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International Dryland Development Commission (IDDC)

The International Dryland Development Commission (IDDC), an autonomous non-governmental non-
profit organization established in 1978 by the individuals and institutions interested in and concerned
about the sustainable development of dry areas, is promoting all aspects of dryland studies by
fostering cooperation, collaboration and networking between various international, regional and
national organizations.

One of the important modus operandi of the networking of IDDC has been to hold a major scientific
conference at periodic intervals to provide the opportunity to participants from around the world to
exchange research results and experiences in dryland development and combating desertification. So
far twelve such conferences have been organized in last 40 years, in countries which have large areas
under drylands. The 13th International Conference on Development of Drylands, with the theme
“Converting Dryland Areas from Grey into Green”, was organized by IDDC, from 11-14 February
2019, in collaboration with Arid Zone Research Association of India (AZRAI) and hosted by ICAR-
Central Arid Zone Research Institute (CAZRI) at Jodhpur, India with an objective to share technical
knowledge and innovations emerging from recent research and development efforts of various
institutions and organizations around the world.

Arid Zone Research Association of India (AZRAI)

AZRAI was established in 1962, especially as conduit for scientific dialogue with arid land
researchers in different parts of the world. The Association brought out its first biennial Journal,
"Annals of Arid Zone" in 1963, which was later converted into a quarterly Journal. Apart from
research articles, the Journal also publishes special issues on topical themes with contributions from
eminent researchers worldwide.

AZRALI also periodically organizes National and International Conferences to provide a forum to
dryland scientists to exchange and share their research results and experiences. The Association has so
far organized 3 International and 7 National Conferences. AZRALI is playing a pivotal role in bringing
scientists, planners, administrators and the public on a platform to discuss the issues of common
interests.

ICAR-Central Arid Zone Research Institute (CAZRI)

The conference is hosted by CAZRI, Jodhpur which is a premier research Institute of its own kind that
was established in October 1959 by Government of India on the recommendations of a UNESCO
expert, Dr. C.S. Christian of CSIRO, Australia, to promote sustainable development of the Indian
Arid Zone. The Institute is an integral part of the National Agricultural Research System of India
under Indian Council of Agricultural Research, Department of Agricultural Research and Education,
Government of India. The Institute has entered into 60th year of its establishment and this conference
was organized as part of its Diamond Jubilee celebration.

During sixty years of its existence, CAZRI has provided a better understanding of the arid
environment and its resources and has developed several technologies that have positively influenced
the land-use and livelihood options improving the overall productivity of this fragile agro-climatic
region. Located at Jodhpur, in the Thar Desert, CAZRI has been at the forefront of mobilizing
scientific, technical and policy-related expertise to improve the livelihood and living conditions of the
desert dwellers with a focus on improved agriculture and environmental sustainability.
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Foreword

Drylands cover about 41% of earth’s land area and are home to ~38% of world population. Majority
of the people of this ecosystem live in developing countries. Characterized by a fragile natural
resource base, this region faces a great challenge in achieving food security. With the threat of
climate change in addition, the livelihoods of more than 2.5 billion people - nearly 33% of the world
population - living in these areas is at great risk. The efforts of research and development community
and policy makers dealing with dry areas and aiming at sustainable management of natural resources
have to be boosted in order to optimize adaptive mechanism and risk aversion elements for the

dryland communities.

An approach of integrated natural resources management, customized to different dryland
ecosystems, to meet the needs of dryland communities, is key for this development. Such an
approach would, however, require developing intensive knowledge and understanding of the coping
mechanisms to deal with drought risk, managing and restoring ecological functions, sustainably
using biodiversity, and diversifying production system and livelihoods. Supporting policies and
institutional options would also be needed. This integrated approach only can enable us to realize the
various components included in the SDGs. Fast sharing of knowledge and capacity building of all the
stakeholders in dryland is essential. Institutional reforms at the ecosystem level to bridge the divide
in governance of different natural resources, including precious water, coupled with global
commitment for greater coordination in legal, policy and management issues can pave the path for

sustainable livelihood security in drylands and in converting dryland areas from grey to green.

The Thirteenth International Conference on Dryland Development (ICDD), with the theme
“Converting Dryland Areas from Grey into Green”, was organized by the International Dryland
Development Commission (IDDC), from 11-14 February 2019, in collaboration with the Arid Zone
Research Association of India (AZRAI), at the ICAR-Central Zone Research Institute (CAZRI),
Jodhpur, India on the occasion of the Diamond Jubilee celebration of CAZRI. The objective of the
Conference was to share technical knowledge and innovations emerging from recent research and
development efforts of various institutions and organizations around the world. The aim was to
prepare a roadmap for sustainable development of drylands areas in the face of changing climates

and contribute to achieving sustainable development goals (SDGs).

The Conference provided a forum for informed discussion on these issues. Presentations made in six
plenary sessions, two specialized evening lectures, eleven concurrent technical sessions and a series

of posters, covering nine themes of program of this Conference, constitute the body of this volume.



Manuscripts of some presentations were unfortunately not available, but they had very valuable
information. Hence, their extended summaries have been included so that those interested in getting
more information on those topics and/or interested in forgoing research collaboration might contact

the concerned authors.

It is hoped that the information contained in this volume would help promote research and
development activities targeted to dry areas and contribute to enhancing the resilience of the dryland
communities to cope with the adverse effects of changing climates. It is further hoped that it would
promote, in some measures, a rational use of the fragile natural resource base of the drylands and

contribute to achieving sustainable development goals.

Adel El-Beltagy
Mohan C Saxena

OP Yadav
NR Panwar

Editors
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Navigating through uncertainties: Agro-ecosystems affected by dynamic
impact of climate change

Adel El-Beltagy*

Chair, International Dryland Development Commission
Emeritus Professor, Arid Land Agriculture Graduate Studies and Research Institute,
Ain Shams University, Cairo, EGYPT

*email: elbeltagy@drylanddevelop.org

Abstract

The world population, already 7.7 billion, is expected to reach around 10 billion by 2050.
This will increase global food demand by nearly 75%. Despite this grave reality, the political
action remains elusive in implementing the Paris Agreement, Sendai Framework for Disaster
Risk Reduction and Sustainable Development Goals (SDGs). The Sixth Assessment Report of
the Intergovernmental Panel on Climate Change has examined the scenarios of rise in global
temperature by 1.5°C and 2°C by 2050. The system transitions under changing climate are
expected to be unprecedented in scale and appropriate measures are highly required to avoid
them. The implementation of land-based mitigation options would require overcoming socio-
economic, institutional, technological, financing and environmental barriers that differ
across regions. The anticipation that climate change will have major impacts on agro-
ecosystems requires continuous assessments on the local level, where the major action of
adaptation will have to be taken. Avoiding the climate change impact on sustainable
development, eradication of poverty and reducing inequalities will require system transition
that enables increased adaptation and mitigation investments, policy instruments, the
acceleration of technological innovation and behavior changes. Advanced ICT tools are
being developed for research and innovation, policy modeling, prediction of desasters,
development of new governance models for R&D policy initiatives, and simulation of the
impact of climate change. Increasing investment in physical and social infrastructure is a key
enabling condition to enhance resilience and the adaptive capacities of societies. The
importance of international cooperation would increase with increasing global warming and
climate uncertainty. Climate change could unite the international community, recognizing
climate change as a threat to human kind. We, in dry areas, are concerned about the future of
2.5 billion people living in these areas, if temperatures were to exceed 2 °C as this will cause
high risk for their livelihood. We need to work together as time is running out.

Introduction

The current world population is already 7.7 billion and it is expected to reach around 10
billion by 2050. This expected rise in the population would increase the global demand for
food by nearly 75%. Production in the developing countries will need to be almost doubled in
the face of the changing climate due to anthropological factors. In addition, 1/3 of the food
produced globally is wasted every year (i.e. 45% roots, tubers, fruits, and vegetables; 25%
cereals; 20% dairy, meat; 35% fish and sea food). At the same time, about 805 million people
go hungry every year. It is anticipated that 4°C increase in temperature will reduce
production of food (crops, fish and animals) by 50%, by the end of the century (Fig. 1).



Global yield losses of rice, maize and wheat are projected to increase by 10-25% per degree
of global mean surface warming (Zhaoa et al., 2017; lizami et al., 2017). Crop losses will be
most acute in areas where warming increases both population growth and metabolic rate of
insects and vector-borne diseases (Curtis et al., 2018; Wilcox ef al., 2019). In spite of this
grave reality, the political action remains elusive in implementing the Paris Agreement,
Sendai Framework for Disaster Risk Reduction and Sustainable Development Goals (SDGs)
(El-Beltagy, 2017).

Figure 1. Projection of global yield losses of rice, maize and wheat in Africa.

Impact of climate change

The sixth assessment report of the Intergovernmental Panel on Climate Change (IPCC) has
examined the scenarios of rise in global temperature by1.5°C and 2°C by 2050 (IPPC, 2018b)
and measures are highly required to avoid it. Climate change (CC) will have a major impact
on agro-ecosystems and hence the geographical distribution of species of terrestrial and
marine organisms. This will impact bioclimatic drivers that regulate the geospatial
distribution of dryland agro-ecological classes (AECs). Climate models used to assess
geospatial shifts of AECs under current production practices project that CC will cause
greater cropping system uncertainty, and potentially could lead to less cropping system



flexibility. These projections by IPCC are counter to cropping system goals of increasing
intensification, diversification and productivity (Kaur et al., 2017).

The systems transitions under changing climate are expected to be unprecedented in scale,
and would cut across different ecosystems (Hillel and Rosenzweig, 2010). Land use
transitions under increase of temperature by 1.5°C will be similar to the one observed in the
model that projects a rise of 2°C. Such large transition poses profound challenges for
sustainable management of various demands on land for human settlements, food, livestock
feed, fiber, bioenergy, carbon storage, biodiversity and other ecosystem services. The
implementation of land-based mitigation options would require overcoming socio-economic,
institutional, technological, financing and environmental barriers that differ across regions
(IPPC, 2018a).

The real problem we need to solve in order to truly understand how earth’s environment may
change is that of cumulative impacts. Sometimes the science of cumulative impact is straight
forward - for example, connecting habitats to provide migration corridors in response to sea
level rise brought in by climate change. But even clear-cut cases require extra work, more
partnerships, and more time to address. Tackling problems of cumulative dimensions is a
priority if we are to find viable solutions to the real environment crises of coming decades
(McNutt, 2013).

Enhancing coping capabilities through adaptation to CC

Enhancing coping capacities of the communities will require appropriate adaptation
mechanism. Developing these measures would require new tools of science and technology
in the fields of remote sensing and GIS/GPS; biotechnology and genetic engineering;
functional breeding; simulation modeling; information technology; renewable energy; new
energy-saving techniques for desalination and transportation of sea water; nanotechnology;
molecular machines and devices.

Adaptation will require an intensive knowledge in the field of the following:

A. New genetic makeup:
e Genetic engineering / Genome editing, e.g. for developing:
o C4rice
o Nitrogen-fixing wheat
o Enhanced photosynthetic pathways
o Biotic and abiotic resistant crop varieties through functional breeding (Fig.
2 and 3).

B. New agro-management techniques related to on-farm irrigation and nutrition
management; integrated pest management; Conservation Agriculture etc.:
e Precision agriculture:

Moisture sensors (to conserve water)

Optimizing use of fertilizer nutrients

Remote sensing

Simulation modeling

Artificial intelligence

Cloud computing

O O O O O O



Egyptian scientists produce drought-tolerant GM wheat
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Figure 2. Genetically modified wheat performance under normal and drought conditions.
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With complete access to the ordered sequence of all 21 wheat chromosomes, the context of
regulatory sequences, and the interaction network of expressed genes, breeders and
researchers now have the ability to rewrite the story of wheat crop improvement.

Science
The International Wheat Genome Sequencing Consortium
(IWGSC) et al. Science 2018;361:eaar7191

Figure 3. A complete access to the ordered sequence of all 21 wheat chromosomes (IWGSC et al., 2018).

Advanced ICT tools, including artificial intelligence (Al), are being developed for research
and innovation, policy modeling, prediction, development of new governance models for

R&D policy initiatives and simulation of their impact (Ahrweiler ef al., 2015). Farming 4.0

could hold the key to “produce more with less” with high yields and protection of the

environment. Precision and smart agriculture will depend on Al, including machine learning,
image processing, neural networks, IoT, block chain, bioinformatics, remote sensing, and
modeling. Farm management through texting animals, farming data, smart tractors, survey



drones for field monitoring, fleet of Agribots (robots) will be needed (Coomes et al., 2019;
PAD, 2019). The importance of international cooperation would increase with increasing
global warming and climate uncertainty. More interactions will be needed to ensure stable
cooperation among symmetric and asymmetric players (Zhang and Hennlock, 2018).

We need to double our food production by 2050, and it is anticipated that 70% of this food
would come from efficiency improved technology. Strategic themes related to these aspects
include: synthetic biology; product diversification and innovation; novel drying and
dehydration techniques; advance food processing technology to minimize food wastage and
improve production efficiency; bio-processing (utilizing organisms, tissues, cells or their
molecular components from both plant and animal product as a means to produce safe food
products).

Need for local assessment of impact for developing appropriate adaptation measures

The anticipation that climate change will have major impacts on agro-ecosystems requires
continuous dynamic assessments, globally, regionally, and at the local level. Failure of global
assessment to support regional or local communities to cope with the predicted risk of CC
impact is well known. This calls for continuous assessments on the local level, where the
major action of adaptation would have to occur. Coping with uncertainty will require
recognizing the fact that there will be shift in baseline as further assessment of climate
change is done. This assessment will require international cooperation and national capacity
building in different ecological zones. Monitoring climate variation will require the
establishment of advanced national meteorological network in different local ecological
zones. The continuous assessment of the impact of CC on the local level will require the
introduction of different suitable crop rotation. The dynamic changes in cropping pattern and
animals will have to be supported by GIS and bio-modeling to optimize performance (Fig. 4).

Avoiding the climate change impact on sustainable development, eradication of poverty and
reducing inequalities will require system transitions that enable increased adaptation and
mitigation investments, policy instruments, the acceleration of technological innovation and
behavior changes. The value of such transition would be greater if global warming were
limited to 1.5°C rather than 2°C (IPCC, 2018a).

