expectation of monetary benefits. A common refrain among the farmers is “we spend more on
labour and chemical inputs than the benefits we get in terms of yield”. In this regard, the queries
of the farmers if they could produce their own compost and set up a composting unit in their
locality was indicative of their rejuvenated interest in making the best out of available resources
(‘waste’, included). This domino effect of one innovation leading to another is evidential of the

applicability and the acceptability of continuous sustainable innovation in rural development.
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It also serves to highlight the role, and the importance thereof, of food growers in the direction

of achieving the Sustainable Development Goals (SDGs) mandated by the UN.

These experiences led some of the farmers to the decision of continuing with the practices in
the next seasons, hence signalling a certain degree of success of the interventions. Also more
farmers that were not part of the study asked to be contacted in the coming seasons and were
willing to participate in future studies. This hints on one hand at the potential for organic growth
of innovative and sustainable farming communities while on the other hand it points to a certain
degree of resentment for the status-quo in the cropping systems. From these field reflections, it
can be concluded that with the right approach, the ground for sustainable innovations in rural
development does not just exist but is a fertile land ready for cultivation of new, synergistic

systems.

4.6. A decision support model for farmers based on field experiences

In addition to the results summarised in the preceding sections, the experiments are lent
valuable experiences to the farmers and the project team, which can guide other farmers in
future with respect to the implementation of SRI and intercropping practices in their rice fields.
Some of these lessons that can help the farmers make the right decision at the right time are

summarised in the following sections.
Start early

Facilitators and farmers should get into touch early, well before the rice cultivation season takes
off, in order to sort out all the modalities. It should be clear which plots belonging to the farmers
shall be used for experiments and the logistical arrangements should be made accordingly. This
includes the preparation of nursery, preferably, next to the main field. Since rice seedlings are
transplanted young under SRI, it must be made sure that the rice field has been irrigated and
the soil is wet by the time seedlings are ready to be transplanted. The rice field should be
irrigated a couple of days before the scheduled transplantation, the exact number of days
depending on the type of soil in the field. If the field is quick drying then watering it overnight
before the day of transplantation could also work. However, if the field is slow drying, then it
may be necessary to water it a day or two before transplantation. This needs to be taken care to

avoid any problems on the day of transplantation.
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One step at a time

It is recommended to introduce the innovations step by step in a farmers group. In the context
of the innovation under discussion, it is recommended to introduce the SRI methodology of
growing rice first and then proceed with intercropping in SRI in the next season onwards, after
the results of first interventions are there for the farmers and everyone else to see. It is important
for the facilitators to build trust with the community and only with trust can new practices be
successfully introduced and implemented. In this regard, it is important that farmers' queries
and concerns are taken care of on priority. If scientists are on the frontline of advancing
innovation through research and study, it is the farmers that are at the frontline of
implementation and adaptation. Without implementation, an innovation cannot just bring about

a change!

Figure 70. An elderly farmers examines his rice harvest

The intercropping care

Since it is recommended to sow the intercropping plant seeds after the first weeding, it is not
recommended to dry the field before the first weeding. One can even keep a thin layer of water
standing in the field till the first weeding, the exact level of water depending on the type of soil,
as explained in the previous section. If the field is allowed to dry before the first weeding, it
becomes difficult, almost impossible to do the weeding with the rotary hoe or a conoweeder. It
is recommended to sow two seeds at one place between the rice crop rows to reduce the chances
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of the failure of the intercropping crop by half. Once the seeds have been sown, it is
recommended not to flood the field with water so as to provide an aerobic environment for both
the crops. An alternate wetting and drying of the field is recommended. Between transplantation
of rice and sowing of intercropping plant (legume) seeds a gap of at least two weeks is

recommended.
Reflections and lessons learnt

It is important to record the reflections of farmers during the course of experiments. Farmers
have an eye for specific features of crops that may sometimes go unnoticed to the eyes of the
facilitators. Hence it is important to have your eyes and ears open during the course of these

experimental studies. These can be the basis for important lessons that can shape future studies.
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5. CONCLUSIONS

This study makes the case for agroecological innovations in the current rice farming system to
address the challenges of food and nutritional security, water scarcity, and soil degradation. In
the review part of this study, the theoretical base for this case is made, using previous studies
as reference. The vital interrelationships between such innovations and rural development and
the Sustainable Development Goals (SDGs) were also established in this part. This is followed
by a compilation of the results from the experimental studies that were conducted. Experiments
were conducted first at greenhouse chamber level to establish the proof of concept for the
relevance of the innovation of intercropping with rice under the System of Rice Intensification
(SRI). This was followed by farmer-participative experiments at the field level to test for the
scalability of the innovations and to test if intercropping brings the same benefits to rice farming

system which it reportedly brings into other cropping systems.
The follow points highlight the main conclusions of this research:

1. Agroecological interventions like the System of Rice Intensification (SRI) and
intercropping improve the environmental and economic productivity of rice farming.

2. The SRI has room for innovations which can make it an even better sustainable rice
farming alternative.

3. Growing rice under the System of Rice Intensification with Beans Intercropping
(SRIBI) improves its different plant growth characteristics and yield.

4. Intercropping (SRIBI) drastically reduces the weed infestation in rice plots grown under

SRI regimen.

In the first batch of greenhouse level experiments, it was observed that intercropping resulted
in an increase in different plant growth characteristics like plant height and tiller number. It was
also observed that rice plants in the intercropping system, System of Rice Intensification with
Beans Intercropping (SRIBI) showed higher nutrient uptake, especially nitrogen uptake, and
showed a higher chlorophyll content in the leaves as compared to conventional flooded rice
(CFR) cultivation as well as the normal SRI. The savings in water consumption and soil water
retention in these experiments was also recorded. Further experiments were conducted to find
the optimum time and spacing of the intercropped species with respect to the main crop. These

aimed at a comparison of SRI and SRI with different configurations of intercropping. The
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results from the greenhouse experiments were used as the base to design experiments on the

field scale.

In the field experiments, the focus of observation was the plant physical characteristics and the
yield, to find out if intercropping would affect these characteristics of rice in comparison to
SRI. The effect of intercropping on the incidence of weeds was also studied, as weeds are
widely considered as a drawback of the SRI method and an increase in the labour requirements
under SRI is also attributed to weeds. It was observed that intercropping led to an improvement
in the physical growth characteristics of the plants in comparison to both SRI and CFR, despite
only about 30% of the beans sown growing into plants. These included improvements in plant
height and the spikelet number per panicle (SNPP), which increased by up to 20% and 50 %
respectively in SRIBI compared to SRI. The tiller number in SRIBI was multiple times (up to
3 times) higher as compared to the conventionally grown rice. There was no significant
difference observed in the grain weight between SRI and SRIBI. The 1000-grain weight was
26.24g and 25.469 for SRI and SRIBI respectively. However, in case of SRIBI, for every 100g
of rice, 2.59g of beans was reported.

The marked difference between SRI and SRIBI was however observed in the incidence of
weeds between the rows of rice. It was observed that intercropping led to a substantial reduction
in weed population, which was clearly visible in the plots. A 77% reduction in the weed
population was observed under intercropping as compared to the weed population in SRI, in

absence of manual or chemical weeding after the date of intercropping.

The local aromatic rice variety (mushkbudij) which was used in the experimental studies is
usually prone to rice blast in the ripening stages. However there was no incidence of the diseases
in either SRI or SRIBI during the experimental trials, an aspect, that although needs deeper
study, is definitely encouraging for the farmers. It was also observed that rice plots under SRI
and SRIBI showed better resilience against rainstorms as compared to the neighbouring plots

grown under conventional flooded rice (CFR) system.

These results suggest that intercropping legumes with rice under the System of Rice
Intensification (SRI) has the potential to improve the ecological security of farming systems
while at the same time improving the socio-economic situation of the farmers. This is evident
from the improved growth characteristics, yield characteristics, resistance against weeds and

extreme weather, and the possible improved resilience against diseases that was observed in
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these experiments. Such agroecological interventions need to followed up and continued in

partnership and cooperation with farmers and organisations working on the ground.

Based on the theoretical and implementational research undertaken in the scope of this study,
it can be concluded that SRI is a viable agroecological alternative to the current rice farming
system, with a potential to improve the socioeconomic and ecological balance of the world food
system. In view of the challenges like water scarcity, soil degradation, and increased occurrence
of extreme weather events, SRI shows the required resilience, adaptation, and regeneration
potential. Intercropping beans with rice under SRI is a valuable addition to the SRI method; it
serves to diversify the income of the farmers and to reduce the biotic and abiotic stresses on the
cropping system at the same time. It can be said that intercropping adds more agroecology to
the agroecological method of SRI. Rice farming with SRIBI (System of Rice Intensification
with Beans Intercropping) under the name Rice iCrop is hence proposed as an alternative

sustainable rice farming system.
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6. RESEARCH OUTLOOK

The results of this study have created scope and provide direction for further studies in this
field. On one hand, the new studies could include other aspects of the intercropping system that
were not in the scope of the current study. While as on the other hand, some areas of interest
that came to light during the course of these studies could also be pursued in further studies. In

this regard, the outlook for future research has been summarised below.

Continued innovation and studies

Future experiments could explore further innovations in the direction established in the current
study. These could include intercropping with other plants like medicinal plants and other cover
crops. Experimentation with no till farming could also be done with SRI. Additionally,
experimental studies could examine the effects of intercropping and SRI on the soil health,
which needs years of continuous study of the soil. The effect of these innovations on the nutrient
content of rice grains could also be explored. Future studies could also look at the dynamics of
greenhouse gas emissions from the rice crop and do a comparison of the three scenarios—CFR,
SRI, and SRIBI.

The current study hinted at a possible remediation of disease occurrence in rice plants under
SRI management. Hence, the effect of SRI on the disease occurrence in rice farming systems

could be studied in detail.

Figure 71. One of the participant farmers from 2019 preparing his SRI-based rice nursery in April 2020, continuing with the
practices introduced last year
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Composting from kitchen and animal waste

The current study established that intercropping under the SRI regimen provides better
economic returns to the farmers. These economic returns can be increased further by making
the farming communities self-sufficient in terms of the compost required in their farms. The
new interventions increased the input cost by 40%, notwithstanding an overall increase of net
earnings by 57%, cost of compost comprised 63% of the total input costs. If the compost is
locally produced at the community level, the input costs could be reduced by 50% in
comparison to the conventional farming practices, and the net earnings would more than double.
This highlights the scope of exploring the potential of local compost production for local

consumption.

Weeding robot as an agroecological intervention

The current study took a step in the direction of answering one of the main reported drawbacks
of the SRI, which is the higher incidence of weeds under dry soil conditions. Although
intercropping legumes did reduce the incidence of weeds, a non-chemical, low-cost strategy for
weeding could still be needed in smallholder SRI-based rice farming systems that do not opt
for intercropping. The use of low-cost weeding robots in rice farming systems in particular, or
other field crop systems in general, could be explored. This could, on one hand, reduce the need
to use agrochemicals to control the growth of weeds and, on the other hand, it could reduce the

labour requirements under SRI.

Figure 72. The programming of weeding robot in progress as part of a student project at Hamburg University of Technology
(TUHH)
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Agroecological Footprint Index —a new approach

There are many approaches in scientific literature that propose ways to quantify the ecological
cost of a product. These include indices such as water footprint, carbon footprint, and ecological
footprint, which quantify the sustainability of a production process. However, when these
indices are applied to agriculture they focus on only one aspect of the agricultural activity,
which is the crop yield. In a way, the existing indices encourage input-intensive monocultures
that threaten the environment with more degradation. However, with agroecological practices,
in addition to producing food, the agricultural activities contribute positively to the environment
through various ways. These include through an increase in biodiversity, improvement of soil
health, better nutritional value of food, reduced water pollution, carbon sequestration, and
reduced greenhouse gas emissions. These positive aspects of agroecology-based agriculture
need to be incorporated into a new index that quantifies the sustainability potential of these
agricultural practices. This could form the basis of a future study in this direction—the

development of a possible agroecological footprint index.

“There are still seeds to sow.

There is still time before, | bow.
There are still plants needing care.
There is still food to share.

There are still harvests to reap.
There are still smiles to see before | sleep.”

108



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Shah, T. M. Agroecological engineering interventions in rice cultivation: Food security and
sustainable rural development in South Asia. (Technische Universitdt Hamburg, 2021).
doi:10.15480/882.3221.

Busse, R., Blimel, M., Scheller-Kreinsen, D. & Zentner, A. Tackling chronic disease in Europe.
Strategies, interventions and challenges. Political Science vol. 2009 (2010).

Robertson, A. et al. Food and health in Europe: a new basis for action. WHO Reg. Publ. Eur.
Ser. (2004).

Union, E. The 2014 EU SUMMIT ON CHRONIC DISEASES Brussels, 3 and 4 April 2014
CONFERENCE CONCLUSIONS. 5-8 (2014).

Francis, C. et al. Agroecology: The ecology of food systems. J. Sustain. Agric. 22, 99-118
(2003).

FAO. The economic lives of smallholder farmers. Fao 4, 1-4 (2015).

Dorjee, K., Broca, S. & Pingali, P. Diversification in South Asian Agriculture: Trends and
constraints. 23 (2003).

Martin, A. R. & Isaac, M. E. Functional traits in agroecology: Advancing description and
prediction in agroecosystems. J. Appl. Ecol. 55, 5-11 (2018).

Cornelissen, J. H. C. et al. A handbook of protocols for standardised and easy measurement of
plant functional traits worldwide. Aust. J. Bot. 51, 335-380 (2003).

Farinosi, F. et al. An innovative approach to the assessment of hydro-political risk: A spatially
explicit, data driven indicator of hydro-political issues. Glob. Environ. Chang. 52, 286—313
(2018).

Mekonnen, M. M. & Hoekstra, A. Y. The green, blue and grey water footprint of crops and
derived crop products. Hydrol. Earth Syst. Sci. 15, 1577-1600 (2011).

Foley, J. A. et al. Solutions for a cultivated planet. Nature 478, 337-342 (2011).
Carriger, S. & Vallee, D. More crop per drop. Rice Today 10-13 (2007).

Worstell, J. Ecological Resilience of Food Systems in Response to the COVID-19 Crisis. J. Agric.
Food Syst. Community Dev. 1-8 (2020) doi:10.5304/jafscd.2020.093.015.

Koch, A. et al. Soil Security: Solving the Global Soil Crisis. Glob. Policy 4, 434—-441 (2013).

Pe’er, G. et al. Action needed for the EU Common Agricultural Policy to address sustainability
challenges. People Nat. (2020) doi:10.1002/pan3.10080.

IPES-Food. COVID-19 and the crisis in food systems: Symptoms, causes, and potential
solutions. (2020).

Kumbamu, A. The philanthropic-corporate-state complex: imperial strategies of dispossession
from the ‘Green Revolution’ to the ‘Gene Revolution’. Globalizations 0, 1-19 (2020).

Harwood, J. Could the adverse consequences of the green revolution have been foreseen?
How experts responded to unwelcome evidence. Agroecol. Sustain. Food Syst. 44, 509-535



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

(2020).

Braun, H. J. Norman Borlaug’s legacy and the urgent need for continuing innovative wheat
technology. Czech J. Genet. Plant Breed. 47, 2010-2012 (2011).

Swaminathan, M. S. An evergreen revolution. Crop Sci. 46, 2293-2303 (2006).

Merriott, D. Factors associated with the farmer suicide crisis in India. J. Epidemiol. Glob.
Health 6,217-227 (2016).

Bonvaoisin, T., Utyasheva, L., Knipe, D., Gunnell, D. & Eddleston, M. Suicide by pesticide
poisoning in India: A review of pesticide regulations and their impact on suicide trends. BMC
Public Health 20, 1-16 (2020).

Sajjad, H. & Igbal, M. Impact of urbanization on land use/land cover of dudhganga watershed
of Kashmir Valley, India. Int. J. Urban Sci. 16, 321-339 (2012).

Rather, M. I. et al. Massive land system changes impact water quality of the Jhelum River in
Kashmir Himalaya. Environ. Monit. Assess. 188, 1-20 (2016).

John, A. & Fielding, M. Rice production constraints and ‘new’ challenges for South Asian
smallholders: Insights into de facto research priorities. Agric. Food Secur. 3, 1-16 (2014).

Rao, K. C. & Satyanarayana, V. V. S. System of Rice Intensification Experiences of Farmers in
India. (2008).

Satyanarayana, A., Thiyagarajan, T. M. & Uphoff, N. Opportunities for water saving with
higher yield from the system of rice intensification. Irrig. Sci. 25, 99-115 (2007).

Olmstead, S. M. The economics of managing scarce water resources. Rev. Environ. Econ. Policy
4,179-198 (2010).

Pfeiffer, L. & Lin, C. Y. C. Does efficient irrigation technology lead to reduced groundwater
extraction? Empirical evidence. J. Environ. Econ. Manage. 67, 189-208 (2014).

Fishman, R., Devineni, N. & Raman, S. Can improved agricultural water use efficiency save
India’s groundwater? Environ. Res. Lett. 10, 84022 (2015).

Easterling, W. E. Easterling_2007_From the Cover - Climate Change and Food Security Special
Feature - Climate.pdf. 104, 19708 (2007).

Ward, F. A. & Pulido-Velazquez, M. Water conservation in irrigation can increase water use.
Proc. Natl. Acad. Sci. U. S. A. 105, 18215-18220 (2008).

SL, P., GC, D. & PR, E. Human appropriation of renewable fresh water. Science (80-. ). 271, 785
(1996).

Bouwer, H. Integrated Water Management for the 21st Century: Problems and Solutions.
Perspect. Civ. Eng. Commem. 150th Anniv. Am. Soc. Civ. Eng. 79-88 (2003).

Gordon, L. J. et al. Human modification of global water vapor flows from the land surface.
Proc. Natl. Acad. Sci. U. S. A. 102, 7612-7617 (2005).

Gupta, S. K. & Deshpande, R. D. Water for India in 2050: First-order assessment of available
options. Curr. Sci. 86, 1216—1224 (2004).

Oster, J. D. & Wichelns, D. Economic and agronomic strategies to achieve sustainable
irrigation. Irrig. Sci. 22, 107-120 (2003).



39.

40.

41.

42.

43,

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gleick, P. H. Global Freshwater Resources: Soft-Path Solutions for the 21st Century. Science
(80-. ). 302, 1524-1528 (2003).

English, M. J., Asce, M., Solomon, K. H., Asce, M. & Hoffman, G. J. English, M.J., Solomon.
2002.pdf. 128, 267-277 (2003).

Clark, M. & Tilman, D. Comparative analysis of environmental impacts of agricultural
production systems, agricultural input efficiency, and food choice. Environ. Res. Lett. 12,
(2017).

Schultz, B. & De Wrachien, D. Irrigation and drainage systems research and development in
the 21st century. Irrig. Drain. 51, 311-327 (2002).

Rockstrém, J., Lannerstad, M. & Falkenmark, M. Assessing the water challenge of a new green
revolution in developing countries. Proc. Natl. Acad. Sci. U. S. A. 104, 6253-6260 (2007).

Jury, W. A. & Vaux Jr, H. The role of science in solving the world’s emerging water problems.
Proc. Natl. Acad. Sci. U. S. A. 102, 15715-15720 (2005).

Gleick, P. H. Global Freshwater Resources: Soft-Path Solutions for the 21st Century. Science
(80-. ). 302, 1524-1528 (2003).

Bohannon, J. Not a drop to drink. Science Now Daily News 821 (2006).
Molden, D. Water responses to urbanization. Paddy Water Environ. 5, 207—209 (2007).

Fereres, E. & Soriano, M. A. Deficit irrigation for reducing agricultural water use. J. Exp. Bot.
58, 147-159 (2007).

Sarwar, A. & Perry, C. Increasing water productivity through deficit irrigation: Evidence from
the indus plains of Pakistan. Irrig. Drain. 51, 87-92 (2002).

Wada, Y., Van Beek, L. P. H., Wanders, N. & Bierkens, M. F. P. Human water consumption
intensifies hydrological drought worldwide. Environ. Res. Lett. 8, (2013).

Hydrological Drought: Processes and Estimation Methods for Streamflow and Groundwater.
(Amsterdam: Elsevier Science BV, 2004).

Falkenmark, M. Meeting water requirements of an expanding world population. Philos. Trans.
R. Soc. B Biol. Sci. 352, 929-936 (1997).

Doll, P. Vulnerability to the impact of climate change on renewable groundwater resources: A
global-scale assessment. Environ. Res. Lett. 4, (2009).

Wisser, D., Fekete, B. M., Vorosmarty, C. J. & Schumann, A. H. Reconstructing 20th century
global hydrography: A contribution to the Global Terrestrial Network- Hydrology (GTN-H).
Hydrol. Earth Syst. Sci. 14, 1-24 (2010).

Dai, A. Drought under global warming: a review. WIREs Clim. Chang. 2, 45-65 (2011).

Dai, A. Increasing drought under global warming in observations and models. Nat. Clim.
Chang. 3, 52-58 (2013).

Sheffield, J. & Wood, E. F. Drought - Past Problems and Future Scenarios. (Taylor & Francis,
2011).

Wada, Y., Van Beek, L. P. H. & Bierkens, M. F. P. Nonsustainable groundwater sustaining
irrigation: A global assessment. Water Resour. Res. 48, (2012).



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Scanlon, B. R. et al. Groundwater depletion and sustainability of irrigation in the US High
Plains and Central Valley. Proc. Natl. Acad. Sci. U. S. A. 109, 9320-9325 (2012).

Dalin, C., Konar, M., Hanasaki, N., Rinaldo, A. & Rodriguez-Iturbe, I. Evolution of the global
virtual water trade network. Proc. Natl. Acad. Sci. U. S. A. 109, 5989-5994 (2012).

Gleick, P. H. Roadmap for sustainable water resources in southwestern North America. Proc.
Natl. Acad. Sci. U. S. A. 107, 21300-21305 (2010).

Licker, R. et al. Mind the gap: How do climate and agricultural management explain the ‘yield
gap’ of croplands around the world? Glob. Ecol. Biogeogr. 19, 769—-782 (2010).

Jagermeyr, J. et al. Integrated crop water management might sustainably halve the global
food gap. Environ. Res. Lett. 11, 25002 (2016).

IAASTD. Agriculture at a Crossroads: Sub-Saharan Africa (SSA). (2009).

laastd & Press, |. Agriculture at a Crossroads: Global Report. Global Report (2009)
doi:10.1080/03066150903155008.