Adaptation to CC and sustainable development goals (SDG)

Adaptation options that reduce vulnerability of human and natural systems, if well managed,
have many synergies with sustainable development, such as ensuring food and water security,
reducing disaster risks, improving health conditions, maintaining ecosystem services and
reducing poverty and inequality. Increasing investment in physical and social infrastructure is
a key enabling condition to enhance resilience and the adaptive capacities of societies. These
benefits can occur in most regions with adaptation targeting 1.5°C of global warming (Fig. 5).



Conceptual diagram showing how vegetation structures, climate changes, and
human activities influence ecosystem functioning (e.g., productivity, carbon
sequestration, and biodiversity), which are the foci of this special feature.
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Figure 4. Conceptual diagram showing how vegetation structures, climate change, and human activities
influence ecosystem functioning.
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Figure 5. GIS and bio-economic modeling for up and out scaling innovations.

Sustainable development supports, and often enables, the fundamental societal and systems
transitions and transformations that could help limiting global warming to 1.5°C. Such
changes facilitate the pursuit of climate resilient development pathways that achieve
ambitious mitigation and adaptation in conjunction with poverty eradication and efforts to
reduce inequalities (El-Beltagy, 2017).

Strengthening the capacities for climate action of national and sub-national authorities, civil
societies, the private sector, indigenous peoples and local communities can support
implementation of ambitious actions plans that would limit global warming to 1.5°C.
International cooperation is a critical enabler for developing countries and vulnerable regions
to strengthen their action for the implementation of 1.5°C - consistent climate responses,
including through enhancing access to finance and technology and enhancing domestic
capacities, taking into account national and local circumstances and needs.



Collective efforts at all levels, in ways that reflect different circumstances and capabilities, in
the pursuit of limiting global warming to 1.5°C, taking into account equity as well as
effectiveness, can facilitate strengthening the global response to climate change, achieving
SDG (United Nations, 2015) (Fig. 6).

The Decision Cycle

(Re) assess climate

affected decisions
’ and overall goals

Decision Potential impact

Select preferred ten! .
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Source: 46" session of IPCC, Montreal, Canada. Sep. 2017(AR6 Report)

Figure 6. The decision cycle (Source: 46:m session of IPCC, Montreal, Canada. Sep. 2017, AR6 Report)

Action-oriented knowledge networks for dealing with CC

There is an urgent need for establishing an action-oriented knowledge network to accelerate
and enhance the effort to develop local assessment of the impact of climate change and
facilitate more precise prediction of agro-ecosystem sustainability and future change. An
attempt to create knowledge network is being noticeable in US, Europe, Asia and other
regions. A group of concerned scientists and experts started a Regional Action in Climate
Change (RACC) in 2009, which has been established within the context of the Science and
Technology for Society (STS) Forum. The group created an adjunct session to the STS
Forum in Kyoto, Japan to discuss the challenges CC poses for governments, organizations
and regions as they develop adaptation strategies (STS Forum, 2018).

RACC is based on ‘Knowledge Action Networks’ to connect the global science, technology,
and policy communities to realize locally applicable solutions. These are sponsored social
networks connecting the generators of pertinent knowledge with local actors and decision
makers. Every region has knowledge leaders who can forge relationships with local decision-
makers, but often there aren’t enough of them. The critical mass sufficient to characterize the
multiple impacts of climate change and communicate them to decision makers is often
lacking. The objectives of the RACC are: (1) Learning from each other’s experiences, issues,



problems and solution approaches, and from the integration of local and traditional
knowledge with newest advances in science and technology; (2) Creating a growing
community of individuals across societal institutions and disciplines who talk the same
language; (3) Developing templates based on local cases for successful solutions in CC
adaptation; and (4) Building capacities around the globe for dealing efficiently with local
challenges for successful CC adaptation. RACC, in its 10t meeting in October 2018, agreed
to mobilize the effort for harnessing the synergy between the existing and newly established
network. The link with ‘Future Earth’ initiative is helping to enhance this process.

International cooperation a key to enhance resilience to CC

Climate change could unite the international community, recognizing climate change as a
threat to human kind. The International Monetary Fund has called on developed nations to
take urgent measures to help climate-vulnerable developing countries better cope with the
impacts of climate change. Such measures include financing targeted infrastructure projects
and mechanisms to share risk.

Following COP24 (Katowice, Poland 2018), it is now confirmed that it is impossible to reach
the objectives of the Paris Agreement regarding the reduction of carbon emissions. As
demonstrated by most recent analysis of the IPCC, and many other reliable sources, the
planet is on the way to a global temperature increase of about 3°C, inevitably leading to
upheavals and a global climatic collapse. UN Secretary General emphasized this in
September 2018 by stating that “If we do not change course by 2020, we risk missing the
point where we can avoid runaway climate change, with disastrous consequences for people
and all the natural systems that sustain us”. It is projected that IPCC AR6 Synthesis Report
will be finalized by the first half of 2022. Therefore, the time is running and action is highly
needed. The lack of political will lead to a disaster.

We, in the dry areas, are concerned about the future of 2.5 billion people living in these areas,
if the temperatures were to exceed 2°C, causing high risk for the livelihood of this section of
the global population. We aspire for a shift of consciousness on the part of the ‘have’ and the
‘have not’, and a new understanding of oneness of humanity.
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Maize and wheat science for alleviating the pressure on natural resources
in drylands
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Extended Summary
Two of the world’s most important staple grains, maize and wheat, account for a quarter of
the total crop area harvested globally (OECD-FAO, 2014) and provide 19% of the total
calories available (FAO, 2015). Research on maize, wheat and rice agri-food systems lies at
the heart of the solution to feeding more than 9 billion people by 2050.

Today’s challenging times mirror the Green Revolution of the 1960s. We face growing
demand for cereals, including maize and wheat, due to the rising worldwide population with
changing dietary preferences whilst having to alleviate the pressure that agriculture places on
our planet.

We have reached the limits of cultivated areas. Aquifers are being depleted. Climate change
related drought and heat stresses and disease and insect-pest outbreaks are causing massive
crop failures especially in the tropics. At the same time, nearly 815 million people still go to
bed hungry (WFP, 2017).

Although sometimes criticized for its environmental impact, without the Green Revolution
and the long-term increase in food crop productivity and lower food prices it brought, the
world would have experienced “a human welfare crisis” (Evenson and Gollin, 2003). The
high-yielding wheat varieties and improved farming practices developed by Norman Borlaug
and his team in Mexico during the 1950s and introduced into South Asia in the 1960s saved
hundreds of millions of people from starvation and helped to promote science-based
agriculture in developing countries to produce more from less and reduce pressure on natural
resources.

Today, high-yielding, abiotic stress tolerant and disease-resistant wheat varieties based on the
pioneering efforts of Borlaug and generations of scientists following his footprints are sown
on 70 million hectares worldwide. Around 50% of all the improved wheat varieties grown
today in the developed and developing countries are based on CIMMYT lines or have
significant contributions from CIMMYT wheat germplasm.

CIMMYT’s Maize Program in Asia focuses on enhancing maize yields in the tropics by
incorporating tolerance to key abiotic stresses (drought, heat, water logging) and resistance to
major diseases, without compromising on grain yields under optimal conditions. Selected
stress-resilient hybrids with combination of traits relevant for Asian smallholders have been
developed and licensed to public sector and seed company partners in the region for
deployment and scale-out to help smallholder farmers in vulnerable ecologies of South Asia.

The Fall Armyworm (FAW, Spodoptera frugiperda), a highly destructive insect-pest

indigenous to the Americas, was reported in Africa in January 2016, and since then has
spread to more than 40 countries. While the pest is capable of feeding on more than 80 plant



species, it prefers maize, a staple food for more than 200 million people in sub-Saharan
Africa. FAW was reported for the first time in India in July 2018 in the southern state of
Karnataka. CIMMYT is playing a key role in the fight against FAW in Africa with
international and national partners through an integrated pest management strategy (Prasanna
et al., 2018). The team is also intensively screening maize germplasm for native genetic
resistance to FAW in screen houses in Kiboko, Kenya. Together with IITA, under the
CGIAR Research Program MAIZE, CIMMYT has established a FAW R4D International
Consortium, which brings together more than 35 diverse institutions in public and private
sectors to explore ways to work on solutions to tackle FAW in parts of the world where it is
prevalent (Fig. 1).
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Figure 1. Global Fall Armyworm activity in 2018. (Credit: CIMMYT)

As experts of the UNCCD warn in the 2017 Global Land Outlook, maximizing the
productivity of land without undermining its ecosystem services, often referred to as
sustainable intensification, is one of the greatest challenges of the 21 century. It seems that
farming overall has become more productive but less sustainable in the last few decades, and
is now exceeding acceptable limits for stressors such as nitrogen levels in the ecosystem
(DeWitt, 2009; Rockstrom et al., 2009).

Appropriate mechanization can support the sustainable intensification of agri-food systems,
helping to improve resource (soil, labor, water) use and providing social benefits like
increased income, employment, food security, and less drudgery. Adoption of agricultural
mechanization in Africa, Asia, and Latin America has reaped many benefits. For example,
farmers in many parts of Africa and Asia are saving up to 45 days of labor with direct-seed
machinery in conservation agriculture systems, compared to conventional methods (Fig. 2).



Figure 2. Appropriate mechanization can support the sustainable intensification of agri-food systems,
helping to improve resource use and providing social benefits. (Credit: CIMMYT)

In Bangladesh, CIMMYT's work with partners (Krupnik et al, 2017) showed that by
switching to surface water irrigation, farmers can greatly increase crop production, even in
the face of soil and water salinity constraints. A recent study identified over 121,000 hectares
of currently fallow and rainfed cropland that could be placed under irrigation.

Laser-assisted land leveling introduced in India in 2001 (CIMMYT-IRRI-NARS
collaboration) in rice-wheat systems of the Indo-Gangetic Plains is a major success story.
Adopted on over 5 million ha, the technology is potentially saving 10 kms3 water and
benefiting millions of resource-constrained farmers (Jat et al., 2016). This saved water is
being used for sustainable intensification to produce more from same or less land in irrigated
areas, thereby limiting horizontal expansion of cultivated land, which essentially comes from
dryland/rainfed areas.

From the 1990s, CIMMYT scientists have worked with national agricultural research system
partners and advanced research institutes in India, Nepal, Bangladesh and Pakistan to test and
promote a resource-conserving approach of sowing wheat seed directly into untilled soil and
rice residues in a single tractor pass, also called zero tillage. Its environmental benefits - now
used on as much as 1.8 m ha in India - include healthier soils, significant water savings and a
90 kg ha-1 reduction in greenhouse gas emissions. In India, for smallholder precision nutrient
management, decision support tools (Nutrient Expertrm), calibration curve for
GreenSeekertv sensor (Variable Rate Technology) and Android phone-based app to support
GreenSeekertv calibration have been developed and validated through large on-station and



on-farm participatory validation trial wheat-based systems. Recent research on sub-surface
drip irrigation and fertigation, layered with conservation agriculture based management, have
shown game changing pathways for future food security while conserving critical natural
resources (water, soil) with minimal environmental footprints.

Achieving sustainable intensification requires further massive efforts including use of
climate-resilient crop varieties, improved agronomic practices, enabling policies, and
institutional innovations. Crops like maize and wheat have to be viewed as components of
complex farming systems that may also include livestock, trees and off-farm employment.
Stronger partnerships are required to tackle production constraints in wider social, economic
and environmental contexts.
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Extended Summary

Climate change is a reality and its adverse effects are more pronounced in drylands, leading
to vulnerable, unsustainable and unpredictable farming due to a range of changed edapho-
climatic factors arising from variability and evolution of climate, diet and demography.
Drylands, delineated into rainfed, irrigated, agro-pastoral and desert farming, cover more than
one third of planet’s land and are home to more than one-third of the population. Without
access to information and technology, farming in these lands can greatly suffer during dry
seasons and face catastrophic losses during periodic droughts. Over the decades and
centuries, the farming techniques have changed from traditional, where most of farm
operations used to be done manually, to modern farming which is more productive in term of
land and labour but highly dependent on industrial and financial inputs. However, by 2050,
we expect a population of 9 billion that will cause a "perfect storm" of food, energy and water
shortages as demand for fresh water, food and energy will climb by 30%, 70% and 100%,
respectively. Therefore, a paradigm shift is needed to produce more nutritious food from less
land, water, and inputs without further pressure on the declining natural resources. ICARDA
and its national and international partners aim to develop this new paradigm for the drylands
with a smart combination of traditional knowledge and new technologies, using multicriteria
and multiscale systems methodologies to build resilient and sustainable agroecosystems.

The value of traditional knowledge

The traditional practice and knowledge still have great relevance and contribution to dryland
farming, more significantly in the developing world. In Africa and Asia a lot of ancestral
techniques and land races of dryland crops are still in use for crop production, water
conservation, soil health management, animal feeding, grain storing and value addition of
plant and animal products. For example, farmers have a long history of experience on water
harvesting, retention and use for feed and food production. This includes prevention of soil
erosion on flat farms mounding the land into long furrows and traps water around the plants;
furrows of bunds along contour lines or terraces to limit soil erosion and allow rainwater to
infiltrate into the soil and terraces; soil cover with organic mulch to prevent evaporation; land
fallowing to store moisture in the soil for the following crop. These all emanate from farmers’
experience, which has been transmitted from generation after generation.

Most of these traditional farming techniques developed prior to modern agro-technological
revolution, in a period of true conservation agriculture (CA), a time during which farmers
developed thousands of crop varieties and animal breeds over centuries. They accomplished
CA through natural crossing and the selection of appropriate crops and varieties, which are



adapted to local soil and biotic, climatic (drought, heat, flood, storms) and socio-economic
conditions. Farmers in this era restored soil fertility through periodic addition of natural
materials such as household wastes, composts and manures, and adopting practices such as
crop rotation especially with N-fixing legumes and mixed cropping. Farmers replanted their
own seeds and exchanged their seeds and animal breeds with others, thereby spreading new
technologies far and wide while coincidentally preserving biodiversity on farmlands.