Valin, H. et al. The future of food demand: Understanding differences in global economic
models. Agric. Econ. (United Kingdom) 45, 51-67 (2014).

Tilman, D., Balzer, C., Hill, J. & Befort, B. L. Global food demand and the sustainable
intensification of agriculture. Proc. Natl. Acad. Sci. 108, 20260 LP — 20264 (2011).

Alexandratos, N. & Bruinsma, J. WORLD AGRICULTURE TOWARDS 2030/2050. ESA Working
Papers vol. 12 (2012).

Fox, P. & Rockstrom, J. Supplemental irrigation for dry-spell mitigation of rainfed agriculture
in the Sahel. Agric. Water Manag. 61, 29-50 (2003).

Dile, Y. T., Karlberg, L., Temesgen, M. & Rockstrém, J. The role of water harvesting to achieve
sustainable agricultural intensification and resilience against water related shocks in sub-
Saharan Africa. Agric. Ecosyst. Environ. 181, 69-79 (2013).

Molden, D. et al. Pathways for increasing agricultural water productivity. in Water for Food
Water for Life: A Comprehensive Assessment of Water Management in Agriculture (ed.
Molden, D.) 279-314 (2013). doi:10.4324/9781849773799.

Oweis, T. & Hachum, A. Water harvesting and supplemental irrigation for improved water
productivity of dry farming systems in West Asia and North Africa. Agric. Water Manag. 80,
57-73 (2006).

Liu, E. K., He, W. Q. & Yan, C. R. ‘White revolution’ to ‘white pollution’ - Agricultural plastic
film mulch in China. Environ. Res. Lett. 9, 0-3 (2014).

Sanchez, P. A. Tripling crop yields in tropical Africa. Nat. Geosci. 3, 299-300 (2010).

Zaveri, E. et al. Invisible water, visible impact: Groundwater use and Indian agriculture under
climate change. Environ. Res. Lett. 11, 1-13 (2016).

Wada, Y. & Bierkens, M. F. P. Sustainability of global water use: Past reconstruction and future
projections. Environ. Res. Lett. 9, (2014).

MacDonald, G. M. Water, climate change, and sustainability in the Southwest. Proc. Natl.
Acad. Sci. U. S. A. 107, 21256-21262 (2010).



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Kummu, M. et al. Lost food, wasted resources: Global food supply chain losses and their
impacts on freshwater, cropland, and fertiliser use. Sci. Total Environ. 438, 477—-489 (2012).

Barthel, S. & Isendahl, C. Urban gardens, Agriculture, And water management: Sources of
resilience for long-term food security in cities. Ecol. Econ. 86, 224—234 (2013).

Burton, C. S. R. F. Personal Narrative of a Pilgrimage to Al-Madinah & Meccah. (G. Bell and
Sons, Ltd, 1914).

Otterpohl, R. Das Neue Dorf. (Oekom Publishing, 2017).

Ritchie, H. & Roser, M. Urbanization. OurWorldInData.org
https://ourworldindata.org/urbanization (2018).

UN. 68% of the world population projected to live in urban areas by 2050, says UN. DESA
https://www.un.org/development/desa/en/news/population/2018-revision-of-world-
urbanization-prospects.html (2018).

Tainter, J. A. Energy, complexity, and sustainability: A historical perspective. Environ. Innov.
Soc. Transitions 1, 89-95 (2011).

Strumsky, D., Lobo, J. & Tainter, J. A. Complexity and the productivity of innovation. Syst. Res.
Behav. Sci. 27, 496-509 (2010).

McMichael, P. Food system sustainability: Questions of environmental governance in the new
world (dis)order. Glob. Environ. Chang. 21, 804-812 (2011).

Deutsch, L. Global trade, food production and ecosystem support: making the interactions
visible. Doctoral thesis. Dep. Syst. Ecol. 217 (2004).

Fraser, E.D.G., Rimas, A. Empires of Food: Feast, Famine and the Rise and Fall of Civilizations.
(Random House, 2010).

Curtis, F., Ehrenfield, D. The new geography of trade: globalization’s decline may stimulate
local recovery. Solutions 3, 35—-40 (2012).

Ernstson, H. et al. Urban transitions: On urban resilience and human-dominated ecosystems.
Ambio 39, 531-545 (2010).

Newman, P., Beatley, T., Boyer, H. Resilient Cities: Responding to Peak Oil and Climate
Change. (Island Press, 2009).

Lindgren, J., Fischer, G. Livsmedelsférsérjning i ett krisperspektiv. Rapport frén
Livsmedelsverket. (2011).

Crouch, D. The allotment, landscape and locality: ways of seeing landscape and culture. Area
21, 261-267 (1989).

House of Commons. The United Kingdom parliament, select committee on envi- ronmental,
transport, and regional affairs. Fifth Report to the House of Commons.

Altieri, M. A. et al. The greening of the ‘barrios’: Urban agriculture for food security in Cuba.
Agric. Human Values 16, 131-140 (1999).

Chen, Z. & Shah, T. M. An Introduction to the Global Soil Status. in RUVIVAL Publication Series
(eds. Schaldach, R. & Otterpohl, R.) vol. 5 7-17 (2019).

Sundquist, E. T. The Global Carbon Dioxide Budget. Science (80-. ). 259, 934-941 (1993).



98. Amundson, R. et al. Soil and human security in the 21st century. Science (80-. ). 348, (2015).

99. IPBES. Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services,
Thematic assessment of land degradation and restoration. Agenda item 7 965 (2018).

100. Editorial. Biodiversity centre stage. Nat. Ecol. Evol. 3, 861 (2019).

101. Jackson, R. B. & Schlesinger, W. H. Curbing the U.S. carbon deficit. Proc. Natl. Acad. Sci. U. S.
A. 101, 15827-15829 (2004).

102. Smith, P. An overview of the permanence of soil organic carbon stocks: Influence of direct
human-induced, indirect and natural effects. Eur. J. Soil Sci. 56, 673—-680 (2005).

103. USDA. USDA Economic Research Service data for 2014. https://www.ers.usda.gov/data-
products/food-expenditure-series/#.U2vmj17INZF (2014).

104. Smil, V. Nitrogen cycle and world food production. World Agric. 2, 9-13 (2011).

105. USDA. USDA Economic Research Service. https://www.ers.usda.gov/data-products/wheat-
data.aspx (2014).

106. Diamond, J. Evolution, consequences and future of plant and animal domestication. Nature
418, 700-707 (2002).

107. Kopittke, P. M., Menzies, N. W., Wang, P., McKenna, B. A. & Lombi, E. Soil and the
intensification of agriculture for global food security. Environ. Int. 132, 105078 (2019).

108. FAO and ITPS. Status of the World’s Soil Resources (Main Report). Fao (2015). doi:ISBN 978-
92-5-109004-6.

109. ELD Initiative: Report for policy and decision makers. (2015).
110. Sposito, G. Green Water and Global Food Security. Vadose Zo. J. 12, vzj2013.02.0041 (2013).
111. Lal, R. Soils and sustainable agriculture. A review. Agron. Sustain. Dev. 28, 57—64 (2008).

112. Quinton, J. N, Govers, G., Van Oost, K. & Bardgett, R. D. The impact of agricultural soil erosion
on biogeochemical cycling. Nat. Geosci. 3, 311-314 (2010).

113. Elser, J. & Bennett, E. A broken. Nature 478, 29-31 (2011).
114. Montanarella, L. et al. World’s soils are under threat. Soil 2, 79-82 (2016).

115. Lal, R. Beyond Copenhagen: Mitigating climate change and achieving food security through
soil carbon sequestration. Food Secur. 2, 169—-177 (2010).

116. Knapp, S. & van der Heijden, M. G. A. A global meta-analysis of yield stability in organic and
conservation agriculture. Nat. Commun. 9, 1-9 (2018).

117. van der Werf, H. M. G., Knudsen, M. T. & Cederberg, C. Towards better representation of
organic agriculture in life cycle assessment. Nat. Sustain. (2020) doi:10.1038/s41893-020-
0489-6.

118. Schutter, O. De & Yambi, O. Op-Ed: The 2021 Food Systems Summit Has Started on the Wrong
Foot — But it Could Still Be Transformational. foodtank
https://foodtank.com/news/2020/03/2021-food-systems-summit-started-on-wrong-foot-it-
could-still-be-transformational/ (2020).

Vi



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Bouma, J. The challenge of soil science meeting society’s demands in a “post-truth”, “fact
free” world. Geoderma 310, 22—-28 (2018).

Bouma, J. Soil science contributions towards Sustainable Development Goals and their
implementation: Linking soil functions with ecosystem services. J. Plant Nutr. Soil Sci. 177,
111-120 (2014).

Keesstra, S. D. et al. The significance of soils and soil science towards realization of the United
Nations sustainable development goals. Soil 2, 111-128 (2016).

Dominati, E., Mackay, A., Green, S. & Patterson, M. A soil change-based methodology for the
guantification and valuation of ecosystem services from agro-ecosystems: A case study of
pastoral agriculture in New Zealand. Ecol. Econ. 100, 119-129 (2014).

Ling, L. L. et al. A new antibiotic kills pathogens without detectable resistance. Nature 517,
455-459 (2015).

Moebius-Clune, B. et al. Comprehensive Assessment of Soil Health. (2016).

Bouma, J. Environmental Resource Management and the Nexus Approach. Environmental
Resource Management and the Nexus Approach (2016). doi:10.1007/978-3-319-28593-1.

Lal, R. Managing soils for resolving the conflict between agriculture and nature: The hard talk.
Eur. J. Soil Sci. 71, 1-9 (2020).

FAO. Food Security , World Food Summit 1996. World Food Summit
http://www.fao.org/wfs/index_en.htm (1996).

Dimkpa, C. O. & Bindraban, P. S. Fortification of micronutrients for efficient agronomic
production: a review. Agron. Sustain. Dev. 36, 1-26 (2016).

Pérez-Escamilla, R. Food Security and the 2015-2030 Sustainable Development Goals: From
Human to Planetary Health. Curr. Dev. Nutr. 1, e000513 (2017).

Smith, M. D., Rabbitt, M. P. & Coleman- Jensen, A. Who are the World’s Food Insecure? New
Evidence from the Food and Agriculture Organization’s Food Insecurity Experience Scale.
World Dev. 93, 402—412 (2017).

Whitmee, S. et al. Safeguarding human health in the Anthropocene epoch: Report of the
Rockefeller Foundation-Lancet Commission on planetary health. Lancet 386, 1973—2028
(2015).

FAO. The State of Food and Agriculture - Climate Change, Agriculture and Food Security. Notes
and Queries http://www.fao.org/3/a-i6030e.pdf (2016) doi:10.1093/nqg/s8-1V.94.301-a.

MacReady, N. Wasting away? Lancet Diabetes Endocrinol 3, 240 (2015).

Massawe, F., Mayes, S. & Cheng, A. Crop Diversity: An Unexploited Treasure Trove for Food
Security. Trends Plant Sci. 21, 365-368 (2016).

Smith, P. et al. Which practices co-deliver food security, climate change mitigation and
adaptation, and combat land degradation and desertification? Glob. Chang. Biol. 26, 1532—
1575 (2020).

Reed, M. S. & Stringer, L. C. Land degradation, desertification and climate change anticipating,
assessing and adapting to future change. (Routledge, 2016).

Vil



137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Webb, N. P. et al. Land degradation and climate change: building climate resilience in
agriculture. Front. Ecol. Environ. 15, 450-459 (2017).