Almost unaware of the scientific breakthroughs, debates and discussion over climate change
and its impact on dryland production systems, the traditional agrarian practices of indigenous
communities in Asia and Africa have evolved but integrated some resilience based on
crop/livestock diversity and soil fertility. Along with low-cost technologies, those traditional
farmers grow variety of crops (rice, millets, legumes, sorghum, leafy and other vegetables,
medicinal plants, tubers) throughout the year, thus ensuring that their food and nutritional
requirements are met. In many farming communities, as many as 80 different crops are grown
for household needs. Farmers also practice mixed-cropping and inter-cropping to be resilient
against total crop loss due to climatic variability, pests and diseases. For example
intercropping and agroforestry are contributing to the conservation of prey-predators as a
means of biological control (birds, spiders, flies) instead to using insecticides. Today some
farmers of South Asia (most particularly the indigenous and hilly area tribes) are going back
to farming as they used to do before introduction of high-yielding crop varieties, hybrid
seeds, synthetic fertilizers and pesticides.

The limitations of traditional knowledge

Modernization of agriculture during the green revolution took a different pathway and
focused on a limited number of crops and varieties, field mechanization and the use of
synthetic input (fertilizers, herbicides and pesticides) as well as water for irrigation. These
cropping systems are now seriously contested in a ‘One Health’ approach of nature and
human health. However, this paradigm shift was also essential to increase total factor
productivity in order to meet the rapidly increasing food demand and the globalization of
markets for most staple crops.

This trend is likely to accelerate in the future and any new paradigm for ecological
intensification of agriculture should keep it as a baseline component. In this context, the
traditional knowledge of farmers faces several limitations, which need to be addressed by
research-for-development institutions like [CARDA:

e Replacing synthetic input by soil and ecosystems natural processes makes any
solution site-specific for a proper matching, for example of the nutrient crop
requirements and soil organic matter mineralization, both processes being highly
sensitive to climate (rainfall, temperature). Replacing “knowledge embedded”
technologies like mineral fertilizers by ecosystem-based production of nutrients
makes farming a more ‘knowledge intensive’ and ‘site-specific’ business. This is one
of the challenges today for researchers, advisors, farmers, and policy makers.
Capacity development of stakeholders becomes key in this context.



e Use of traditional knowledge for the design of modern sustainable farming systems is
facing a serious discrepancy between the data availability (mostly on production) and
the need for multicriteria (biodiversity, water, energy, product quality and safety) and
multi-scale analysis (farm, supply chain, landscape) required to design the agriculture
of tomorrow. Similarly, gender and youth consideration has not necessarily been
taken into account in the traditional farming systems but cannot be ignored today.

e Agro-ecological practices have been developed by farmers over long periods with a
trial-error approach, which can impair innovation in face of an uncertain climate and
with the high risk aversion of smallholder farmers. In face of global changes (climate,
economy) this approach has to be re-visited in order to address the design of farming
systems on a short term (few years) and taking into account potential risks and
impacts.

The role of research-for-development organizations

The above-mentioned three limitations are taken into account by ICARDA and its partners in
their research and capacity development activities. This can be described along the four
outcomes of our R&D projects.

Improvement of technologies and crops

There are many examples (e.g. www.icarda.org) of traditional practices, which have been
refined and made more efficient with modern scientific innovations: cultivars with improved
resistance to pest and disease, drought and heat resistance, grain quality; rainwater harvesting
at field and basin levels, etc. This approach aims to improve one of the components of the
farming system (that we call “component research”). It has contributed substantially to
improve biophysical and economic productivity of water, land and labour in the drylands.

Innovation is sometimes also derived from the modernization of traditional crops. For
example, smallholder farmers in semi-arid environments have limited resources to improve
the supply of animal feeds. Cactus pear (Opuntia ficus-indica) is an ideal candidate that can
grow in degraded land with minimum inputs.

The yield improvement must be done in a multicriteria analysis, in order to combine it with
biophysical and economic productivity of water and fertilizers in face of soil and climate
variability. This can be done with crop models, properly calibrated and then applied for
simulating scenarios of fertilizer and irrigation application using long term weather datasets.

Capacity development of farmers

The above example also illustrates how research can provide access to farmers and advisors
on quantitative analysis of input-output relationships in crops, empowering farmers with a
better knowledge of the system they manage and allowing them to conduct risk analysis of
implementing a new variety or a new technique in an uncertain climate and market.
Applications in this domain are rapidly expanding and we are working to allow farmers and
advisors to access with their smartphone knowledge on crops and varieties, pest and disease,

input, markets and climate (www.icarda.org).



Systemic design and management of cropping systems

As shown above the improvement of sustainability and resilience of farming systems cannot
rely on individual technologies (characterized above as “component research”) and their
application in a wide range of agro-ecologies. This is why ICARDA is also conducting a
“system-based research” where the innovation is grounded in the smart management of
interactions (Genotype x Environment x Management) between the components (soil, crops,
livestock, trees, water) of the farming systems in specific agro-ecologies and socio-economic
contexts.

Integration of improved varieties of pulses in the existing crop-livestock systems can drive
more efficiency, productivity and resilience in drylands of India, provided they are also
properly integrated into added-value chain in the food system. Smallholder farmers in South
Asia can increase the intensity and diversity of ‘rice-fallow’ systems with specific varieties of
pulses adapted to soil type and residual moisture.

Digital augmentation for precision decisions

Digitization of the agro-ecosystems (e.g., geo-tagging, agro-tagging, farm-typology) becomes
the most essential entry point for any sustainable developmental entity whether it is breeding
site- specific varieties, crop diversification and intensification, efficient use of farm inputs,
agronomic practices, stable economic return, or ecosystem-services management. Ongoing
efforts in big-data driven digital augmentation aim at quantifying functional production
dynamics and drivers to target site-specific sustainable developmental interventions and
scaling the ecological intensification such as integration of pulses in rice fallows, adoption of
conservation agriculture, bridging the yield gaps, geo-localization of the research and impact
reporting (www.icarda.org).

These technologies, combined with a quantitative and systemic analysis of innovation in
dryland farming systems, can support out-scaling, up-scaling and foresight approaches, which
are required by policy makers, investors and research institutions to prioritize and guide their
interventions. This is the aim of the ‘Dry Arc Interface’ that ICARDA is developing in
partnership with three other CGIAR centers (ICRISAT, IFPRI and IWMI).

It is a fact that traditional knowledge and its application in dryland farming can have a great
contribution to todays’ agriculture for resilience in the context of climate change and other
socio-economic considerations. Many of the traditional practices are still being nurtured by
farming communities. However, the use of scientific breakthroughs and innovative agro-
technologies (machineries, geo-informatics, biotechnology, nano-technology, new
knowledge, etc.) is needed to meet food, feed and fiber requirements of a growing population
under changing climate. This synergy among traditional practices and modern innovative
technologies is one of the key pillars of [CARDA research-for-development strategy.
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Abstract

Genetic engineering in plants is not a new technology. The main tools for introducing
heterologous DNA into plants, Agrobacterium tumefaciens-mediated transformation and
biolistics, were invented in the 1980s. All transgenic crops that are currently commercially
grown were produced using these methods. However, the random nature of gene insertions
can have undesirable effects, and these methods are not favorable for making large concerted
changes, such as adding an entire metabolic pathway in a plant. Plant-genome editing, using
a host of new tools, including Zinc-Finger Nucleases (ZFNs), Transcription Activator-Like
Effector Nucleases (TALENs) and Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPRs), is poised to have the greatest effect on precisely changing DNA
sequences in crops in novel ways. CRISPR can be used to introduce new genetic material.
CRISPR can make precise mutations by substituting existing DNA sequences with desired
ones. It can disable whole genes by snipping them out or via imprecise repairs that knock out
gene function. The Cas9 enzyme itself can be manipulated to enhance or suppress gene
expression. If we want to design crops suited for special ecosystems (e.g. abiotic stress and
climate change) CRISPR is a transformative technology that can offer immediate solutions to
grand challenges in agriculture. However, gene editing and synthetic biology can possibly
face some biosafety concerns. Therefore, some governmental biosafety regulations will need
to be devised to allow stakeholders to benefit from this innovation.

Introduction

Genetic engineering in plants is not a new technology; it is now more than 35 years old. The
main tools for introducing heterologous DNA into plants, Agrobacterium tumefaciens
mediated transformation and biolistics, were invented in the 1980s. All transgenic crops that
are currently commercially grown were produced using these methods. Genetic engineering
directly manipulates the genome of an organism either by the introduction of one or several
new genes and regulatory elements, or by decreasing the expression of endogenous genes.
For either of these end points, a DNA construct is inserted into one or more chromosomes in
a random manner and into one or more /oci. This approach has been effective in cases in
which simple traits, such as herbicide tolerance and insect resistance, have been added to
plants. However, the random nature of gene insertions can have undesirable effects, and these
methods are not favorable for making large concerted changes, such as adding an entire
metabolic pathway in a plant.

Plant-genome editing, using a host of new tools, including zinc-finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENSs) (Cermak et al., 2011) and clustered
regularly interspaced short palindromic repeats (CRISPRs), is poised to have the greatest



effect on precisely changing DNA sequences in crops in novel ways (Gaj ef al. 2013; Du et
al.,2016). CRISPR can be used to introduce new genetic material, providing a big boost to an
emerging technology known as “gene drive” (Miller et al., 2007; Sander et al., 2011).
Various applications are possible due to the many types of editing that CRISPR enables.
CRISPR can make precise mutations by substituting existing DNA sequences with desired
ones. It can disable whole genes by snipping them out or via imprecise repairs that knock out
gene function. The Cas9 enzyme itself can be manipulated to enhance or suppress gene
expression (Feng et al., 2013; Jansing et al., 2019).

Since its 2013 demonstration as a genome-editing tool in Arabidopsis and tobacco, CRISPR
has been tested in crops, including wheat, rice, soybean, potato, sorghum, orange and tomato.
By the end of 2014, research into agricultural uses for CRISPR included a spectrum of
applications, from crop resistance to pests to reducing the toll of livestock disease (Govindan
and Ramalingam, 2016; Doyon ef al., 2011).

Table 1. Traits that may be delivered using gene editing technologies

Input traits:
e Stacked herbicide resistance
® (Carbon Fixation:
o Improved rubisco
o C4 photosynthesis in C3 grasses
o CAM in C4 plants
Phosphorus-use efficiency
Nitrogen fixation (cereals)
Biotic stress resistance
Microbial resistance
Insect resistance-
Abiotic stress tolerance:

- Drought tolerance
- Water-use efficiency
- Cold/Heat tolerance
- Salt tolerance
Output traits:
Enhanced nutritional content (micronutrients, vitamins, amino acids)
e Food safety (lower aflatoxins, reduced acrylamide formation)
e Forage quality (digestibility, nitrogen protection)
e Biofuels and industrial products (improved biodiesel properties).

CRISPR and food production
There are several examples of use of CRISPER for improving specific traits of some major
food crops. Some are given below:

Bananas: The Cavendish banana, the most common type, is on the verge of extinction due to
a fungal disease. However, Korean researchers are attempting to save it, using CRISPR to
snip out the receptor that the fungus uses (ISAAA, 2018).



Table 2. Plant genes that can be edited by the CRISPR/Cas9 technology to improve plant tolerance to
abiotic stresses (Jaganathan et al., 2018)

Crop Gene Trait
Cassava MeKUP salt, cold and drought resistance
Cassava MeMAPKKK  drought resistance
Cotton GhPINI-3 drought resistance
Cotton GhRDLI drought resistance
Date palm Pdpcs/ Pdmt  Cd, Cr resistance
Date palm Pdpcs/ Pdmt  metals resistance
Papaya CpDreb2 drought, heat and cold) resistance
Papaya CpRap2.4 heat and cold resistance
Sugarcane ScAPX6 ABA, methyl jasmonate and Cu stress resistance
Sugarcane ScGluD?2 smut and salt and heavy metal resistance
Sugarcane ScNsLTP drought and chilling resistance
Banana MaAPSI cold and salt resistance

and MaAPL3

Peanuts: In Ireland, researchers at Aranex Biotech are working on a hypoallergenic peanut.
Their use of CRISPR to remove genes that contain allergens may be the most promising
attempt yet to create a new crop of allergy-free peanuts (ISAAA, 2018).

Tomato: Scientists from University of Nottingham, UK, used CRISPR-Cas9 to edit genes
PL, PG2a, and TBG4, which are related to fruit ripening, flavor and shelf life in tomato
(ISAAA, 2018).

Rice: Glutinous cytoplasmic male sterile (CMS) line is vital for the selection of hybrid
glutinous rice combination with high yield and quality. Xin Wang and team knocked out the
granule-bound starch synthase OsWaxy with low amylose content in 209B using CRISPR-
Cas9-mediated genome editing technology and successfully obtained a glutinous maintainer
line WX209B (ISAAA 2018).

Ethics in the use of CRISPR/Cas9 technology

Oversight for CRISPR is difficult because the technology is evolving so quickly. There is no
global (or national) consensus on what should or should not be done with CRISPR. Decisions
about CRISPR are made by experts, often with little input from the general public, religious
community, social scientists, biosafety professionals etc. This situation creates fear of
CRISPR misuse on purpose or by accident. However, gene editing and synthetic biology can
possibly face some biosafety concerns, as increasingly greater amounts of DNA and proteins
are being manipulated into crops (Jaganathan et al., 2018; Grohmann et al., 2019).

Potential advantages and disadvantages of gene editing
The positive side of the use of gene editing includes the following:

e The ease and low cost may make genome editing a viable option for smaller, specialty
crops, as well as animals.



e The method could eventually be used to tweak almost everything we eat, allowing
researchers to select traits that make agriculture more sustainable and productive and
our food more nutritious.

The possible disadvantages and concerns associated with gene editing are as follows:

e Mentality that “as long as it works, we don't have to understand how it works.”

e With gene editing, it will be hard to detect whether something has been mutated
conventionally or genetically engineered.

e There could be “Off-Target Effects”

e The genes used will only work well in certain genetic backgrounds and
environments.

e By editing plant genes, companies can avoid regulation.

e Critics warn that the industry is repeating the mistakes made by promoting GMOs
(Benjamin, 2017).