Campbell, B. M., Thornton, P., Zougmoré, R., van Asten, P. & Lipper, L. Sustainable
intensification: What is its role in climate smart agriculture? Curr. Opin. Environ. Sustain. 8,
39-43 (2014).

Cohn, A. S. et al. Smallholder Agriculture and Climate Change. Annu. Rev. Environ. Resour. 42,
347-375 (2017).

Pretty, J. et al. Global assessment of agricultural system redesign for sustainable
intensification. Nat. Sustain. 1, 441-446 (2018).

Mueller, N. D. et al. Closing yield gaps through nutrient and water management. Nature 490,
254-257 (2012).

Poeplau, C. et al. Temporal dynamics of soil organic carbon after land-use change in the
temperate zone - carbon response functions as a model approach. Glob. Chang. Biol. 17,
2415-2427 (2011).

Jat, H. S. et al. Management influence on maize-wheat system performance, water
productivity and soil biology. Soil Use Manag. 31, 534-543 (2015).

Vermeulen, S. J., Campbell, B. M. & Ingram, J. S. I. Climate Change and Food Systems. Annu.
Rev. Environ. Resour. 37, 195-222 (2012).

Lin, B. B. Resilience in Agriculture through Crop Diversification: Adaptive Management for
Environmental Change. Bioscience 61, 183—193 (2011).

Waha, K. et al. Agricultural diversification as an important strategy for achieving food security
in Africa. Glob. Chang. Biol. 24, 3390-3400 (2018).

Gubert, M. B., Spaniol, A. M., Bortolini, G. A. & Pérez-Escamilla, R. Household food insecurity,
nutritional status and morbidity in Brazilian children. Public Health Nutr. 19, 2240-2245
(2016).

Pérez-Escamilla, R. et al. Household Food Insecurity Is Associated with Childhood Malaria in
Rural Haiti. J. Nutr. 139, 2132-2138 (2009).

FAO. Save and grow in practice: maize, rice and wheat. A guide to sustainable. Igarss 2014
(2016). doi:10.1007/s13398-014-0173-7.2.

Chivenge, P. et al. Ecosystem services in paddy rice systems. Role Ecosyst. Serv. Sustain. Food
Syst. 1, 181-201 (2020).

Norman, J. & Kebe, B. African smallholder farmers: rice production and sustainable
livelihoods. Int. Rice Comm. Newsl. 55, 33—-44 (2006).

GRISP. Rice Alamnac 2013. (2013).

Buresh, R. J., Reddy, K. R. & Van Kessel, C. Nitrogen transformations in submerged soils.
Nitrogen Agric. Syst. 401-436 (2008).

Fuller, D. Q. Pathways to Asian Civilizations: Tracing the Origins and Spread of Rice and Rice
Cultures. Rice 4, 78-92 (2011).

Sander, B. O., Wassmann, R., Palao, L. K. & Nelson, A. Climate-based suitability assessment for

Vil



alternate wetting and drying water management in the Philippines: a novel approach for
mapping methane mitigation potential in rice production. Carbon Manag. 8, 331-342 (2017).

156. Bambaradeniya, C. & Amerasinghe, F. Biodiversity associated with the rice field agroecosystem
in Asian countries: A brief review. (2004).

157. Edirisinghe, J. P. & Bambaradeniya, C. N. B. Rice fields: An ecosystem rich in biodiversity. J.
Natl. Sci. Found. Sri Lanka 34, 57-59 (2006).

158. Mishra, U. Indo-Pak study reveals extensive arsenic problem in Punjab groundwater. Down To
Earth (2018).

159. Rasool, A,, Faroogqi, A., Masood, S. & Hussain, K. Arsenic in groundwater and its health risk
assessment in drinking water of Mailsi, Punjab, Pakistan. Hum. Ecol. Risk Assess. An Int. J. 22,
187-202 (2016).

160. Mukherjee, A. B. & Bhattacharya, P. Arsenic in groundwater in the Bengal Delta Plain: slow
poisoning in Bangladesh. Environ. Rev. 9, 189-220 (2001).

161. Roychowdhury, T., Uchino, T., Tokunaga, H. & Ando, M. Arsenic and other heavy metals in
soils from an arsenic-affected area of West Bengal, India. Chemosphere 49, 605—-618 (2002).

162. Arao, T., Kawasaki, A., Baba, K., Mori, S. & Matsumoto, S. Effects of water management on
cadmium and arsenic accumulation and dimethylarsinic acid concentrations in Japanese rice.
Environ. Sci. Technol. 43, 9361-9367 (2009).

163. Bishwajit, G. et al. Self-sufficiency in rice and food security: A South Asian perspective. Agric.
Food Secur. 2, 1-6 (2013).

164. Adhikari, P. et al. System of crop intensification for more productive, resource-conserving,
climate-resilient, and sustainable agriculture: experience with diverse crops in varying
agroecologies. Int. J. Agric. Sustain. 0, 1-28 (2017).

165. Uphoff, N. & Amod, K. T. An agroecological strategy for adapting to climate change: The
system of rice intensification (sri). Sustain. Solut. Food Secur. Combat. Clim. Chang. by Adapt.
229-254 (2019) doi:10.1007/978-3-319-77878-5_12.

166. Timmer, C. P. Food Security in Asia and the Changing Role of Rice. Asia Found. 1-26 (2010).
167. FAO. FAOSTAT Statistical Database. Inputs. http://www.fao.org/faostat/en/ (2013).

168. Gumma, M. K. Mapping rice areas of South Asia using MODIS multitemporal data. J. Appl.
Remote Sens. 5, (2011).

169. WDR. Agriculture for Development. (2008).

170. FAO. High Level Panel of Experts. Investing in smallholder agriculture for food security. Fao
(2013).

171. CGIAR. A Strategy and Results Framework a Strategy and Results Framework. 108 (2011).
172. IFAD. Smallholder conservation agriculture. (2011).

173. IFAD. Rural differentiation and smallholder development. Evaluation synthesis. (2013).
174. APAARI & IFPRI. Priorities for Agricultural Research for Development in South Asia. (2013).

175. The World Bank. Sourcebook Gender in Agriculture. (2009).



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

UN Millennium Project. Halving Hunger: It Can Be Done. (2005).
GAFSP. Framework Document for a Global Agriculture and Food Security Program. (2009).

Lipton, M. The Family Farm in a Globalizing World: the Role of Crop Science in Alleviating
Poverty. (2005).

FAO & Crowley, E. Ending poverty: Learning from good practices of small and marginal
farmers. (2013).

Altieri, M. A., Funes-Monzote, F. R. & Petersen, P. Agroecologically efficient agricultural
systems for smallholder farmers: Contributions to food sovereignty. Agron. Sustain. Dev. 32,
1-13 (2012).

Thakur, A. K., Rath, S. & Kumar, A. Performance evaluation of rice varieties under the System
of Rice Intensification compared with the conventional transplanting system. Arch. Agron. Soil
Sci. 57, 223-238 (2011).

Global Rice Science Partnership (GRiSP). Rice almanac. International Rice Research Institute
(2013). doi:10.1093/aob/mcg189.

IFAD. An executive summary of IFAD ’ s Strategic Framework 2011-2015. 1-12 (2011).

UN High Level Task Force on the Global Food Security Crisis. Updated Comprehensive
framework UN Food Security. 1-88 (2010).

Brevik, E. & Burgess, L. Food Security and Climate Change. Soils Hum. Heal. 297-298 (2012)
doi:10.1201/b13683-18.

Stoop, W. A. et al. Opportunities for ecological intensification: Lessons and insights from the
System of rice/crop intensification — Their implications for agricultural research and
development approaches. CAB Rev. Perspect. Agric. Vet. Sci. Nutr. Nat. Resour. 12, 1-19
(2017).

Hazell, P. B. R. Chapter 68 An Assessment of the Impact of Agricultural Research in South Asia
Since the Green Revolution. Handb. Agric. Econ. 4, 3469-3530 (2010).

ICAR. ICAR Vision 2030. Icar 38 (2011).
Ferrero, A. Rice scenario in the European Union. Cah. Agric. 16, 272-274 (2007).

Pacanoski, Z. & Glatkova, G. The use of herbicides for weed control in direct wet-seeded rice
(Oryza sativa L.) in rice production regions in the Republic of Macedonia. Plant Prot. Sci. 45,
113-118 (2009).

Ferrero, A. Ecological and economic sustainability of rice cultivation in Europe and the
Mediterranean region. in First Asia-Europe Workshop on Sustainable Resource Management
and Policy Options for Rice Ecosystems (SUMAPOL 2005) (2005).

Bisselink, B. et al. Impact of a changing climate, land use, and water usage on Europe’s water
resources. (2018). doi:10.2760/09027.

Orlando, F. et al. Participatory approach for developing knowledge on organic rice farming:
Management strategies and productive performance. Agric. Syst. 178, (2020).

Maris, S. C., Teira-Esmatges, M. R. & Catala, M. M. Influence of irrigation frequency on
greenhouse gases emission from a paddy soil. Paddy Water Environ. 14, 199-210 (2016).



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212,

213.

Kraehmer, H., Thomas, C. & Vidotto, F. Rice Production in Europe. in Rice Production
Worldwide 93—-116 (2017). doi:10.1007/978-3-319-47516-5.

Daliakopoulos, I. N. et al. The threat of soil salinity: A European scale review. Sci. Total
Environ. 573, 727-739 (2016).

Rengasamy, P. World salinization with emphasis on Australia. J. Exp. Bot. 57, 1017-1023
(2006).

Brevik, E. C. et al. The interdisciplinary nature of SOIL. SOIL 1, 117-129 (2015).

Geeson, N. A, Brandt, C. J. & Thornes, J. B. Mediterranean desertification: a mosaic of
processes and responses. (John Wiley & Sons, 2003).

Fan, X. et al. Soil salinity development in the yellow river delta in relation to groundwater
dynamics. L. Degrad. Dev. 23, 175-189 (2012).

Trnka, M. et al. Consequences of climate change for the soil climate in Central Europe and the
central plains of the United States. Clim. Change 120, 405-418 (2013).

M., M. B.J.,, A, A, S, M. & F,, D. Effect of Fertigation on Soil Salinization and Aggregate
Stability. J. Irrig. Drain. Eng. 141, 5014010 (2015).

Eckelmann, W. et al. Common criteria for risk area identification according to soil threats.
(Office for Official Publications of the European Communities, 2006).

Mateo-Sagasta, J. & Burke, J. Agriculture and water quality interactions: a global overview.
SOLAW Backgr. Themat. Report-TRO8 46, (2011).

Shennan, C. et al. Organic and Conventional Agriculture: A Useful Framing? Annu. Rev.
Environ. Resour. 42, 317-346 (2017).

Hazra, K. K. et al. Organic rice: potential production strategies, challenges and prospects. Org.
Agric. 8, 39-56 (2018).

Delmotte, S., Tittonell, P., Mouret, J.-C., Hommond, R. & Lopez-Ridaura, S. On farm
assessment of rice yield variability and productivity gaps between organic and conventional
cropping systems under Mediterranean climate. Eur. J. Agron. 35, 223-236 (2011).

Duru, M. et al. How to implement biodiversity-based agriculture to enhance ecosystem
services: a review. Agron. Sustain. Dev. 35, 1259-1281 (2015).

Commission, E. Committee for the Common Organisation of the Agricultural Markets.
European Commission (2016).