How to promote responsible use?

If we want to design crops suited for special ecosystems (e.g. abiotic stress and climate
change) CRISPR is a transformative technology that can offer immediate solutions to grand
challenges in agriculture. This technology will reshape the future of agriculture. However,
some governmental biosafety regulations will need to be devised to allow stakeholders to
benefit from this innovation. There is an urgent need to accompany gene editing and CRISPR
development with a policy framework that responds to the concerns of the public when
technologies migrate from the laboratory to the market. Transparency, through provision of
adequate societal oversight of risks, trade-offs and opportunity costs of CRISPR engineering
will be needed. It will hinge on the involvement of everyday people - not just scientists or
companies - in decision making about altering the food system.
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Extended Summary

Sustainable agricultural intensification has been defined as an increase in the output of the
unite area or unit volume of water used, while reducing the external inputs, thereby
minimizing the negative impact on environment (Pretty, 1997). Sustainable intensification
was linked, originally in 1990s, with the smallholder agriculture in Africa, where low
productivity was associated with degradation of natural resources. Later on, several reports of
major public and private institutions (www.fao.org/docrep/meeting/024/md300e.pdf) have
endorsed sustainable intensification as a mainstream concept and one of the key components
to achieve sustainable development.

Sustainable intensification

The World should increase food production while maintaining productivity of arable land
base and conserve the natural resources. Intensification of agriculture without harming the
environment is essential to meet the needs of expected increase in population and the rising
level of food consumption (Tilman et al., 2011; Alexandratos and Bruinsma, 2012). The
challenge of access to food, in a scenario with no assurance that higher levels of production
will result in food security for more people, would be increasing unless distributional,
political and economic issues in the food system are appropriately addressed (Allen et al.,
2006).

Several arguments criticize the narrow definition of sustainability that is currently being used.
Intensification could be achieved by intensive use of chemical inputs and biotechnology, with
no concerns for environment. Sustainability may also neglect some socio-economical factors.
The incentives for growers or private sector to adopt the concept of intensification are not
clear; this means that public sector or governments will bear the cost of improvement.

About 30% of food produced in the world is lost or wasted during production, harvest, post-
harvest and marketing. The pattern of nutritional consumption results in increasing the
number of overweight to about two billion people and the number of obese to 600 million
worldwide. This raises the issue of the importance of addressing the access, consumption and
waste of food to prevent more degradation of natural resources. Improving pre and post-
harvest agricultural practices will effectively address the issue of production losses and
waste, especially when it is coupled with a well-established modern marketing system.
Linking farmer to markets will reduce losses and also address the socio-economical issues of
increasing farmers’ income.



Protected agriculture

Adopting the technologies of protected cultivation using modern greenhouses and
hydroponics is an effective way of intensifying and diversifying arid land agriculture. This
will increase land and water productivity and farmers’ income. By increasing the water use
efficiency and avoiding water losses associated with irrigated agriculture in dry areas,
protected agriculture will lead to conservation of scarce water resources in arid zones (El-
Shinawy et al., 1996).

Protected cultivation is a system that grows crops using hydroponic with re-circulated
nutrient solution. It does not have any negative effect on the soil structure or composition. As
the chemicals used in the nutrient solution are much less than the amount of fertilizers used
for soil cultivation, protected agriculture reduces pollution of soil and water, and hence,
reduces adverse impact of crop production on environment. Further, using insect-proof nets
to protect plants from insects reduces the need for insecticides.

Growing green fodder for intensive animal production in arid lands requires large areas of
fertile agricultural land and huge amounts of water for irrigation. Greenhouses offer a
solution through the technique of growing sprouts on hydroponic trays. Such technique
provides a continuous supply of green biomass from relatively low area and limited amount
of water.
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Figure 1. UNEP soil degradation map of the World.

A remarkable example of the efficient use of water resources is the use of substrates in
soilless culture for better vegetable quality and as a means for improving water use efficiency
(Abou-Hadid, 2013). Soilless culture is a modern technique in the protected agriculture that
has been investigated for the arid areas using different rooting media and re-circulated
nutrient solution (Abou-Hadid et al., 1987). The technology of soilless culture or hydroponic
system under greenhouses will be more advantageous to conserve the environment and add



more income for the grower. For example in Egypt, the yield of field-grown tomato was
3 kg m-3 of water; plastic house soil-grown tomato 17 kg m-3, and of tomato grown in soil-
less culture in plastic house conditions was 45 kg m-3.

Arid lands are located in areas where the solar radiation is at its maximum. The use of such
renewable energy to operate greenhouses will reduce the fossil fuel utilization, and hence,
reduce the emission of greenhouse gases.

Arid horticulture

The soils of almost all the arid areas of the world range from very degraded to degraded, as
shown in Fig. 1 (IAASTD, 2008). The scope of intensive crop-based agriculture is therefore
not very promising for the arid areas because of soil degradation and scarcity of water for
intensive irrigation. Intensive field crop cultivation will accentuate stress on the limited soil
and water resources. Arid horticulture will be another more promising method of diversifying
arid agriculture as it will allow soil conservation through management of the soil without
disturbing soil structure and production of high value fruits adapted to arid environment.
Adding value to their products would not only enhance use efficiency of limited water
resources but would also improve farm income and the resilience of farmers to adverse
environmental conditions, particularly drought. Several good examples of successful
introduction of arid horticultural crops in the drylands are available from China, Egypt, India,
Mexico and the USA.
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Extended Summary

‘No Tillage’ (NT) is a crucial tool to convert drylands into productive lands. As it also
recovers, maintains and improves soil conditions, it is conceived as a production system and
not only as a conservationist practice or an agricultural alternative. NT has revolutionized
agriculture. Its arrival meant a true paradigm shift, eliminating tillage as an historical basic
tool for agriculture. Non removal of crop residues, and thus leaving soils covered with
stubbles, generates a change in the soil environment by improving its structure, increasing
soil organic matter and water availability for crops, modifying the biological activity and
therefore, nutrients dynamics. Initially, immediate results are observed on physical and
chemical properties of soil, with improved and stabilized soil structure, increase in macro-
porosity, and improved water and air dynamics.

The extensive cover of the soil surface by organic residues and stubbles greatly reduces the
amount and severity of water run-off, increases water infiltration and decreases direct
evaporation from the surface. It also protects soil from water and wind erosion. Although the
extra water stored is important in all regions, it is even more critical in marginal sub-humid to
semi-arid areas, where soil water holding capacity and rainfall are lower than in areas with
better soils and climate. Under rain-fed crop conditions, the extra rainfall captured by the NT
system 1is critical insurance to achieve some level of yields, even when rains are delayed.
Better and higher water storage in the soil improves not only water-use efficiency but also
permits intensification of crop rotation, which, in turn, contributes to return of different
quantities and quality of the residues. Subsequent decomposition of residues leads to
accumulation of soil carbon in the topsoil.

NO TILL SYSTEM — Regenerative Agriculture
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Figure 1. 'No Till’, a regenerative agriculture system.



No-till system is the basis of regenerative agriculture (Fig. 1) that allows carbon sequestration
in the soil, GHG emission reduction, development of healthy soils, biodiversity conservation,
enhanced resilience of production system to climate change, in addition to higher production
of nutritious food. Nutrient dynamics is modified, which offers opportunity for a strategic
management of nutrients in the system with little adverse affect on environment.

Water availability is as crucial factor in the global production of food, particularly in the dry
areas. It is a challenge as to how climate, soil, plant improvement and cultural management
can be combined to increase water use efficiency. Beltramo (2008) studied the role of
adequate fertilization in enhancing the water use efficiency of maize (Table 1) and soybean
(Table 2) in a ‘maize-soybean’ rotation under no-till production system. The results indicated
a better water use efficiency and yields with improved nutrition and, sustainable
intensification model, the nutrient replacement treatment being the most efficient.

Table 1. Water use and use efficiency (WUE) of maize under different fertilization treatments
(Beltramo, 2008)

Control S Treatment NP Treatment NPS Treatment NPS
Replacement
Phenological
stages S Fl | MF S Fl | MF S Fl | MF S Fl | MF S Fl | MF

Total available

278 | 58 34 1276 | 52 | 31 270 | 54 | 81 259 | 40 | 30 | 271 | 43 60
water (mm)

Rainfall*# *During the period from planting to maturity 274 mm
Available water
at planting 278 276 270 259 271
(mm)
Consumption

518 519 463 503 485
by crop (mm)
Yield (kg ha-1) 4,640 6,222 5,656 7,947 8,497
WUE (kg of 9 12 12 16 18
grain mm-1)

#Rainfall 15 days before flowering 16 mm

Table 2. Water use and use efficiency of soybean (second crop) under different fertilization treatments
(Beltramo, 2008)

Control S Treatment NP Treatment NPS Treatment NPS
Replacement
;l;eg’;:l"g'cal S |Fl |[MF|s |F |MF |S |Fl |[MF |[S |Fl |MF |S |Fl |MF

Total available

134 | 185 | 330 | 107 | 186 | 276 | 82 | 211 | 318 | 41 220 | 277 | 10 186 | 293
water (mm)

Rainfall* *During the period from planting to maturity 793 mm

Available water

at planting (mm) 134 107 82 41 10
Consumption by 597 624 557 557 510
crop (mm)

Yield (kg ha-1) 2,684 4253 2,596 4266 4,499
WUE (kg of 4 7 5 3 9

grain mm-1)




Under the NT system, a much richer and more favorable soil biological environment is
created, promoting larger amounts and diversity of microorganisms, and presence of meso-
and macro-fauna. They generate and control some of the critical ecosystem functions,
encouraging good soil health, including soil carbon storage and nutrient cycling. They are
also important in promoting larger and more stable soil aggregates, as well as networks of
soil “bio-pores”, thereby improving water infiltration and storage. Many of them are involved
in the decomposition processes of organic matter and nutrient cycling, although others can be
harmful to crops as pathogens.

The adoption of NT associated with crop rotation, cover crops, integrated management of
pests, weeds and diseases, with responsible use of phyto-sanitary products, is known as the
concept of Good Agricultural Practices (GAP). Argentine No Till Farmers Association
(AAPRESID) initiated a PPP multidisciplinary research initiative, BIOSPAS, with the goal of
building soil quality indicators with a biological basis to characterize good agricultural
practices (GAPs). In a study under BIOSPAS project, a meta-genomics analysis of the
bacterial fraction of the soil revealed that the bacterial diversity in plots under GAP remained
at a level equivalent to natural environment while under the non-sustainable practice of
monoculture it decreased.

Within the research of some groups of bacteria communities, in the framework of the
BIOSPAS project, isolates have been obtained with interesting properties such as phosphorus
solubilization capacity, plant growth promotion and control of soil-borne plant pathogens.

Regarding soil biology, four new research areas are foreseen: (i) interpretation of the
biological processes that occur in soil and their impact on productivity; (i1) the impact of soil
pathogens causing diseases; (iii)) use of biological soil variables as indicators of
environmental performance; and (iv) use of microorganisms with specific agronomic
applications. Soil biology can offer innovative solutions to the current conflict inherent in
increasing food production at the same time and taking care of the sustainability of the
environment, providing opportunities for new productivity leap and sustainable
environmental management.

The sustainable agriculture production system, based on NT, certainly improves the
conservation of soil and water resources as compared to the conventional tillage production
system (Marelli, 1995). Therefore, in Argentina, as in other regions in South America, the
adoption of NT is massive. The adoption of NT innovative technologies and others GAPs has
led to 5-6 times growth in total production, from around 20 million tons annually in the 1970s
to between 100 and 120 million tons now, with only a twofold expansion of the cultivated
area. The NT has provided benefit spread over all kinds and sizes of farming systems, from
large holdings to small-scale, also subsistence operations.

Currently, nearly 160-170 mha of global agricultural land is being managed under NT
(Derpsch et al., 2015). Although the NT worldwide expansion has been impressive, it still
represents only about 10-12% of the global cultivated area, and remains limited to North and
South America and Australia. Therefore, much remains to be done for promoting adaption of
this model to the agro-ecological, geopolitical, economical and culture diversity around the



world. The integration of NT in different productions provides an interesting opportunity to
increase the buffering capacity of the agro-ecosystem against variations in the climate and
socio-economic conditions in the changing world.
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Extended Summary
Since the 1950s, the massive increases in food supplies, which were essential to feed
burgeoning populations and avert famines, were produced at critical cost to the natural
resources, for example diminished soil health and depleted aquifers. Fortunately, there is an
alternative to historic intensification approaches, namely, Conservation Agriculture (CA) -
also known as Zero-till (ZT) or No-till (NT) in many countries - which is one of the few
proven sustainable agricultural intensification practices.

The drylands are a natural home for CA because CA fosters infiltration of water in the soil,
reduces runoff, evaporation and soil erosion and reduces production risk while boosting farm
income. There is strong evidence of increased soil organic carbon on many soil types after
several years of CA. The retention of crop residues on the soil surface not only improves soil
health but also increases green water use efficiency. Another signature principle is zero-
tillage or the direct sowing into unplowed land through the stubble of the previous crop.
Direct sowing reduces labour input and ground preparation requirements, and thus augments
farm income and returns to family labour and often can improve the timeliness of planting in
dryland farming where the onset of planting rains is uncertain. In addition, crop rotations
often contribute to soil health and disease control.

During the past decade CA was adopted at an annual rate of about 10 m ha on smallholders
and large commercial farmers worldwide. Now more than 180 m ha of cropland is under CA,
distributed across all regions of the world and it is spreading rapidly in the agro-pastoral and
sub-humid farming systems of the drylands. For example, most rainfed cereal production in
Australia occurs under CA - a greater proportion than any other country in the world.

With the experience in diverse agroecological and policy environments, researchers and
development practitioners have realised that the principles of CA are most readily adopted
and perform best when complemented by good farming practices from the ‘Sustainable
Intensification’ approach, which seeks to increase output while maintaining or enhancing the
natural resource base. While some researchers work on station focused on the original
principles of CA, researchers working on-farm and development practitioners focused on
adoption and scaling recognised the need for broadening the CA approach. FAO now
promotes CA in farming systems or agroecosystem contexts.

In this presentation, the combined approach of Sustainable Intensification and CA is termed
Conservation Agriculture based Sustainable Intensification (CASI), incorporating the
advantages of both parent approaches. For example, integrating good soil and crop
management practices from sustainable intensification (e.g., improved nutrient management,
drought tolerant cultivars, good plant populations and weed, disease and pest control) with



CA principles reinforces the sustainability and resilience dividends whilst boosting
intensification and farm income outcomes.

Thus, well-designed CASI can address the multiple policy objectives and wide range of
negative externalities (e.g., dust storms) often observed in the drylands, while improving the
adoptability by and benefit streams for agropastoralists. In the farming systems or
agroecosystem context, CASI naturally includes local institutions and market access, forage
and livestock improvements and agroforestry and directly addresses policy priorities on
household food security and livelihoods in the mixed crop and livestock farming systems of
the drylands. In fact, CASI can also be viewed as one form of climate smart agriculture.

The complexity and uncertainty of dryland farming systems demands the use of multi-
disciplinary teams and inter-disciplinary (or trans-disciplinary) research and scaling methods.
Such approaches call for emphasis on economic, environmental and social sustainability
outcomes at multiple scales, in contrast to focused disciplinary or organisational mandates,
and practices which connect innovation from communities to national institutions. This is
ideal- it is widely recognised- but implementation has been challenging without strong policy
and science leadership and budget, or a well-supported results-oriented task force approach.

Such R&D methods also need to take a dynamic approach to processes of adoption,
experimentation and learning by agro-pastoralists. There are a wide variety of modern inter-
disciplinary R&D methods that foster knowledge and accelerated scaling, which could be
applied to CASI in the drylands. For example, various types of multi-stakeholder innovation
platforms have demonstrated the value of farmer experimentation, community learning and
linkages with government agencies and private sector. At the other end of the spectrum,
continuous monitoring and capture by sensors combined with crop and climate modelling
will have a major role in drylands R&D.

Systematic targeting of R&D is an essential part of effective CASI R&D. The FAO/World
Bank classification of farming systems in low income regions is one framework. Many
countries including India have agroclimatic and/or farming systems frameworks which offer
an efficient basis for the organisation of field research, the consolidation and spillover of
CASI knowledge and the monitoring of adoption and impacts. Clearly, monitoring metrics
should include not only field level soil health, but also productivity, whole farm and
landscape metrics - to correspond to the broader drylands CASI R&D agendas. Experience in
Brazil, India and Australia shows how farmer groups can play a major role in research, often
in close cooperation with scientists, and monitoring, in cooperation with extension and local
officials.

As particular types of dryland farming systems extend over many countries and often share
similar CASI research questions and development challenges, there is enormous value in
sharing CASI knowledge between scientists and policy makers across countries. One such
example is the CASI platform for sharing knowledge across South Asian countries that could
be a model for other regions. By extension, mechanisms for bridging CASI knowledge
sharing across regions are also valuable to support future efficient research, knowledge



sharing and scaling - and thus sustainable agricultural intensification and achievement of
national development priorities, e.g., doubling farm income, and the SDGs.

Note: Practical experiences with CASI approaches were explored in a Master Class on
‘Systems Approaches to Land Restoration’ convened in Jodhpur during 15-17 February 2019
imediately following the 13m ICDD.
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Extended Summary

Water is a finite and renewable resource that is fundamental to human well being. It is
especially critical in drylands, which occupy 41% of the earth's surface, encompass over 100
countries and are home to one-third of the world’s population - yet possess only 8% of the
global renewable water supply. Most prevalent in Africa and Asia, drylands sustain both rural
and urban communities and are home to the poorest and most marginalized people in the
world (United Nations, 2011; Pedrick et al., 2012). Drylands account for 44% of the world’s
cultivated area, and are centers of origin and diversity for vital staple food crops, including
wheat, maize, potatoes, lentils, beans, millets and sorghum, though much of this diversity
remains untapped (CGIAR, 2018). Rangelands account for 65% of the global dryland area,
supporting 50% of the world’s livestock (Davies et al., 2016; CGIAR, 2018). Despite their
aridity, drylands include many major watersheds, supplying water to billions of people
(United Nations, 2011). Given the importance of drylands, it is essential to understand and
address their water-related challenges, with the aim of achieving sustainable growth.

Dryland challenges

Drylands face a wide range of pressures, including high levels of climate uncertainty,
persistent water scarcity, water-related risks (droughts and floods), environmental
degradation, desertification, biodiversity loss, rapid population growth and urbanization.
About 6 million kmz of drylands (10%) are already degraded, costing developing countries an
estimated 4-8% of their national gross domestic product each year (Pedrick et al, 2012).
Floods, droughts, water pollution, overuse of aquifers and other water-related hazards in
drylands pose serious risks for food systems, rural livelihoods and the ecosystems on which
they depend. With food demand predicted to increase 50% by 2030, demand for water will
certainly increase. In response, water use in arid regions must become more efficient.

Drylands are, by definition, water scarce, and this is the common denominator of many of the
problems they experience. In addition to water scarcity, drylands are characterized by erratic
rainfall with substantial inter-annual variability (Davies et al., 2016). This makes water
management a challenging task, requiring heavy reliance on water ‘banks’, such as rainwater
harvesting tanks and groundwater. In many regions, however, over-abstraction of
groundwater reserves has caused a steady decline in the availability of this resource during
recent decades (United Nations, 2011). Climate change is expected to exacerbate these
problems, leading to more frequent and severe extreme weather events. Water scarcity is
often the key limiting factor in food production, and in many dryland countries, conditions
for crop growth are predicted to become even more difficult as a result of climate change,

with the poorest and most marginalized people suffering the most (Pedrick et al., 2012;
Cervigni et al., 2016).



Dryland areas have generally achieved only limited progress in realizing their potential for
sustainable transformation. Crop yields, for example, show large gaps between potential and
actual performance in many places (Pedrick et al., 2012), and on poorly managed land, the
share of water available to plants can be as low as 40-50% of rainfall. There are significant
opportunities to increase crop yields and water-use efficiency.

Solutions and ways forward

A key step forward in drylands entails policies and other measures to speed the adoption of
water-saving technologies and integrated approaches for boosting water productivity in
agriculture, leading to greater food security and employment. Policies should also aim to
increase the availability to small-scale farmers of information, knowledge and finance for
investment in water-saving technologies.

Among the most promising solutions are:

1. Sustainable intensification of agriculture together with water-smart agriculture for
smallholders in Asia and Africa. This involves better capture, storage and conservation of
water through small-scale irrigation systems, participatory groundwater management and
‘green’ solutions, including rainwater harvesting and integrated watershed management.

2. Water productivity innovations:
e Crop varieties that use less water.
e Water technologies, such as drip irrigation (Fig. 1) that increase water-use efficiency.

e Increased investment coupled with enabling policies, institutions and incentives at
different levels (household, community, national and global).

Figure 1. A farmer checks the drip irrigation system at his rice field in
Govindapuram, Tamil Nadu, India.

3. Improved management of uncertainty and enhanced resilience:

e Innovative approaches for early drought/flood warning as well as index-based weather
and crop insurance to reduce the economic impacts of such shocks.

e Novel use of ICT tools, the internet of things and last-mile connectivity with smart
phone apps.



4. Institutional and policy measures that promote inclusive access to water, with special
emphasis on gender equality.

5. Sustainably managed solar irrigation systems, which show great promise in dryland areas,
given their high solar potential (Fig. 2).

6. More effective policy making, based on reliable data, requiring more systematic
information gathering, improved access to data and careful analysis. For this purpose, both
small-scale, ground-based technologies, like mobile weather stations, and large-scale, web-
based information systems and geo-spatial tools can be useful.

7. Traditional systems for water harvesting and conservation as well as managed aquifer
recharge to conserve the last drop of available moisture.

Figure 2. Sprinkler system energized through a submerged solar pump.

Researchers, development professionals and policy makers must work together with rural
people to examine options that are suited to diverse contexts and generate multiple benefits
across scales to ensure enhanced water availability and improved resilience through efficient
and sustainable use of limited water resources in drylands.
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Extended Summary
Sub-Saharan Africa is the region where food shortage is expected to increase in the future.
Due to economic development and urbanization in the region, demand for wheat is
increasing. However, wheat production is not keeping pace with the demand due to the
unsuitability of agro-environment (high temperature and drought) for wheat production. This
area is predicted to be hotter in the future, and thus it is an urgent task for breeders to develop
varieties well adapted to the dry conditions and higher-temperature.

Bread wheat (7riticum aestivum, genome AABBDD) originated through a few events of
natural hybridization between durum wheat (7. durum, AABB) and Aegilops tauschii (DD),
wild species. Because these events involved a few progenitors, the genetic diversity of durum
wheat and 4. tauschii is not fully represented in the current bread wheat germplasm. This
narrow genetic diversity limits the availability of genes useful for wheat breeding. One
approach to widen wheat diversity is to use the germplasms of wheat progenitors. Since the
1980s, about 1200 hybrids between durum wheat and A4. fauschii have been developed at
CIMMYT (Van Ginkel and Ogbonnaya, 2007), and the hybrids, designated as ‘primary
synthetic’ (PS), were used to capture the considerable genetic diversity of the progenitor
genomes (Zhang et al., 2005).

The current approach to use the genetic diversity is first to evaluate PS lines and then to cross
the limited numbers of the selected PS lines with elite cultivars. However, the expected traits
of PS may not always appear in the genetic background of the elite cultivars due to the large
genetic difference between the backgrounds. Thus, a new approach and platform for efficient
exploration, harnessing, and utilization of this tremendous genetic diversity is needed (Gorafi
etal., 2018).

We, in our work, have used 43 PS wheat lines as donors and a bread wheat cultivar ‘Norin
61’ (N61) as a recipient. The PS lines were made by crosses between the durum wheat
cultivar ‘Langdon’ and 43 accessions of A. fauschii. These accessions cover the entire
intraspecific diversity of the species (Matsuoka and Nasuda, 2004). We crossed N61 with
each of the 43 PS lines and produced 43 Fi plants in 2011. We crossed these 43 F1 plants with
N61 and produced 43 BCiF1 seeds in 2012. We cultivated them and obtained BCiF2 seeds
from individual plants in 2013. We took ten seeds from every 10 BCiF1 plant in the 43
lineages and mixed all the seeds to produce a bulk of 4300 seeds. The mixed population was
maintained till BC1Fe.



First, we grew the BCiF3 population in the experimental field of Agricultural Research
Corporation (ARC) in Wad Medani, Sudan, in 2014/2015 season. The MSD population
showed various phenotypes in spike, leaf, and plant traits at maturity time. We selected six
plants showing vigorous growth and retaining green leaves at maturity compared to the
adjacent plants, which were completely dry. These six lines were named as MNH1 to MNH6
(MNH: MSD-Norin 61-Heat). In the next season, we phenotyped the MNH lines together
with N61 as a control in two sowing dates, optimum and late, to insure the exposure of the
plants to heat stress during flowering and grain filling. Also, we evaluated the physiological
traits, such as photosynthesis rate and stomatal conductance, of the same lines in controlled
optimum and heat-stress conditions using growth chambers at the Arid Land Research Center
(ALRC), Tottori, Japan. The results revealed that MNH lines had different responses to heat
stress, longer peduncle (all MNH lines except MNH3), increased photosynthesis rate (MNH2
and MNHS), and increased biomass and grain yield (MNH2 and MNHS) than N61 (Elbashir
etal.,2017a).

In the next study, to validate the suitability of the MSD population as germplasm for heat-
stress tolerance breeding, we cultivated randomly selected 400 plants from the BCiFs
population in the two locations in Sudan (Dongola and Wad Medani), in an augmented
randomized complete block design with N61, the genetic background of the population, and
‘Imam’ and ‘Goumria’, heat-tolerant Sudanese varieties, as checks. Wad Medani is warmer
than Dongola, and in Wad Medani we did seeding in late sowing time, in addition to normal
sowing time. We calculated heat tolerance efficiency (HTE) of each line as HTE = 100
(Ysi/Ypi), where Ysi is grain yield under a higher temperature, and Ypi is that under lower
temperature. The results again showed that the MSD population includes a large diversity of
yield attributes and heat tolerance capacity. We found many MSD lines that showed better
yield performance than check lines (N61 and two adapted Sudanese cultivars) under normal
condition and some lines showed higher heat tolerance than the checks with good yield
potential (Elbashir et al., 2017b).

We further genotyped these 400 lines by 47,994 dominant silico-DArT (SD) markers and
20,046 co-dominant SNP markers. Out of these, 8,822 SD and 6,794 SNP markers with
known genetic positions were allocated on the 21 wheat chromosomes. The molecular
markers revealed some QTLs (quantitative trait loci) for heat tolerance and other
morphological traits by modified genome-wide association analysis (Gorafi et al., 2018;
Gorafi et al., unpub.). We have already crossed the selected materials from the MSD
population with some Sudanese varieties and started a breeding program using the selected
lines as genetic resources for dry and heat-prone agro-environment of Sub-Saharan Africa.
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Extended Summary

The way we currently consume and produce our food is one of the greatest health and
environmental challenges of the 21st century. More than 820 million people have insufficient
food and many more consume an unhealthy diet that contributes to premature death and
disease. Moreover, global food production is the human activity that is placing the most
pressure on earth, threatening local ecosystems and the stability of the Earth system. While
transformations in global agri-food value chains have made a greater variety of food
commodities available to consumers in many countries around the globe, they have also led
to greater homogeneity in national food supplies. The newly published report from EAT-
LANCET Commission on healthy diets from sustainable food systems (Willet ez al., 2019)
underlines that “production needs to focus on a diverse range of nutritious food from
biodiversity-enhancing food production systems rather than the increased volume of a few
crops”. Agrobiodiversity is the foundation of sustainable food systems. Scientific evidence
shows that it boosts nutrition in diets. It increases resilience, soil health and water quality, and
reduces the need for costly artificial inputs such as fertilizers and pesticides in food
production systems. Farming systems high in agrobiodiversity produce less greenhouse
emissions than less biodiverse farms.