Bengtsson, J., Ahnstrom, J. & Weibull, A. C. The effects of organic agriculture on biodiversity
and abundance: A meta-analysis. J. Appl. Ecol. 42, 261-269 (2005).

De Ponti, T., Rijk, B. & Van Ittersum, M. K. The crop yield gap between organic and
conventional agriculture. Agric. Syst. 108, 1-9 (2012).

Carolan, M. S. Sustainable agriculture, science and the co-production of ‘expert’ knowledge:
The value of interactional expertise. Local Environ. 11, 421-431 (2006).

Ingram, J. Agronomist-farmer knowledge encounters: An analysis of knowledge exchange in
the context of best management practices in England. Agric. Human Values 25, 405-418
(2008).

Xl



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

Kroma, M. M. Organic Farmer Networks: Facilitating Learning and Innovation for Sustainable
Agriculture. J. Sustain. Agric. 28, 5-28 (2006).

Ernesto Méndez, V., Bacon, C. M. & Cohen, R. Agroecology as a transdisciplinary,
participatory, and action-oriented approach. Agroecol. Sustain. Food Syst. 37, 3—18 (2013).

Warner, K. D. Agroecology as participatory science: Emerging alternatives to technology
transfer extension practice. Sci. Technol. Hum. Values 33, 754—777 (2008).

Berthet, E. T. A., Barnaud, C., Girard, N., Labatut, J. & Martin, G. How to foster agroecological
innovations? A comparison of participatory design methods. J. Environ. Plan. Manag. 59, 280—
301 (2016).

Zhao, C. et al. Temperature increase reduces global yields of major crops in four independent
estimates. Proc. Natl. Acad. Sci. U. S. A. 114, 9326-9331 (2017).

Rosenzweig, C. et al. Assessing agricultural risks of climate change in the 21st century in a
global gridded crop model intercomparison. Proc. Natl. Acad. Sci. U. S. A. 111, 3268-3273
(2014).

Nelson, G. C. et al. Climate change effects on agriculture: Economic responses to biophysical
shocks. Proc. Natl. Acad. Sci. U. S. A. 111, 3274-3279 (2014).

Von Lampe, M. et al. Why do global long-term scenarios for agriculture differ? An overview of
the AgMIP global economic model intercomparison. Agric. Econ. (United Kingdom) 45, 3-20
(2014).

Doelman, J. C., Stehfest, E., Tabeau, A. & van Meijl, H. Making the Paris agreement climate
targets consistent with food security objectives. Glob. Food Sec. 23, 93—-103 (2019).

Neumann, K., Verburg, P. H., Stehfest, E. & Miller, C. The yield gap of global grain production:
A spatial analysis. Agric. Syst. 103, 316—326 (2010).

Van Ittersum, M. K. et al. Yield gap analysis with local to global relevance-A review. F. Crop.
Res. 143, 4-17 (2013).

Calvin, K. et al. Trade-offs of different land and bioenergy policies on the path to achieving
climate targets. Clim. Change 123, 691-704 (2014).

Humpendder, F. et al. Investigating afforestation and bioenergy CCS as climate change
mitigation strategies. Environ. Res. Lett. 9, (2014).

Stehfest, E. et al. Climate benefits of changing diet. Clim. Change 95, 83—102 (2009).

Bajzelj, B. et al. Importance of food-demand management for climate mitigation. Nat. Clim.
Chang. 4, 924-929 (2014).

Poore, J. & Nemecek, T. Reducing food’s environmental impacts through producers and
consumers. Science (80-. ). 360, 987—992 (2018).

Willett, W. et al. Food in the Anthropocene: the EAT-Lancet Commission on healthy diets
from sustainable food systems. Lancet 393, 447-492 (2019).

Neufeldt, H., Kissinger, G. & Alcamo, J. No-till agriculture and climate change mitigation. Nat.
Clim. Chang. 5, 488-489 (2015).

Lal, R. Soil carbon sequestration impacts on global climate change and food security. Science

X1



233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243,

244,

245,

246.

247.

248.

249,

250.

(80-. ). 304, 1623-1627 (2004).

Houghton, R. A. The Contemporary Carbon Cycle. Treatise on Geochemistry: Second Edition
vol. 10 (Elsevier Ltd., 2013).

Le Quéré, C. et al. Global carbon budget 2014. Earth Syst. Sci. Data 7, 47-85 (2015).
Le Quéré, C. et al. Global Carbon Budget 2015. Earth Syst. Sci. Data 7, 349-396 (2015).

Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R. & Polasky, S. Agricultural sustainability
and intensive production practices. Nature 418, 671-677 (2002).

Antle, J. M. & Ogle, S. M. Influence of soil C, N 20 and fuel use on GHG mitigation with no-till
adoption. Clim. Change 111, 609625 (2012).

Kirkegaard, J. A. et al. Sense and nonsense in conservation agriculture: Principles, pragmatism
and productivity in Australian mixed farming systems. Agric. Ecosyst. Environ. 187, 133-145
(2014).

Carter, S. et al. Mitigation of agricultural emissions in the tropics: Comparing forest land-
sparing options at the national level. Biogeosciences 12, 4809-4825 (2015).

Castellano, M. J., Mueller, K. E., Olk, D. C., Sawyer, J. E. & Six, J. Integrating plant litter quality,
soil organic matter stabilization, and the carbon saturation concept. Glob. Chang. Biol. 21,
3200-3209 (2015).

Corbeels, M. et al. Evidence of limited carbon sequestration in soils under no-tillage systems
in the Cerrado of Brazil. Sci. Rep. 6, 1-8 (2016).

Hobbs, P. R., Sayre, K. & Gupta, R. The role of conservation agriculture in sustainable
agriculture. Philos. Trans. R. Soc. B Biol. Sci. 363, 543-555 (2008).

Tilman, D. & Clark, M. Global diets link environmental sustainability and human health. Nature
515, 518-522 (2014).

S4, J. C. de M. et al. Low-carbon agriculture in South America to mitigate global climate
change and advance food security. Environ. Int. 98, 102—112 (2017).

Bazilian, M. et al. Considering the energy, water and food nexus: Towards an integrated
modelling approach. Energy Policy 39, 7896—7906 (2011).

Ringler, C., Bhaduri, A. & Lawford, R. The nexus across water, energy, land and food (WELF):
Potential for improved resource use efficiency? Curr. Opin. Environ. Sustain. 5, 617-624
(2013).

Bhaduri, A., Ringler, C., Dombrowski, I., Mohtar, R. & Scheumann, W. Sustainability in the
water—energy—food nexus. Water Int. 40, 723-732 (2015).

Ibarrola-Rivas, M. J., Granados-Ramirez, R. & Nonhebel, S. Is the available cropland and water
enough for food demand? A global perspective of the Land-Water-Food nexus. Adv. Water
Resour. 110, 476-483 (2017).

Kumar, M. D., Sivamohan, M. V. K. & Narayanamoorthy, A. The food security challenge of the
food-land-water nexus in India. Food Secur. 4, 539-556 (2012).

Fader, M., Gerten, D., Krause, M., Lucht, W. & Cramer, W. Spatial decoupling of agricultural
production and consumption: Quantifying dependences of countries on food imports due to

Xl



251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

domestic land and water constraints. Environ. Res. Lett. 8, (2013).

de Fraiture, C. et al. Looking ahead to 2050: Scenarios of alternative investment approaches.
Water Food Water Life A Compr. Assess. Water Manag. Agric. 91-140 (2007)
doi:10.4324/9781849773799.

Hoekstra, A. Y. & Mekonnen, M. M. The water footprint of humanity. Proc. Natl. Acad. Sci. U.
S. A. 109, 3232-3237 (2012).

Kastner, T., Rivas, M. J. I., Koch, W. & Nonhebel, S. Global changes in diets and the
consequences for land requirements for food. Proc. Natl. Acad. Sci. U. S. A. 109, 6868-6872
(2012).

Yan, N., Wu, B., Perry, C. & Zeng, H. Assessing potential water savings in agriculture on the Hai
Basin plain, China. Agric. Water Manag. 154, 11-19 (2015).

Han, S. et al. Characteristics and driving factors of drainage water in irrigation districts in arid
areas. Water Resour. Manag. 29, 5323-5337 (2015).

Zheng, C,, Liu, J., Cao, G., Wang, H. & Yangwen, J. Water Resources of China Groundwater
Depletion in the NCP. Groundwater 48, 350-354 (2010).

Dalin, C., Wada, Y., Kastner, T. & Puma, M. J. Groundwater depletion embedded in
international food trade. Nature 543, 700-704 (2017).

Ren, D., Yang, Y., Yang, Y., Richards, K. & Zhou, X. Land-Water-Food Nexus and indications of
crop adjustment for water shortage solution. Sci. Total Environ. 626, 11-21 (2018).

Hanjra, M. A. & Qureshi, M. E. Global water crisis and future food security in an era of climate
change. Food Policy 35, 365—-377 (2010).

Hoekstra, A. Y. & Hung, P. Q. Globalisation of water resources: International virtual water
flows in relation to crop trade. Glob. Environ. Chang. 15, 45-56 (2005).

Parry, M. et al. Millions at risk: defining critical climate change threats and targets. Glob.
Environ. Chang. 11, 181-183 (2001).

Kurukulasuriya, P. et al. Will African agriculture survive climate change? World Bank Econ.
Rev. 20, 367-388 (2006).

Molden, D. Water for food water for life: A Comprehensive assessment of water management
in agriculture. Water for Food Water for Life: A Comprehensive Assessment of Water
Management in Agriculture (2013). doi:10.4324/9781849773799.

Qadir, M. et al. The challenges of wastewater irrigation in developing countries. Agric. Water
Manag. 97, 561-568 (2010).

Khan, S., Hanjra, M. A. & Mu, J. Water management and crop production for food security in
China: A review. Agric. Water Manag. 96, 349—-360 (2009).

Khan, S. & Hanjra, M. A. Footprints of water and energy inputs in food production - Global
perspectives. Food Policy 34, 130-140 (2009).

Klimper, F. & Theesfeld, I. The land-water-food nexus: Expanding the social-ecological system
framework to link land and water governance. Resources 6, (2017).

Vorosmarty, C. J., Pahl-Wostl, C., Bunn, S. E. & Lawford, R. Global water, the anthropocene

XV



269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284,

285.

and the transformation of a science. Curr. Opin. Environ. Sustain. 5, 539-550 (2013).

Cai, X. & Rosegrant, M. W. Global Water Demand and Supply Projections: Part 1. A Modeling
Approach. Water Int. 27, 159-169 (2002).

Rosegrant, M. W. et al. Integrated economic-hydrologic water modeling at the basin scale:
The Maipo river basin. Agric. Econ. 24, 33—-46 (2000).

Bryan, E. et al. Can agriculture support climate change adaptation, greenhouse gas mitigation
and rural livelihoods? insights from Kenya. Clim. Change 118, 151-165 (2013).

Rasul, G. Managing the food, water, and energy nexus for achieving the Sustainable
Development Goals in South Asia. Environ. Dev. 18, 14-25 (2016).

Moss, B. Water pollution by agriculture. Philos. Trans. R. Soc. B Biol. Sci. 363, 659—666 (2008).

RCEP. Royal Commission for Environmental Pollution 1979 Seventh report. Agriculture and
pollution. (1979).