Around a third of populations living in drylands depend on agriculture for their food security
and livelihoods, and many of them live in chronic poverty. Understanding the uses of
biodiversity for agriculture in dry areas will be crucial to manage an increasingly scarce
natural resource base in a sustainable way and to ensure that enough nutritious food is
available for all. To do so, we need information about how different species, varieties and
techniques will affect our food and agricultural production and the environment.

Using two examples from dryland systems, evidence is presented that shows how
biodiversity-based approaches can provide a diet that is essential for human health and at the
same time increase the resilience of food production systems, for example, to adapt to
changing climates. Also presented is ‘Agrobiodiversity Index’ - a tool to measure agricultural
biodiversity in a given food system, that empowers governments, investors and companies to
ensure that food systems are sustainable.

Millets

Millets are genetically diverse and adapted to a range of marginal growing conditions,
including drought. Traditionally a staple of diets in many parts of the world, including India,
they are high in a range of micronutrients, including calcium, iron and dietary fibre. Yet, their
cultivation, consumption and marketing remain underdeveloped compared to other crops.
Bioversity International has been working with partners for 15 years in India to promote



millet production and consumption. Activities include creating markets for small-scale
producers, including empowering women entrepreneurs through the creation of millet-based
snacks for urban markets, and adding millets to school lunch menus.

Seeds for Needs

Drylands cover almost 40% of the world’s surface. Rainfall is often less than 250 mm a year
and there is limited access to other water sources for agricultural and consumption needs. In
India, 15,000 farmers across five states participated in crowdsourcing trials assessing
different varieties of rice and wheat on their farms. Linking to local gene banks, scientists and
farmers evaluated a broad selection of crop diversity, including traditional varieties, modern
varieties and obsolete varieties. Trials resulted in the adoption of 39 varieties of rice and 43
varieties of wheat. As a result, their agricultural systems should be more resilient to climate
change and rural communities are now better able to use adapted genetic materials through an
improved local seed system network.

Agrobiodiversity Index

Bioversity International’s Agrobiodiversity Index is the tool that governments, companies
and investors need to measure the status of agrobiodiversity in a selected area and assess if
their actions and commitments are contributing or not to a sustainable use of
agrobiodiversity.

The Agrobiodiversity Index measures agrobiodiversity across three dimensions:

e Diets and markets: to what extent and how companies, countries and projects
contribute to ensure food biodiversity for healthy diets.

e Production systems: to what extent and how companies, countries and projects
contribute to agrobiodiversity for sustainable production.

e Genetic resources: to what extent and how companies, countries and projects
contribute to diverse genetic resources for current and future options.

One of the objectives behind the Agrobiodiversity Index is to support countries to use the
information generated through the tool to guide their action for improved agrobiodiversity.
Using an ‘if/then’ scenario in a targeted area or value chain, the Index assesses the
agrobiodiversity performance of a country at local, regional or national level.

With the Index prototype now in place and ‘Use Cases’ conducted at the country, company
and project level, the Agrobiodiversity Index team is preparing to roll out the Index. The
Methodology Report has recently been published (Bioversity International, 2019) and the
first-round scoring is about to start.

Among other uses, the Agrobiodiversity Index can work as: 1) a reference for issuing green
bonds; 2) an impact assessment mechanism for blended finance and social impact bonds; 3)
an allocation driver for equity funds; 4) a tool to support policy design and corporate
management decisions. By measuring diversity in food and agricultural supply chains, the
Agrobiodiversity Index helps investors screen their portfolios for companies and
governments that promote agrobiodiversity, as a proxy for operational and reputational risks
related to climate change and unsustainable production. For instance, with almost USD 162.5



billion green bonds issued in 2017, the world is getting serious about climate-smart finance.
But climate finance needs a tool to rate bonds and listed equities in the agricultural and food
sector against their impact on the environment. The Index allows corporate and government
issuers to demonstrate the value for money of their agrobiodiversity-themed green bonds,
anticipating their product’s positive impact on agrobiodiversity status or reduction in
agrobiodiversity-related risks.

Call to Action

Putting agrobiodiversity back into our diets and into our food production systems is critical to
deliver healthy foods from a healthy planet. To do this, we need to be able to measure it.
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Extended Summary
Land restoration has climbed to the top of the global agenda. The world now recognizes the
dangers and costs of neglecting this critical aspect of human development. Nevertheless, the
financial resources to address the problem remain woefully inadequate. So, we have to get
smart about how to restore vast areas of degrading land with simple, practical and highly
cost-effective practices. We need to create new ways of bringing the strengths of government,
the private sector, and the non-governmental community together to synergize their efforts.

The Bonn Challenge - a global effort to bring 150 m ha of deforested and degraded land into
restoration by 2020 and 350 m ha by 2030 (www.bonnchallenge.org) - has been the
overarching umbrella for land restoration globally. But in recent years, regional initiatives
have proven to be exceptionally effective in mobilizing national commitments, technical
resources, and financial commitments. This has been particularly the case in Africa, where
the African Forest Landscape Restoration Initiative (AFR100) was launched in 2015
(https://afr100.org). During the past few years, 28 countries have voluntarily embraced the
initiative. Each of them has now set its own national target to restore degraded land. These
targets now exceed 112 m ha.

AFR100 is an audacious enterprise: A huge stretch goal to achieve by 2030. One good
outcome of this approach has been to challenge nations and organizations to get real about
focusing like a laser on mobilizing to scale-up those practices that can be successfully applied
over vast areas of degraded farmlands, forestlands, and rangelands. This commitment ensures
that all involved really bear down on getting biggest restoration bang for the buck.

Fortunately, there are now inspiring examples of successful land restoration on a vast scale
that provide a model for enormous further expansion. The most notable of these has been the
natural regeneration of hundreds of millions of useful trees across seven million hectares of
farm and community lands in Niger, a dryland country in the Sahel on the edge of the Sahara.
What is so remarkable about this example is that it was accomplished solely through the
efforts of millions of poor farm households. They spread the technique from farm-to-farm
and village-to-village without any external assistance, other than some modest support for
farmer-based extension. This phenomenon has been recognized as the greatest positive land
restoration success ever achieved on the continent.

The success of farmer-managed natural regeneration (FMNR) has now spread to the other
countries of the Sahel. Recent studies have shown that tree cover on farmlands in the region



has reached 16%. FMNR has also been successful on a major scale in Malawi and other
countries in southern and eastern Africa.

Ethiopia has developed another type of successful and low-cost model for massive land
restoration. The country’s exclosure program has assisted villages surrounding degraded
watersheds to apply the principles of assisted natural regeneration (ANR). Whole catchments
are restored to productive natural tree and grass cover on millions of hectares. The same ANR
principle has been applied in north-western Tanzania to restore healthy household and
community silvo-pastoral systems. ANR has also been a basis for thousands of communities
in India and in many other Asian countries to restore the productivity of their community
forest and grazing lands.

Institutional innovations have also been an important feature of applying cost-effective land
restoration. In Kenya, a community conservancy approach has evolved during the past 15
years. It fosters successful governance mechanisms for the sustainable management of vast
areas of grazing lands. There are now more than 100 community conservancies in Kenya and
Tanzania, and about 70 conservancies are also operating in Namibia.

Another institutional innovation that has arisen recently is the development of the
‘EverGreening Global Alliance’. This platform has enabled dozens of international, national
and local development and conservation NGOs to connect their deep technical capacities, and
their extensive on-the-ground program footprints; and to unite their efforts in massive, multi-
country land restoration scaling-up initiatives, in coordination with governments and
development donors (www.evergreening.org).

Dryland farming in a future of hotter temperatures and more frequent and severe droughts
requires a total rethink of the role of trees in agricultural systems. The Alliance is pursuing a
bold vision to create an evergreen agriculture that incorporates trees and shrubs directly into
cropping systems. This builds on the growing evidence base that woody perennials can be
profitably combined with crops. The trees buffer the crops from climatic stresses, increase
their yields, restore the health of the land, and provide additional high-value products for
greater income and farm assets.

We foresee that evergreen agricultural systems will be a major driver to achieve success in
land restoration at a very large scale in the coming years. The many examples of its major
successes, such as those outlined above, provide the inspiration and direction for adapting it
to local conditions across the tropical world.

Of course, such a concept and approach to land restoration is highly unconventional when
viewed from the standpoint of current mainstream agricultural science and extension. But the
science and practice of evergreen agriculture is expanding rapidly. This new paradigm for
agriculture is gaining momentum because of its demonstrated success, and its enormous
potential to addressing the serious challenges that agriculture is now facing.

The EverGreening Global Alliance is also pursuing the tremendous scope for the cross-
fertilization of lessons in land restoration among regions, particularly between Africa and
India/South Asia. The massive land restoration successes out of Africa can stimulate
applications for the Indian subcontinent. For example, there is an agroecological analogue



between the Faidherbia albida FMNR systems of Africa and the khejri (Prosopis cineraria)
systems of dryland India. Likewise, there are many lessons from India’s agroforestry and
land restoration experiences that can be a great value to Africa. One example is the success of
the Indian national agroforestry policy. It has enabled many stimulatory effects for expanded
smallholder tree production systems. We need much more cross-regional exchange of lessons
and experience between South Asia and Africa.

Note: Building a cross-regional bridge through a new community of practice was the theme
of a Master Class on this topic convened in Jodhpur during 15-17 February, 2019
immediately following the 13# IDDC.
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Abstract

Sustainable Land Management (SLM) plays an essential role in achieving a land
degradation-neutral world through converting dryland areas from grey into green. SLM is
defined as a knowledge-based combination of technologies, policies and practices that
integrate land, water, biodiversity, and environmental concerns to meet rising food and fiber
demands while sustaining ecosystem services and livelihoods. We are now proposing a
framework for next-generation SLM in Ethiopia, incorporating effects such as enhanced
prevention of soil erosion, improvement of land productivity and increasing local residents’
income. Research sites were set up in three different areas (highland, midland and lowland)
in the Upper Blue Nile Basin, which suffers from serious soil erosion caused by rainfall, so
as to develop practices and technologies for improving land productivity by reducing soil
erosion and introducing crop-livestock production systems as well as linking such efforts to
improving the livelihoods of local residents. Various SLM practices targeted to fight
desertification have been implemented in many areas of the world, but their sustainability
and effectiveness are being questioned. Hence, this project aims to develop improved SLM
technologies and approach that could address the major limitations of the currently
implemented SLM practices.

Introduction

Sustainable Land Management (SLM) is defined as a knowledge-based combination of
technologies, policies and practices that integrate land, water, biodiversity, and environmental
concerns to meet rising food and fiber demands while sustaining ecosystem services and
livelihoods (Liniger et al., 2011). Thus, SLM covers not only physical land issues, but SLM
also includes other issues such as biodiversity, environment, and people's livelihood and
welfare.

We are now conducting a research project in Ethiopia supported by the Science and
Technology Research Partnership for Sustainable Development (SATREPS) program. The
title is “Development of next-generation Sustainable Land Management (SLM) framework to
combat desertification”.

Our study area is located in the upper Blue Nile basin, Ethiopia. The upper Blue Nile basin is
one of the areas of severest water erosion. Soil erosion is one of the most important issues in
Ethiopia. Soil erosion has two different effects. One is onsite effect, for example, land
destruction by gully and decrease in soil fertility by sheet erosion. Another is offsite effect,
for example, soil is eroded at farm lands, then the sediment comes through river with water
pollution, and dam function declines because of the sedimentation. To tackle those problems,
soil and water conservation (SWC) measures are introduced in Ethiopia such as stone bund



and trench. Those measures are being introduced by SLM projects in Ethiopia (Haregeweyn
et al., 2015). There are a number of SLM projects being carried out in Ethiopia, however, the
effects of measures had never been evaluated by scientists, particularly in Amhara Region of
the Upper Blue Nile basin. Thus, we started from basic research to provide scientific
evaluation about the effects of those measures.

Effects of SLM interventions

Haregeweyn et al. (2017) estimated the effects of SLM interventions in upper Blue Nile basin
using a combination of different numerical models; the total sediment yield from the basin
could be reduced by ~61.4%, when appropriate soil and water conservation practices targeted
ca. 79% of the area with moderate to severe erosion (>15 t ha-1 yr-1) (Fig. 1).
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Figure 1. Soil loss and sediment yield (t ha-1 yr-1) maps of the Upper Blue Nile River basin: (a) present (2016)
soil loss; (b) present sediment yield; (c), future (2025) soil loss and (d) future sediment yield.
(Haregeweyn et al., 2017).

On the other hand, Ebabu et al. (2019) tried to clarify the effects of SLM interventions
through field plot experiments. We selected three paired-watersheds, one was the watershed
treated with soil and water conservation measures, and the other was without any such
measures. We also set experimental plots, and are measuring runoff and sediment yield at
watershed as well as plot level. We evaluated the effectiveness of different SLM practices
through monitoring runoff and sediment from 42 runoff plots (30 m x 6 m) in the three study
sites. On average, seasonal runoff was reduced by 11% to 68% and soil loss by 38% to 94%
in SLM plots. Soil bund with grass in croplands and exclosure with trenches in non-croplands
were found to be the most effective SLM practices for reducing runoff and soil loss (Fig. 2).



Actually, in the first year, trench was very effective, but in the second year, with the growth
of grass, soil bund with grass proved more effective.

Changing village life

According to our preliminary survey, the annual income in our study siteswas about 500 USD
per household; however, their agricultural income was less than half of their income, and
non-agricultural income and remittance from family members who live in cities accounted for

the major portion. Thus, even in such villages with very low incomes, they are now less
dependent on local biological production than before.

The situation surrounding those villages has been changing. World economy and
globalization are surging even to rural villages. According to the final report of the
Millennium Development Goals (UN DESA, 2016), extreme poverty has declined
significantly from 47% in 1990 to 14% in 2015. However, due to spread of radio, TV and
cell-phones to rural villages, it may be natural that villagers come to desire much more for
goods and they are eager for urban life style. They are now able to move more easily than
before from villages to cities due to mobility enhancement, and it may cause social
destabilization. At the same time, global environment is changing because of climate change,
land degradation/desertification and so on. Therefore, the relationship between nature and
human is now changing. It is big challenge for villages to achieve land sustainability under
changing environment and increasing human needs?
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Figure 2. Effects of land use and management practices on runoff and soil loss at the Aba Gerima site: changes
in vegetation cover between the 2015 and 2016 following the implementation of SLM practices (photos, left),
and corresponding seasonal runoff and soil loss amounts for different treatments (graphs, right), where C:
control, SB: soil bund, F: Fanya juu, SBG: soil bund reinforced with elephant grass, E: exclosure, E + T:
exclosure with trenches. (Ebabu et al., 2019).



Challenges for sustainable rural regime

According to Cumming et al. (2014), a ‘red trap’ occurs when people over-consume and
cannot change in response to ecological declines, although level of household wealth is high.
On the other hand, a ‘green trap’ occurs with inadequate food production, although level of
ecological degradation is low, and both are leading to socioeconomic collapse and famine.

As illustrated by Xu and Wu (2016), focusing on social-ecological transformations of Inner
Mongolia, it may be possible to assume old steady state maintained by low population, low
level needs and high ecosystem potential. However, people in rural villages are now facing a
transition stage because of increased desire for higher standard for life and goods, and
changing environment. There is rapid growth in population, with increasing needs and
lowered ecosystem potential.

The target stage should be stable and sustainable, which will have a feature of high but steady
population, higher levels of needs and sustainable ecosystem potential. This stage should be
realized by avoiding both ‘red trap’ and ‘green trap’. In other words, we have to find a
solution to avoid collapse of nature and society. This is a challenge for which researchers
have to propose appropriate sustainable land management options, based on scientific
evidence.
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Extended Summary

Since the beginning of 1950s some research and development projects for combating
desertification/land degradation in China were operating, but they did not meet the needs at
the national to local levels. In 1958, the Central Government therefore convened a National
Conference on Combating Desertification and encouraged all efforts to combat desertification
in China. Meanwhile, the Chinese Academy of Science (CAS) established the Institute of
Desert Research for better understanding of the process and extent of damage from the
desert/desertification and for proposing the strategy and tactics to solve the problem and
guide national policy and projects.

China, as one of the UNCCD signatory countries, promulgated the Law of the People's
Republic of China on Prevention and Control of Desertification in 2001, which came into
effect in 2002. Scientists contributed a lot to the formulation of the law, based on the results
of research on desertification related to the environmental background, main causes, dynamic
monitoring and assessment of development/combating processes, methods and techniques.
They made proposals on policy and project formulation, etc. to the national government for
combating desertification.

An example is the case of aeolian desertification in northern China. We define aeolian
desertification as land degradation through wind erosion, mainly resulting from the human
impacts in arid, semiarid and sub-humid regions of northern China. The key point in the
definition, based on our study for 4 decades, is that the aeolian desertification has been
caused mainly (more than 80%) by human activity - unreasonable pattern and intensity of
landuse - and can be combated by human beings only.

So, our scientific group designed the theory and practice of the “Grain for Green” (GfG)
Program and suggested it to the Central Government to implement for combating aeolian
desertification in northern China. GfG is considered as the largest Ecological Restoration and
Rural Development Program in the World (Delang and Yuan, 2015).

The program pays farmers to revert sloping or marginal farmland to trees or grass with the
aim of improving the ecological conditions, and the socio-economic circumstances of
hundreds of millions of people. It has been carried out since 1997, and will be over by 2019,
with an expenditure of 75 billion Yuan (about 11 billion USS$), entirely provided by the
national budget. Besides the monitory incentive given to the farmers, they are also provided
technical knowledge about the scientific and environmental-friendly technologies to be
adopted in their alternate agricultural operations.

In a policy review presented in the International Workshop on ‘Forests for Poverty
Reduction: Opportunities with Clean Development Mechanism, Environmental Services and



Biodiversity’ in Seoul, Korea, Li Zhiyon (2004) show cased the accomplishments of GfG in
reforestation, ecological restoration, and rural development in China. The efforts in the
program provided outstanding results as the area under aeolian desertified land started
decreasing since the year 2000 (Fig. 1) and the rising mean rate of increase of aeolian
desertified land since the period 1958-1975 become negative from the period 2000-2005

(Fig. 2).
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Figure 1. Change in the area (kmz) of aeolian desertified land in northern China.

4000 -
3000 -

2000
1000 - . l
0
11000 | . ST

-2000 -

Rate(km2 /year)

1958-1975  1975-1990  1990-2000  2000-2005  2005-2010

Figure 2. Rate of increase/decrease in aeolian desertified land (km: year-1) in
northern China in the period 1958-2010.

Thus, the UNCCD’s “Land Degradation Neutrality Target Setting” has been implemented
with respect to combating aeolian desertification in northern China since 2000 because of
synergistic interaction between science and policy.
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Extended Summary

Post-harvest losses of dried foodstuffs, grains, pulses, and dried fruits and vegetables are hard
to quantify, but are commonly estimated to be higher than 30% in the developing world.
Losses include predation by rodents and birds, but most significant are the losses resulting
from insect attack and moulds. Moulds result in quality loss, including changes in flavor and
color, but more importantly they may produce mycotoxins. Mycotoxins, particularly aflatoxin
and fumonisins, have been implicated in a range of pathologies, especially childhood stunting
and liver cancer. Surveys of the levels of these toxic compounds in dried foods show that
they are frequently present at concentrations above those considered safe.

Fungal infection in the field is an important source of development of mold and mycotoxins,
and it can be minimized by early harvest. However this requires additional drying to bring
products to a safe dryness. It is well established that proper drying can also prevent mold
development and mycotoxin accumulation during product storage. If the ‘water activity’ of
the dried food is kept below 0.65, mold growth is prevented. ‘Water activity’ is the partial
vapor pressure of water in a substance divided by the standard state partial vapor pressure of
water.

Modeled on the ‘Cold Chain’ that is widely regarded as the key to reducing losses of
perishable products, the ‘Dry Chain’ concept emphasizes the importance of low water content
throughout the handling of dried foods.

In arid and Mediterranean climates, low humidity conditions during the harvest period allow
on-plant or open air drying to the water activity required for safe long-term storage. In humid
regions, particularly the humid tropics, air drying typically does not adequately dry grains or
other foods, and gas-fired dehydrators are not available or economically feasible. We have
developed a solar dryer for fruits, vegetables and fish that uses a chimney to draw air through
a shallow tunnel containing the food to be dried. This dryer is less expensive and two to three
times as efficient as the solar cabinet dryers that are typically used for this purpose. The
chimney dryer is not as well suited to drying grains and pulses, since it does not work well
with deep beds of products.

A number of ‘low-tech’ dryers have been proposed, including the so-called ‘bubble’ dryer
and the cob-fired heated dryer from Purdue, Ind., USA. We recently tested a much more
affordable dryer that uses two sheets of plastic, four standard wooden pallets, a sheet of
plywood and a solar-powered fan. The pallet dryer is a ‘batch’ dryer and the initial design
efficiently dried 150 kg of maize in 1 day under conditions when drying in the open air took
more than two days.



A key question for any farmer drying a product and for any trader purchasing it is the dryness
of the product. Insufficiently dry product is prone to mold and insect attack; over-drying
results in lost income for products sold by weight. Determining moisture content traditionally
requires scales and ovens. Measuring water activity (as equilibrium relative humidity, or
ERH) requires hygrometers that range in cost from $10 to $2000. Lower cost digital devices
may be inaccurate and require careful calibration. Replacing their batteries can be a challenge
in developing economies. To overcome these problems, we developed a credit card-sized
relative humidity indicator, the DryCard™ using commercially-available cobalt chloride
humidity strips. The card is made by local entrepreneurs for about US$0.15 and sells
typically for around US$ 1.0. It is reusable and provides a portable and accurate tool for
determining water activity of dried products. As the thermometer is used to monitor
perishable product temperature in the Cold Chain, the DryCard is used to monitor product
dryness in the Dry Chain.

Storage at low water activity is an important link in the Dry Chain, but it also requires
attention to the problems caused by insect infestation. Apart from the direct losses in quantity
and quality of product resulting from insect predation, the associated damage provides
infection sites for mold. Insect metabolism produces water, so water activity in the storage
container of infested products may increase sufficiently to allow mold growth. Commercially
available hermetic storage containers, whether metal or plastic, have proven to be an effective
component of small-scale storage of dried materials without the need for insect control with
fumigants or insecticides. Insect respiration in products stored in a well-sealed container
rapidly reduces the oxygen in the container to the level that the insects suffocate, essentially
killing themselves. This provides the dual benefits of reducing insect damage and reducing
the associated fungal growth and mycotoxin contamination.

A special, but critical example of the Dry Chain is the post-harvest handling system for seeds.
Germination percentage and vitality of stored seeds are strongly affected by storage
conditions. Particularly for smallholder farmers, improper storage results in poor stand
establishment and variable vigor and yield. Seeds are best stored at a water activity less than
0.25, a dryness that is difficult for such farmers to achieve and maintain. ‘Drying Beads’,
manufactured from clay minerals with a pore size that specifically adsorbs water, are an
effective tool for drying seeds, and have some features that are an improvement on the
indicating silica gel that is sometimes used to finish drying and store seeds. An alternative
technology is the use of saturated salts with the desired water activity, a technology that may
well be more appropriate for small-scale farmers, as such salts are inexpensive and do not
require the high regeneration temperatures required for Dry Beads.
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Abstract

Arid regions constitute around 31% of drylands at global level and 18% in India. The agro-
climatic conditions in arid regions are very challenging due to scanty rainfall and its highly
erratic distribution, low fertility and poor water holding capacity of soils, high evaporative
demand and temperature extremes during the year. Existing levels of land degradation and
increasing biotic pressure on limited natural resources pose major challenge to farming and
livelihood security. Climate change is emerging as an additional challenge since arid regions
are more vulnerable. In spite of these limitations, the arid regions in country still support a
very large human and livestock population, often adding to degradation of natural resources
and overexploitation of ground water. On the other side, arid regions have unique distinct
advantages in the form of rich bio-diversity of adapted plant and livestock species and
amazing traditional knowledge towards minimizing risk and high solar radiation. Enhancing
resilience of arid ecosystem has therefore been a high priority in India through strategically
undertaken research and development efforts. This paper synthesizes the important
challenges, potential and measures to enhance the resilience of farming in Indian hot arid
regions. Qur synthesis highlights that diversification of agro-ecosystems through
agroforestry (agri-horticulture, silvi-pasoral, horti-pastoral, agri-pastoral), integrated
agricultural production (arable crops + trees + grasses + livestock), water harvesting,
conservation practices and land management have strengthened the resilience of farming in
challenging production environment of these regions. Harnessing the potential of native
agro-biodiversity adapted to abiotic stresses and genetic improvement of crops for
augmenting drought and thermal stresses are crucial for enhancing resilience of farming. A
technology-mediated change, backed up by sound policy for crucial components of farming
systems is required for improving profitability and resilience of farming in the region.

Introduction

Drylands, regions having aridity index (Al: the ratio of mean annual precipitation to mean
annual potential evapotranspiration) < 0.65, encompassing hyper-arid (Al: < 0.05), arid (AL
0.05-0.20), semi-arid (Al: 0.20 to 0.50) and dry sub-humid (AI: 0.50 to 0.65) areas, cover
about 41.3% of the earth’s land surface and are inhabited by ~2.5 billion people (Millennium
Ecosystem Assessment, 2005). Globally, the arid, semi-arid and sub-humid areas,
respectively, cover 42%, 37% and 21% areas of drylands.

Dryland climate is characterized by low, infrequent and highly variable rainfall and intense
solar radiation. The scarcity of water constraints primary productivity and nutrient cycling,
both in the natural and the managed ecosystems, thus profoundly affecting livestock and
humans living there (Safriel and Adeel, 2005) and hampering the development of the area.
Ensuring sustainable livelihood in these regions is threatened by complex and interrelated



changes (social, political, economic and environmental) that present significant challenges to
researchers and policy makers (Reynolds et al., 2007).

Spread of the Indian arid zone

The arid regions in India occupy 38.7 million ha, comprising 31.7 million ha and 7 million ha
under hot region and cold arid region, respectively. Major part (90.1%) of the hot arid region
lies in Northwest (NW) India and the rest in geographically isolated pockets in South India.
The NW hot arid region extends from 22°30 to 32°50” N and 68°50” to 75°45” E, bounded
by Aravalli Hills in the east, Thar desert in the west, the irrigated Indus plain in the north and
the alluvial plain of the Sabarmati river in the south. Major part of NW hot arid region lies in
western Rajasthan covering 12 districts (196150 km2, 68.66%) followed by northwest Gujarat
in six districts (62180 kmo, 21.77%), southwest Haryana in five districts (12840 kmz, 4.49%),
and southwest Punjab in six districts (14510 kmz, 5.08%) (Fig. 1). The region is characterized
by low rainfall (100 to >400 mm yr-1), that is erratic and highly unpredictable (coefficient of
variation, CV = 30 to 70%); high evaporation (1600 to 2000 mm yr-1); extremes of
temperatures (-5.7°C to 50°C); frequent droughts (once in 2.5-5.0 years); frequent strong
winds (20-50 km h-1) during summer, and short crop growing period (8 to 15 weeks)
(Moharana et al., 2016). Despite the common characteristics of aridity and extremes of
temperatures, there are enormous spatial variations in terms of rainfall pattern, physiography,
soils, amount of available surface and ground water, and extent of vegetation cover (Joshi,
2012). Accordingly, the NW hot arid region has been classified in 4 sub-regions, 11 zones
and 34 sub zones (Fig. 1) (Faroda et al., 1999).
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Figure 1. Spread of NW hot arid region of India.



Challenges in arid regions

The agriculture is mainstay of economy and livelihood in the hot arid regions of India,
contributing 26-43% to national income. Within agriculture sector, cropping provides 59-
71% of the total income while livestock provides 28-42% (CAZRI, 2007). Historically, the
NW hot arid region has been a land of low yield and low-value and short duration crops with
major dependence on livestock and agroforestry. During post-independence era, introduction
of irrigation, new technologies, better infrastructure facilities and the advent of Green
Revolution has made drastic changes in agricultural land use in the region and led to
improvement in rural economy (Kar, 2014). However, adoption of some faulty land-use
practices has led to emergence of several economic, social and environmental problems
threatening sustainable agriculture and livelihood in NW hot arid region.