Agouridis, C. T., Workman, S. R., Warner, R. C. & Jennings, G. D. Livestock grazing
management impacts on stream water quality: A review. J. Am. Water Resour. Assoc. 41, 591—
606 (2005).

James, C., Fisher, J., Russell, V., Collings, S. & Moss, B. Nitrate availability and hydrophyte
species richness in shallow lakes. Freshw. Biol. 50, 1049—-1063 (2005).

Mehaffey, M. H. et al. Linking land cover and water quality in New York City’s water supply
watersheds. Environ. Monit. Assess. 107, 29—44 (2005).

Olson, B. M., Miller, J. J., Joan Rodvang, S. & Jay Yanke, L. Soil and groundwater quality under
a cattle feedlot in southern Alberta. Water Qual. Res. J. Canada 40, 131-144 (2005).

Sala, O. E. et al. Global biodiversity scenarios for the year 2100. Science (80-. ). 287, 1770-
1774 (2000).

Merritt, R. W., Benbow, M. E. & Small, P. L. C. Unraveling an emerging disease associated with
disturbed aquatic environments: The case of Buruli ulcer. Front. Ecol. Environ. 3, 323-331
(2005).

Kebede, A., McCann, J. C., Kiszewski, A. E. & Ye-Ebiyo, Y. New evidence of the effects of agro-
ecologic change on malaria transmission. Am. J. Trop. Med. Hyg. 73, 676—-680 (2005).

Johnes, P., Moss, B. & Phillips, G. The determination of total nitrogen and total phosphorus
concentrations in freshwaters from land use, stock headage and population data: Testing of a
model for use in conservation and water quality management. Freshw. Biol. 36, 451-473
(1996).

Van den Brink, P. J., Roelsma, J., van Nes, E. H., Scheffer, M. & Brock, T. C. M. Perpest model, a
case-based reasoning approach to predict ecological risks of pesticides. Environ. Toxicol.
Chem. 21, 2500-2506 (2002).

Bowes, M. J., Hilton, J., Irons, G. P. & Hornby, D. D. The relative contribution of sewage and
diffuse phosphorus sources in the River Avon catchment, southern England: Implications for
nutrient management. Sci. Total Environ. 344, 67—81 (2005).

Westra, J. V., Zimmerman, J. K. H. & Vondracek, B. Bioeconomic analysis of selected
conservation practices on soil erosion and freshwater fisheries. J. Am. Water Resour. Assoc.

bY



41, 309-322 (2005).

286. Van Wijngaarden, R. P. A,, Brock, T. C. M. & Douglas, M. T. Effects of chlorpyrifos in freshwater
model ecosystems: The influence of experimental conditions on ecotoxicological thresholds.
Pest Manag. Sci. 61, 923-935 (2005).

287. Millennium Ecosystem Assessment. Ecosystems and Human Well-being: Synthesis.
http://www.who.int/entity/globalchange/ecosystems/ecosys.pdf%5Cnhttp://www.loc.gov/ca
tdir/toc/ecip0512/2005013229.html (2005) doi:10.1196/annals.1439.003.

288. Tilman, D. et al. Forecasting Agriculturally Driven Global Environmental Change. Science (80-.
). 292, 281-284 (2001).

289. Costanza, R. et al. The value of the world’s ecosystem services and natural capital. LK -
https://royalroads.on.worldcat.org/oclc/4592801201. Nat. TA - TT - 387, 253-260 (1997).

290. Balmford, A. et al. Ecology: Economic reasons for conserving wild nature. Science (80-. ). 297,
950-953 (2002).

291. Qadir, M. et al. Global and regional potential of wastewater as a water, nutrient and energy
source. Nat. Resour. Forum 44, 40-51 (2020).

292. Kirchmann, H. & Pettersson, S. Human urine - Chemical composition and fertilizer use
efficiency. Fertil. Res. 40, 149-154 (1994).

293. Larsen, T. A, Alder, A. C,, Eggen, R. I. L., Maurer, M. & Lienert, J. Source separation: Will we
see a paradigm shift in wastewater handling? Environ. Sci. Technol. 43, 6121-6125 (2009).

294. Mayer, B. K. et al. Total value of phosphorus recovery. Environ. Sci. Technol. 50, 6606—6620
(2016).

295. Resource recovery from waste: Business models for energy, nutrient and water reuse inlow—
and middle-income countries. (Taylor & Francis, 2018).

296. Jiménez-Cisneros, B. Wastewater reuse to increase soil productivity. Water Sci. Technol. 32,
173—-180 (1995).

297. Jiménez, B. Treatment technology and standards for agricultural wastewater reuse: A case
study in Mexico. Irrig. Drain. 54, 23—33 (2005).

298. Farmer, B. H. Perspectives on the Green Revolution in South Asia. Mod. Asian Stud. 20, 175-
99 (1986).

299. FAO. FAO Production Yearbooks (1961-88), FAO Statistics Series. (1988).

300. Wilson, C. Environmental and human costs of commercial agricultural production in South
Asia. Int. J. Soc. Econ. 27, 816—846 (2000).

301. Barker, R., Herdt, R. W. & Rose, H. The Rice Economy of Asia. (1985).

302. Pimentel, D. et al. Assessment of environmental and economic costs of pesticide use. in The
Pesticide Question: Environment, Economics and Ethics (ed. Pimentel, D. and Lehman, H.)
(Chapman & Hall, 1993).

303. Pimentel, D. & Pimentel, M. Comment: adverse environmental consequences of the Green
Revolution. in Resources, Environment and Population-Present Knowledge, Future Options,
Population and Development Review (eds. Davis, K. & Bernstam, M.) (Oxford, 1991).

XVI



304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

Pimentel, D. et al. Environmental and Economic Costs of Pesticide Use. Am. Inst. Biol. Sci. 42,
750-760 (1992).

UNEP. Environmental Data Report (1991-92). (1991).

Shiva, V. The Violence of the Green Revolution: Ecological Degradation and Political Conflict in
Punjab. (Zed Books, 1989).

Pingali, P. L. & Rosegrant, M. W. Confronting the environmental consequences of the Green
Revolution in Asia. (1994).

Baker, R. The fertilizer debate. Int. Agric. Dev. 13, 16—17 (1993).
IAD. An ecological way for Asian agriculture. Int. Agric. Dev. 10, 5-6 (1990).
IAD. The price of the Green Revolution. Int. Agric. Dev. 3, 17.

Litsinger, J. A. Second generation insect pest problems on high yielding rices. Trop. Pest
Manag. 35, 235-42 (1989).

Bramble, B. J. An environmentalist view of pest management and the Green Revolution. Trop.
Pest Manag. 35, 228-30 (1989).

Teng, P. S. IPM in Rice: An Analysis of the Status Quo with Recommendations for Action:
Report to the International IPM task force (FAO/ACIAR/IDRC/NRI). (1990).

The Pesticide Question. (Springer, 1993). doi:https://doi.org/10.1007/b102353.

Kenmore, P. E. Ecology and outbreaks of a tropical insect pest of the Green Revolution: the
rice brown planthopper (Nilaparvata Lugens (Stal.)). (University of California, 1980).

Reissig, W. H., Heinrichs, E. A. & Valencia, S. L. Effects of insecticides on Nilaparvatalugens and
its predators: spiders, Microvelia atrolineata and Cyrtorhinus. Environ. Entomol. 11, 193-9
(1982).

Conway, G. R. & Barbier, E. B. After the Green Revolution: Sustainable Agriculture for
Development. (Earthscan, 1990).

Conway, G. R. & McCauley, D. S. Intensifying tropical agriculture: the Indonesian experience.
Nature 302(5906), 288—289 (1983).

Way, M. O. & Bowling, C. C. Insect pests of rice. in Rice Production (ed. Luh, B. S.) 237-68
(1991).

Pimentel, D. Ecological basis of insect pest, pathogen and weed problems. Symposium of the
British Ecological Society (1977).

Alauddin, M., Mustafa, K. & Tisdell, C. A. Technology-environment-employment linkages and
the rural poor of Bangladesh: insights from farm level data. in Beyond Rio - The Environmental
Crisis and Sustainable Livelihoods in the Third World 221-56 (ILO StudiesSeries, 1995).

Parris, K. Impact of agriculture on water pollution in OECD countries: Recent trends and future
prospects. Int. J. Water Resour. Dev. 27, 33-52 (2011).

IFOAM. Organic in Europe. http://www.ifoam-eu.org/en/common-agricultural-policy/organic-
europe (2016) doi:978-3-03736-261-7.

Research Institute of Organic Agriculture (FiBL). World of Organic Agriculture. 19 (2019).

XV



325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

Withgott, J. & Brennan, S. Environment: The Science behind the stories. (Pearson, 2009).
Nasr, S. H. Man and Nature: The Spiritual Crisis in Modern Man. 154 (1990).

LSE. What does Islam have to say about the environment? LSE Faith Centre
https://www.youtube.com/watch?v=ZmvmWCLNj3w (2020).

GIZ. Eine Theologie der Natur. (2013).

Abedi-sarvestani, A. & Shahvali, M. Environmental Ethics : Toward an Islamic Perspective. Am.
J. Agric. Environ. Sci. 3, 609—617 (2008).

Kamali, M. H. (. Environmental care in Islam: A Quranic perspective. in International
conference on environment and Islam (Amman: The Royal Al al-Bayt Institute for Islamic
Thought, 2010).

Rahman, A. Universe and man: Scientific and Quranic descriptions. (Adam Publishers and
Distributors, 2007).

Muhamad, A., Syihab, A. H. & Ibrahim, A. H. Preserving Human—Nature’s Interaction for
Sustainability: Quran and Sunnah Perspective. Sci. Eng. Ethics 26, 1053—1066 (2020).

Ozdemir, |. Bediuzzaman Said Nursi’s approach to the environment. in ourth international
sympo- sium on Bediuzzaman Said Nursi. (The Istanbul Foundation for Science and Culture.,
1998).

Igbal, M. The Reconstruction of Religious Thought in Islam. (Dodo Press, 2009).
Hughes, J. D. An environmental history of the world. (Routledge, 2001).

Deuraseh, N. New essential values of Daruriyyah (Necessities) of the objectives of Islamic law
(Magasid Al-Shari*Ah). J. Hadhari 4, 107-116 (2012).

Izzi Dien, M. The environmental dimensions of Islam. (Lutterworth Press, 2000).

Haleem, M. A. S. A. The Quran - A new translation by M. A. S. Abdel Haleem. (Oxford
University Press, 2008).

Mohd Yusof, F. et al. Green technology management in the Muslim world. J. Teknol. 65, 107—
115 (2013).

Maidin, A. J. Religious and ethical values in promoting environmental protection in the land
use planning system: Lessons for Asian countries. in Issues in Islamic law. (ed. Ansari, A. H.)
(Serials Publications, 2010).

Qutb, S. In the shade of the Qur’an: Fi Zilal al-Qur’an. (Islamic Foundation, 2001).
Mawdudi, A. A. The meaning of the Quran. (Islamic Publications, 1967).
Ahmad, |. H. Musnad Ahmad. (Muassah al-Risalah, 1991).

Schutter, O. De. Report submitted by the Special Rapporteur on the right to food. Human
Rights Council, Sixteenth session, Agenda item 3. Promotion and protection of all human
rights, civil, political, economic, social, and cultural rights, including the right to development
(2010) doi:A/HRC/16/49.

Uphoff, N. SRI: An agroecological strategy to meet multiple objectives with reduced reliance
on inputs. Agroecol. Sustain. Food Syst. 41, 825—-854 (2017).

XVl



346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

Environments, T. H. E. G. & Entity, A. N. E. The System of Crop Intensification Agroecological
Innovations for Improving Agricultural Production, Food Security, and Resilience to Climate
Change. (2014).

Wu, W., Ma, B. & Uphoff, N. A review of the system of rice intensification in China. Plant Soil
393, 361-381 (2015).

Thakur, A. K., Kassam, A., Stoop, W. A. & Uphoff, N. Modifying rice crop management to ease
water constraints with increased productivity, environmental benefits, and climate-resilience.
Agric. Ecosyst. Environ. 235, 101-104 (2016).

Nawaz, A. & Farooq, M. Weed management in resource conservation production systems in
Pakistan. Crop Prot. 85, 89—-103 (2016).

Nawaz, A. et al. Influence of Sesbania Brown Manuring and Rice Residue Mulch on Soil Health,
Weeds and System Productivity of Conservation Rice—Wheat Systems. L. Degrad. Dev. 28,
1078-1090 (2017).

Goulart, R. Z., Reichert, J. M. & Rodrigues, M. F. Cropping poorly-drained lowland soils:
Alternatives to rice monoculture, their challenges and management strategies. Agric. Syst.
177, 102715 (2020).

Zia, A. The Haunting Specter of Hindu Ethnonationalist-Neocolonial Development in the Indian
Occupied Kashmir. Dev. 63, 60—66 (2020).

Styger, E., Aboubacrine, G., Attaher, M. A. & Uphoff, N. The system of rice intensification as a
sustainable agricultural innovation: Introducing, adapting and scaling up a system of rice
intensification practices in the Timbuktu region of Mali. Int. J. Agric. Sustain. 9, 67-75 (2011).

Uphoff, N. Higher Yields with Fewer External Inputs? The System of Rice Intensification and
Potential Contributions to Agricultural Sustainability. Int. J. Agric. Sustain. 1, 38-50 (2003).

Gopalakrishnan, S. et al. Assessment of different methods of rice (Oryza sativa. L) cultivation
affecting growth parameters, soil chemical, biological, and microbiological properties, water
saving, and grain yield in rice-rice system. Paddy Water Environ. 12, 79—-87 (2014).

Sharif, A. Technical adaptations for mechanized SRI production to achieve water saving and
increased profitability in Punjab, Pakistan. Paddy Water Environ. 9, 111-119 (2011).

Li, Y., Ran, W., Zhang, R., Sun, S. & Xu, G. Facilitated legume nodulation, phosphate uptake
and nitrogen transfer by arbuscular inoculation in an upland rice and mung bean
intercropping system. Plant Soil 315, 285-296 (2009).

Anas, ., Rupela, O. P., Thiyagarajan, T. M. & Uphoff, N. A review of studies on SRl effects on
beneficial organisms in rice soil rhizospheres. Paddy Water Environ. 9, 53-64 (2011).

Zhao, L., Wu, L., Wu, M. & Li, Y. Nutrient uptake and water use efficiency as affected by
modified rice cultivation methods with reduced irrigation. Paddy Water Environ. 9, 25-32
(20112).

Beyrouty, C. A., Grigg’, B. C., Norman, R. J. & Wells, B. R. Nutrient uptake by rice in response
to water management. J. Plant Nutr. 17, 39-55 (1994).

Naidu, G. J,, Rao, K. T., Rao, a U. & Reddy, D. S. Age of Seedlings and Planting Pattern on Grain
yield, Protein Content, NPK Uptake and Post-harvest Nutrient Status of Rice under SRI. J.
Acad. Ind. Res. 2,334-337 (2013).

XIX



362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

Jabbar, A. et al. Effect of Different Rice-Based Intercropping Systems on Rice Grain Yield and
Residual Soil Fertility. Pakistan J. Bot. 42, 2339-2348 (2010).

Bucher, M., Rausch, C. & Daram, P. Molecular and biochemical mechanisms of phosphorus
uptake into plants. J. Plant Nutr. Soil Sci. 164, 209-217 (2001).

Schachtman, D. P., Reid, R. J. & Ayling, S. M. Phosphorus Uptake by Plants: From Soil to Cell.
Plant Physiol. 116, 447 LP — 453 (1998).

Pasolon, Y. B. & Hirata, H. Effect of white clover (Trifolium repens L.) intercropping on growth
and nutrient uptake of upland rice (Oryza sativa L.) in relation to VA-mycorrhizae and soil
fertility. in Plant Nutrition — from Genetic Engineering to Field Practice (ed. N.J., B.) 331-334
(Springer, Dordrecht, 1993).

Park, J., Cho, K. H., Ligaray, M. & Choi, M.-J. Organic Matter Composition of Manure and Its
Potential Impact on Plant Growth. Sustainability 11, 2346 (2019).

Li, Y. et al. Rhizosphere interactions between earthworms and arbuscular mycorrhizal fungi
increase nutrient availability and plant growth in the desertification soils. Soil Tillage Res. 186,
146-151 (2019).

Wang, F., Wang, G,, Li, X., Huang, J. & Zheng, J. Heredity, physiology and mapping of a
chlorophyll content gene of rice (Oryza sativa L.). J. Plant Physiol. 165, 324—330 (2008).

Ceesay, M., Reid, W. S., Fernandes, E. C. M. & Uphoff, N. T. The effects of repeated soil
wetting and drying on lowland rice yield with System of Rice Intensification ( SRl ) methods.
Int. J. Agric. Sustain. 4, 5-14 (2006).

Thakur, A. K., Mandal, K. G. & Raychaudhuri, S. Impact of crop and nutrient management on
crop growth and yield, nutrient uptake and content in rice. Paddy Water Environ. 18, 139-151
(2020).

Ndiiri, J. a, Mati, B. M., Home, P. G., Odongo, B. & Uphoff, N. Comparison of Yields of Paddy
Rice Under System of Rice Intensification in Mwea, Kenya. Am. J. Plant Biol. 2, 49-60 (2017).

Thakur, A. K., Uphoff, N. T. & Stoop, W. A. Chapter Four - Scientific Underpinnings of the
System of Rice Intensification (SRI): What Is Known So Far? in Advances in Agronomy (ed.
Sparks, D. L. B. T.-A. in A.) vol. 135 147-179 (Academic Press, 2016).

Hagq, N. IFC advises north Kashmir farmers to opt for pulses instead of paddy. Rising Kashmir
http://risingkashmir.in/news/ifc-advises-north-kashmir-farmers-to-opt-for-pulses-instead-of-
paddy--322239.html (2018).

Raina, |. Ganderbal farmers told skip paddy cultivation this year. Greater Kashmir
https://www.greaterkashmir.com/news/kashmir/ganderbal-farmers-told-skip-paddy-
cultivation-this-year/ (2018).

Parvaiz, A. Young Kashmiri farmers turn water-wise to adapt to climate change. Earth
Journalism Network https://earthjournalism.net/stories/young-kashmiri-farmers-turn-water-
wise-to-adapt-to-climate-change (2018).

Shah, T. M. Rice in water scarcity? Yes, why not. Greater Kashmir (2018).

Raina, I. ‘Rice intensification system’ can save farmers of parched Kashmir? Greater Kashmir
https://www.greaterkashmir.com/news/kashmir/rice-intensification-system-can-save-
farmers-of-parched-kashmir/ (2018).

XX



378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

Hassan, F. As harvest begins, farmers who followed govt’s advisory feel the pinch. Kashmir
Monitor https://www.thekashmirmonitor.net/as-harvest-begins-farmers-who-followed-govts-
advisory-feel-the-pinch/ (2018).

Xiao, T. jian, Yang, Q. song, Ran, W., Xu, G. hua & Shen, Q. rong. Effect of Inoculation with
Arbuscular Mycorrhizal Fungus on Nitrogen and Phosphorus Utilization in Upland Rice-
Mungbean Intercropping System. Agric. Sci. China 9, 528-535 (2010).

Mandal, B. K., Dhara, M. C., Mandal, B. B., Das, S. K. & Nandy, R. Effect of Intercropping on the
Yield Components of Rice, Mungbean, Soybean, Peanut and Blackgram. J. Agron. Crop Sci.
162, 30—34 (1989).

Zhu, D., Cheng, S., Zhang, Y. & Lin, X. Tillering patterns and the contribution of tillers to grain
yield with hybrid rice and wide spacing. in Assessments of the System of Rice Intensification:
Proceedings of an International Conference, Sanya, China, April 1-4, 2002. 125-131 (Cornell

International Institute for Food, Agriculture and Development, 2002).

Wang, S., Cao, W., Jiang, D., Dai, T. & Zhu, Y. Physiological characteristics of high-yield
techniques with SRI Rice. Assessments Syst. Rice Intensif. Proc. an Int. Conf. Sanya, China,
April 1-4, 2002, 116-124. Ithaca, NY Cornell Int. Inst. Food, Agric. Dev. 116-124 (2002).

Uphoff, N. Agroecological Implications of the System of Rice Intensification (SRI) in
Madagascar. Environ. Dev. Sustain. 1, 297-313 (1999).

Ramakrishnan, S. H., Anandakumar, C. R., Saravanan, S. & Malini, N. Association Analysis of
Some Yield Traits in Rice ( Oryza sativa L. ). 2, 402-404 (2006).

Bhutta, M. A. et al. Correlation and path analysis of morphological parameters contributing to
yield in rice (ORYZA SATIVA) under drought stress. Pakistan J. Bot. 1, 1-8 (2018).

Kermah, M. et al. Maize-grain legume intercropping for enhanced resource use efficiency and
crop productivity in the Guinea savanna of northern Ghana. F. Crop. Res. 213, 38-50 (2017).

Trenbath, B. R. Intercropping for the management of pests and diseases. F. Crop. Res. 34,
381-405 (1993).

Liebman, M. & Dyck, E. Crop Rotation and Intercropping Strategies for Weed Management.
Ecol. Appl. 3,92-122 (1993).

Singh, S. et al. Evaluation of mulching, intercropping with Sesbania and herbicide use for weed
management in dry-seeded rice (Oryza sativa L.). Crop Prot. 26, 518-524 (2007).

Farooq, M. et al. Using Sorghum to suppress weeds in dry seeded aerobic and puddled
transplanted rice. F. Crop. Res. 214, (2017).

XXI



Appendix A — Data Tables

1. Greenhouse experiments

Table 8. Water use in conventional (CFR) treatments (in litres)

Cc1 C2 C3 1.80 1.80 1.80
August 7.42 7.42 7.42 0.50 0.50 0.50
1.20 1.20 1.20 1.00 1.00 1.00
0.80 0.60 0.88 1.00 1.00 1.00
1.00 0.90 1.20 0.50 0.50 0.50
0.90 0.60 0.90 0.80 0.80 0.80
1.70 1.20 1.55 0.80 0.80 0.80
1.20 1.00 1.00 0.80 0.80 0.80
1.00 1.00 0.70 November 1.20 1.20 1.20
September 1.10 1.10 1.30 2.40 2.40 2.40
1.20 1.20 1.20 Total 31.32 27.62 28.75
1.00 1.00 1.00
October 2.00 2.00 2.00 Average 29.23

Table 9. Water use in SRI treatments (in litres)

S1 S2 S3 S4 S5 1 1 1 1 1
August 5.35 535 535 535 535 0.5 0.5 0.5 0.5 0.5
1.2 1.2 1.2 1.2 1.2 0.5 0.5 0.5 0.5 0.5
1.3 1.3 1.3 1.3 1.2 0.5 0.5 0.5 0.5 0.5
1.2 1.2 1.5 1.3 1.2 0.5 0.5 0.5 0.5 0.5
September 1.4 13 13 1.4 13 0.8 0.8 0.8 0.8 0.8
0.8 0.8 0.8 0.8 0.8 | November 1.2 1.2 1.2 1.2 1.2
0.7 0.7 0.7 0.7 0.7 1.8 1.8 1.8 1.8 1.8
0.8 0.8 0.8 0.8 0.8 Total 21.55 21.45 21.75 21.65 21.35
October 1 1 1 1 1 Average 21.55

Table 10. A comparison of water use in CFR and SRl treatments in mini-plots

CFR SRI 2650 1000

A3 Cc1 2200 1200
3000 1500 1900 1500

200 600
1150 700 13300 8200

800 700
1400 1000 Savings 3835 %
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Table 11. Total compost use in CFR treatments in greenhouse experiments

Total for all 28.08. 1.5
pots Total 6.7
Date kg Kg per
pot 2.23
11.08. 1.5

15.08. 0.7 N per pot 24.57 gram
17.08. P per pot 10.05 gram
24.08. 3 K per pot 17.64 gram

Table 12. Total compost used in SRI treatments in greenhouse experiments

Total for all Total 13.10
pots Kg per pot 2.18
Date kg
07.08. 6.00 N per pot 24.02 gram
11.08. 1.00 P per pot 9.83 gram
15.08. 1.60 K per pot 17.25 gram
24.08. 4.50

Table 13. Nitrogen uptake in the rice plants under SRl intercroppping, SR, and CFR treatments

SRI+ SRI CFR
Sample |S1 S3 S11|S4 S5 S41 |C1 C2 c3 ci1
N wt. 471 48 45|47.2 4815 456 | 484 47.7 478 457
%N 0.81 0.56 0.70|0.78 0.52 0.62| 0.45 0.64 0.62 0.60
Avg. %N 0.69 0.64 0.58
Hi. %N 0.81 0.78 0.64

Table 14. Phosphorous uptake in the rice plants under SRI intercroppping, SRI, and CFR treatments

SRI+I SRI CFR
Sample | S1 S2 S3 S4 S5 S6 Ci1 c2 C3
%P 0.181 0.414 0.326| 0.22 0.32 0.26|0.056 0.222 0.22
Avg.
%P 0.33 0.26 0.22
Hi. %P 0.414 0.32 0.222
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Table 15. Potassium uptake in the rice plants under SRl intercropping, SRI, and CFR treatments

SRI+I SRI CFR
Sample |S1 S2 S3 |S4 S5 Ci1 c2 c3
%K 275 285 265|238 245 244| 33 28 27
Avg.
%K 2.75 2.44 2.80
Hi. %K 2.85 2.45 3.30

Table 16. Number of tillers at different times (days after transplantation) in different treatments in mini-plots

No. of tillers

09.08.
DOT 30 DAT 55 DAT 120 DAT
07/09/2018 02/10/2018 08/01/2019
DAT 30 60 120
19-1 6 11 12
19-2 7 11 13
19-3 6 10 12
135-1 7 11 18
135-2 5 13 14
135-3 6 10 18
1S-1 6 14 20
IS-2 6 10 18
IS-3 8 18 28
SRI-1 7 12 15
SRI-2 8 12 14

Table 17. Number of tillers at harvest in the different SRI treatments (all replications)

Treatment 19 135 IS SRI
14 10 5 6 11 15| 17 18 30 5 13
Tillers at 10 12 10| 14 11 13| 19 20 12 13 14
harvest 11 18 13 7 16 9 17 12
11 13 11| 18 9 16 13
No. of
replications 12 12 6 8
Tillers (Avg.) 12 13.00 19.30 14.5
Tillers (Hi) 18 18 30 17
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Table 18. Panicles per plant at harvest in the different SRI treatments

Treatment 19 135 IS SRI
10 9 9 5 10 10| 13 15 17 6 8
Panicles per 12 13 10| 15 15 11 13 17 11 17 10
plant 10 18 7| 17 9 9 12 9
10 16 9 9 9 13 10
No. of
replications 12 12 6 8
Panicles (Avg.) 12 12 14.67 12
Panicles (Hi.) 18 17 17 17
Table 19. Chlorophyll content of CFR, SRI, and SRl intercropping treatments
Treatment No. As63 Aeas Cehl-a Cehib Avg. Cehi-a Avg. Cehip
1 0.7115 0.2484 8.3679 2.3585
Seedlings 2 0.716 0.2522 8.4148 2.4245 8.3998 2.3935
3 0.7159 0.251 8.4167 2.3975
1 0.8457 0.3118 9.9016 3.1823
Flooded 2 0.7087 0.2635 8.2917 2.7174 9.3424 3.0335
3 0.8403 0.3115 9.8339 3.2007
1 0.689 0.2547 8.0652 2.6081
SRI 2 0.6569 0.2378 7.7029 2.3713 9.1519 2.8386
3 09961 0.358 11.6875 3.5365
1 1.0506 0.3792 12.3226 3.7669
SRI+I 2 1.2527 0.445 14.7122 4.3279 | 13.1863 4.0679
3 1.0705 0.3982 12.5242 4.1088
Table 20. Chlorophyll content of different intercropping treatments and SRI
Treatment  No. Ace3 Agss Cehl-a Cehib Avg. Cehia | Avg. Cenib
1 0.7115 0.2484 8.3679  2.3585
Seedlings 2 0.716 0.2522 8.4148 2.4245 8.3998 2.3935
3 0.7159 0.251 8.4167 2.3975
1 1.12 0.4018 13.1432 3.9596
19 2 1.1237 0.3681 13.2808 3.1706
3 0.7763 0.2645 9.1475 2.4240 11.6611 3.2022
4 0.9428 0.3348 11.0729 3.2546
1 1.1891 0.4144 13.9868 3.9248
135 2 1.209 0.398 14.2837 3.4561
3 0.7045 0.2414 8.2978 2.2310 131513 3.5721
4 1.3651 0.4832 16.0370 4.6766
1 1.29 0.4521 15.1669 4.3159
2 1.6338 0.5451 19.2829 4.8366
15 3 1.0842 0.375 12.7606 3.5134 16.2091 4.3700
4 1.4972 0.5162 17.6259 4.8141
1 0.9336 0.3253 10.9817 3.0801
2 1.1008 0.3653 12.9975 3.2136
SR 3 1.0052 0.3352 11.8644 2.9717 113194 2.9228
4 0.7999 0.2694 9.4340 2.4257
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2. Field experiments

Table 21. List of farmers and the experimental land area in the field experiments

Farmer's name

Land (Kanal)

Date of transplantation

Gani Bhat
Ashraf Dar
Bashir Dar
Amin Wani
Gull Khan
Fayaz Mir
Afzal Bhat
Lateef Bhat
Rafiq Dar
Ghulam Dar

2.00
1.50
3.00
1.50
2.00
1.50
1.00
3.00
0.50
0.25

22.06.2019
02.07.2019
20.06.2019
19.06.2019
20.06.2019
20.06.2019
04.07.2019
21.06.2019
21.06.2019
20.06.2019

Table 22. Height of plants observed in the field experiments

Plant height 121 125 128
CFR SRI SRIBI 122 121 124
120 120 110 123 120 131
120 114 121 125 119 148
136 125 118
123 111 110 Average
125 118 118 height 125 119 123
131 116 120
124 125 130 Max. height 136 125 148

Table 23. Panicle length in rice plants observed in the field experiments

Panicle length

CFR SRI SRIBI
23.5 19 23.5
24 19.5 24
22.5 22 22
25 20 22
24.5 25 21
23 24 22
23.5 24 21
22.5 21.5 22.5
24 21 23
23.5 22 21

Average 24 22 22
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Table 24. Weed density (WD) in SRl and SRI with intercropping

WD (30cm x 30 cm
=900 cm?) WD per m?

SRIBI SRI SRIBI SRI
9 13 100 144
5 29 56 322
4 12 44 133
2 18 22 200
5 16 56 178
6 21 67 233
5 20 56 222
5 14 56 156
4 16 44 178
Average 56 196

Table 25. Number of tillers in CFR and SRl treatments

Number of tillers
CFR SRIBI
8 20
14 18
8 28
10 21
9 39
8 32
10 26
Average 9.57 26.29
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Table 26. Data on 1000 grain weight in SRl and SRl intercropping

SRI SRIBI
2.7056 2.5488
2.5363 2.6003
2.5954 2.5092
2.6851 2.5258
2.5118 2.5526
2.7127 2.5391
Avg. 100 grain
wt. 2.6245 2.5460
Avg. 1000 grain
wt. 26.24 25.46

Table 27. Spikelets per panicle in SRI and SRl intercropping

SRIBI SRI
135 96
112 123
159 122
131 84
146 70
165 66
118 106
166 92
151 98
Avg. Spikelets per
panicle 143 95
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Appendix B — Figures

Figure 74. Rice grains germinated under warm and moist conditions
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Figure 75. A photograph of the second experimental batch at greenhouse level (2017/18)
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Figure 76. A view of SRI nursery setup in the first field experiments (2017)
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Figure 77. A view of a well grown rice nursery under SRl management (2017)
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Figure 78. Transplanted rice field under SRI management (Top: Day of transplantation; Bottom: Three weeks after
transplantation) (2017)
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Figure 79. Top: Preparation of the land for transplantation. Middle: Land ready for transplantation with bunches of
rice plants waiting to be transplanted. Bottom: Rice plots rendered dry due to water scarcity (2018)
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Figure 80. Graphical representation of the fourth batch of greenhouse experiments. Top: Intercropping
with beans (green dots) intercropped between rows of rice (black dots). Bottom: Strip intercropping with
beans intercropped in a separate row (2018/19)
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Figure 81. A photograph of the miniplots after transplantation (Top) and before harvest (Bottom) (2018/19)
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Figure 82. Meetings with the farmers participating in the field experiments (Top). Bottom: Preparation of
the SRI nursery for field experiments (2019)
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Figure 83. A view of the SRI nursery with rice seedlings/plants ready to be transplanted (2019)
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Figure 84. Transplantation of the rice seedlings under SRI management
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Figure 85. Top: Transplantation under SRI management. Bottom: Weeding followed by sowing of
intercropping seeds
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Figure 86. From sowing to growing. Top: Sowing beans in between rows of rice. Bottom: Intercropped plant
growing between rice plants
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Figure 87. A view of the beans growing between the rice plants
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Figure 88. Top: A SRl plot in the background with a CFR plot in the front. (SRI transplanted 2 weeks later)
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Figure 89. Synergy: Ready to harvest beans and rice grown under the innovative SRIBI (System of Rice
Intensification with Beans Intercropping) management
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and a major water consumer crop can play a vital role in this.
This work builds the case for agroecological interventions in
rice farming to mitigate the negative impacts of the food
system on the environment, to attain sustainable development
in rural areas. In this regard, the improvements in plant
growth parameters and plant health conditions observed
under SRIBI (System of Rice Intensification with Beans
Intercropping) are reported. Rice iCrop, based on SRIBI, is
presented as an alternative rice farming system due to its
wide-ranging socioeconomic and ecological benefits.
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