Climatic stresses: Owing to geographical location, sandy terrain, sparse vegetation and low
humidity, there is a wide range in the diurnal, seasonal and annual temperatures in NW hot
arid region. Summer season (April-June) is the hottest, with air temperatures ranging from
31°C to 42°C (peak values as high as 50°C during May). The temperature declines by 3-5°C
during monsoon (rainy) season but again increases slightly during September and October,
with the withdrawal of monsoon. During winter season, the mean monthly maximum
temperature ranges from 22°C to 29°C and minimum from 4°C to 14°C. Soil temperature
follows the diurnal and annual cycles of air temperatures and shoots up to 62°C during May
and June (Joshi, 2012). The rainfall is low and erratic with very high spatial, seasonal and
annual variability. The mean annual rainfall varies from 100 mm (in extreme western part of
Jaisalmer district) to 450 mm (in the eastern fringes along the Aravalli Hills range). Based on
1901-2010 rainfall data, the mean annual rainfall in western Rajasthan and Saurashtra &
Kutch met-subdivisions is 291 and 501 mm, respectively. The high inter-annual variability of
rainfall (CV= 36 to 65%) is another distinct characteristic (Rao, 2009). Most of the rainfall
(88% in western Rajasthan and 94% in Saurashtra & Kutch) is received during south-west
monsoon season. The monsoon season is effective only for 2.5-3.0 months (Moharana et al.,
2016), and rainy days vary from 8 (at Jaisalmer) to 22 (at Nagaur) (Joshi, 2012).

The region experiences very strong wind regime, peaking in June when average speed varies
from 14.6-18.5 km h-1, while during monsoon period it varies from 9-13 km h-1. Peak winds
occasionally reach as high a speed as 60-80 km h-1 during dust and thunder storm events. The
speed decreases sharply from October onwards and remains <7 km h-1 during post monsoon
season. On an average, the region annually experiences 3-8 dust storms. Very high
temperature, low atmospheric humidity and high wind speed result in high evapotranspiration
rates, and the annual PET ranges from 1400 mm to >2000 mm in western Rajasthan (Rao,
2009). Length of crop growing period (LGP) varies from 7-14 weeks (Rao et al., 1994).

Drought is a recurring feature of the region with large year to year variation in its location
and magnitude. During last century, 47-62% of the years in arid region of Rajasthan
experienced droughts of varying intensity and duration (Rao and Singh, 1998). During 1901-
2001, Jaisalmer, Barmer, Bikaner and Jodhpur experienced 68, 48, 46 and 43 drought events,
respectively (Rao, 2009). Based on district-wise annual rainfall data of 1901-2002, Rathore



(2004) reported that there were droughts of various intensities during almost half of the years
in arid districts of Rajasthan. During the drought years, the probability of early-, mid- and
late-season drought was 26, 9 and 26%, respectively. Amongst these three categories of
drought, the mid- and late season drought caused more reduction in crop yields (72 to 85% in
pearl millet and 23 to 61% in pulses) than early season drought (48% in pearl millet and 11%
in pulses) (Rao, 2009).

Fragile land and water resources: The soils of NW hot arid region belong to Aridisols and
Entisols orders, occupying 41% and 52% area, respectively (Joshi et al, 1998). They are
generally loamy sand to sand with 2.0-6.0% clay, 1.5-4.0% silt, 10.0-30.0% coarse sand and
65.0-80.5% fine sand and 1.5 Mg m-3 bulk density of surface soil. The range of moisture
retention capacity values at 0.1 bar (field capacity) and 15 bars (permanent wilting point)
tension is 8.0-10.0% and 2.0-3.0%, respectively. The soils predominantly have macro-
porosity and, therefore, there is fast movement of water into and through the soil profile. The
initial infiltration rate varies from 15 to 30 cm h-1 and saturated HC (hydraulic conductivity)
from 5 to 10 cm h-1. There is presence of hard pan at 40-50 cm depth, formed of lime
(petrocalcids) or gypsum (petrogypsids), restricting root growth. The soil fertility is low
(generally 0.03% N and 0.21% OC content). In the region having <300 mm annual rainfall,
the OC varies from 0.05 to 0.2, 0.2 to 0.3 and 0.3 to 0.4% in light, medium and heavy
textured soils, respectively. As per nutrient index, N status in the soils of arid Rajasthan
varies from very low to low; P low to medium and K medium to high (Kathju et al., 1998).
Soils are prone to crusting after rains, impeding seedling emergence and accelerating runoff.
Sandy soils associated with dunes are dominant formations in ~25% area of western
Rajasthan and highly prone to wind erosion. Thus low fertility, less water retention capacity
and high erodibility are major edaphic constraints for crop production in the region.

Rainfall is the major source of water in arid regions. Surface water resources are limited due
to low and scanty rainfall and poor water yielding efficiency of sandy terrain. The total
surface water resources of arid zone of Rajasthan, excluding Indira Gandhi Nahar Pariyojna
(IGNP), is 1361 million cubic meters (MCM). The IGNP annually brings 1.72 to 2.91 MCM
water to arid Rajasthan. Underground water reserve of the region is 4545 MCM, with 4282
MCM being utilized for irrigation. An analysis of stage of groundwater development under
cropped and irrigated area indicated that in six districts of western Rajasthan, the
groundwater development has exceeded 100% (Moharana et al., 2016). Overexploitation of
groundwater poses serious threats to sustainability of agriculture because most of the aquifers
will run dry in the next 20-30 years at the current rate of use, as recharge opportunities are
slim and costly. About 80% of the groundwater in Rajasthan has EC >2.2 dS m-1 and as most
of the underground water used for irrigation has EC >5 dS m-1, its continuous useleads to
development of soil salinity. The canal irrigation in hot arid region triggered considerable
development of agriculture, but it also brought problems of water logging and secondary
salinization in some areas because of lack of proper drainage, excessive irrigation and
seepage from the canals. The average rate of rise in water table in the command areas of
Ganga canal, Bhakra canal and IGNP, is 0.53, 0.66 and 0.77 m yr-1, respectively. About 0.208



million ha land is already affected by waterlogging and associated salinity in IGNP command
area.

Increasing population pressure: The NW hot arid zone is one of the most densely populated
arid regions in the world. The population, both human and animals, is consistently increasing.
As per the census of 2011, the human population in the region was 28.15 m (increased by
>250% during 1961-2011) and is estimated to reach 41 m in next twenty years. As per the
livestock census of 2012, the region harbours 30.18 m livestock (increased by 125.2% during
1956-2012) (CAZRI, 2015). Buffalo registered highest increase (412.5%) followed by goat
(266.4%), cattle (57.7%) and sheep (44.8%). The fast increasing population is leading to
greater exploitation of natural resources, threatening the sustainability of the ecosystem.

Low yielding and risky agriculture: Most of the crop production in hot arid region is rainfed
and therefore yields are low. The common rainfed crops like pearl millet (Pennisetum
glaucum), clusterbean (Cyamopsis tetragonoloba), moth bean (Vigna aconitifolia), mung
bean (Vigna radiate) and til (Sesamum indicum) are sown both as sole and mixed crops in
various proportions. Keeping the land fallow in alternate years is also common, although now
on decline. The cropping intensity is therefore below 100%. Wherever water is available for
irrigation, groundnut (Arachis hypogaea), cotton (Gossypium sp.), wheat (Triticum aestivum),
Indian mustard (Brassica juncea), chickpea (Cicer arietinum), isabgol (Plantago ovata), and
cumin (Cuminum cyminum) are grown. Amongst the fruit crops, ber (Ziziphus mauritiana),
aonla (Phyllanthus emblica), pomegranate, citrus and date palm are cultivated.

The productivity of livestock is also low, the average milk yield per head of cow, buffalo and
goat being 4.13, 5.60 and 0.87 1 d-1, respectively (Patil et al., 2009). Shortage of good quality
fodder is major factor responsible for low productivity. The fodder deficit in western
Rajasthan was estimated to be about 60% (Pratap Narain and Kar, 2005). The situation gets
aggravated in the drought conditions, the deficiency of dry and green fodder reaching 35.9%
and 79.9%.

Vulnerability to climate change: Climate change is the greatest challenge, impacting the
ecology, economy and society in multiple ways. It has been estimated that because of climate
change, the northern part of NW hot arid region may receive 30% less rainfall, while
southern and eastern parts may receive 15% higher rainfall, and temperature may gradually
increase by 4-5°C everywhere (CAZRI, 2007). Climate change is likely to affect the spatio-
temporal distribution, availability and demand for water, and may alter both water availability
and crop water requirement significantly as a result of changing temperatures and
precipitation. Goyal (2004) projected 14.8% increase in total ET demand with increase in
temperature. Climate change will also pose major threat to groundwater resources in future
and would add uncertainty to the water supply and exacerbate water scarcity for agricultural
production. Land degradation (wind erosion, groundwater depletion and soil salinization) is
also projected to increase with increased frequency of droughts, and extreme temperature and
rainfall events. Climate change induced heat stress poses formidable challenges to the animal
husbandry sector as well by impacting animal productivity and reproduction. Furthermore,
the anticipated climate change, coupled with intensification of agriculture, irrigation,



industrialization, mining, tourism and urbanization, would adversely affect survival,
abundance and distribution of plant species and hence plant biodiversity (Kumar, 2016).
Studies have shown that NW hot arid region falls within the areas of highest climate
sensitivity, vulnerability and lowest adaptive capacity in India. Climate change is, therefore,
likely to make livelihood of inhabitants more vulnerable and less resilient in the region.

Opportunities in hot arid regions

Arid regions, inspite of their marginal resource base, have unique advantage in the form of
rich bio-diversity of adapted plant and livestock species, amazing traditional knowledge to
minimize risk, and high solar radiation as a potential source for energy. In addition, parts of
Indian arid areas have one of the biggest man-made canal systems.

Rich biodiversity - an insurance against risks: With their modest rainfall, arid regions are
characterized by relatively fewer species than the better water-endowed biomes (McNeely,
2003). Despite inhospitable and harsh climate, poor soils and anthropogenic pressure, Indian
hot arid zone has 682 plant species belonging to 352 genera and 87 families, representing
unique blend of trees, shrubs and herbs. These species have typical habitat - plant cover
relations resulting in major vegetation types on hills, piedmontes and pediments, alluvial
plains, saline flats, river and stream banks, sandy hummocky plains and sand dunes (Kumar,
1998). People in these areas depend mainly on native plant species for their livelihood. Their
economic importance is evident from the fact that these species are used in many ways such
as vegetables (40), seeds (27), fruits (27), fiber (8), ropes (3), gums and resins (7) and
medicinal sources (131) (Kumar, 1998). Many species also provide fuel wood and forage.
Thus, native plant diversity is an important source of life support in the arid region. These
species possess excellent physio-morphological adaptation to survive under harsh edapho-
climatic conditions.

Besides, the domesticated and semi-domesticated plant species have considerable genetic
variability. The crops like pearl millet, mothbean, ¢/ (sesame), clusterbean; grasses like
Lasiurus sindicus, Cenhcrus ciliaris and C. setigurus; and shrubs like Ziziphus, Calligonum,
Haloxylon, having low water requirement, heat tolerance and adaptation to poor soil
conditions, have considerable variability.

Similarly, the region is endowed with diverse indigenous livestock breeds (sheep: Marwari,
Magra, Nali, Jaisalmeri, Pugal, Chokla, Kheri, Patanwadi; goat: Marwari, Parbatsari,
Jhakarana, Kachchhi; cattle: Tharparkar, Kankrej, Nagori, Rathi; camel: Bikaneri, Jaisalmeri,
Kachchhi), which have inherent potential for drought and heat resistance. Hence, this rich
biodiversity, well adapted to various stresses, needs to be systematically conserved,
augmented, and sustainably usedto derive full benefit in the changing climate scenario
(CAZRI, 2015).

Rich traditional knowledge: NW hot arid region has thousands of years of cultural heritage
backed up by a wealth of traditional wisdom. To evade or minimize the adverse effects of
frequent droughts and aberrant weather conditions and for conserving natural resources, the
native people have developed many strategies, helping them survive and prosper for
millennia. This knowledge has been passed from generation to generation. For instance, to



minimize the risk associated with sole crop production, the farmers have developed
traditional mixed farming systems, incorporating woody perennials and livestock, to enhance
productivity and resource-conservation. Similarly, protection of trees and orans (sacred
forest/grazing lands attached to temples), construction of water harvesting structure like
kahdin and tanka, adopting long fallow period, etc. have permited sustainable natural
resource use. Unfortunately, many of the strategies are presently under severe threat because
of technological changes and weakening of societal concern and control. These time-tested
techniques and practices need preservation and fine-tuning with scientific and innovative
ideas.

Abundant solar radiation: Harnessing renewable energy resources to curtail use of fossil-fuel
generated energy is an important strategy to deal with climate change. In this context, solar
energy is an attractive option. The NW hot region receives higher amount of solar radiation
(5.3 to 6.0 kWh m-2 day-1) than rest of the country (<5.5 kWh m-2 day-1). It can be used for
both domestic and agricultural purposes.

Many solar photo-voltaic and thermal devices have been designed for domestic and
agricultural purposes. Photovoltaic-based electricity generation requires land for PV panels
which may decrease the area available for crop production. Therefore, agri-voltaic system,
with solar panels and crops on the same land area (Dupraz et al., 2010), has been advocated,
where the crops are cultivated in between and below PV arrays for simultaneous production
of food and energy. The studies at CAZRI have indicated that several arable crops (Vigna
radiata, Vigna aconitifolia, Cymopsis tetragonoloba, C. cyminum) and medicinal plants
(Plantago ovate, Aloe vera, Cassia angustifolia, Convolvulus pluricaulis) are suitable for
agri-voltaic system. It is possible to cultivate 25-50% area of agri-voltaic system for crop
production and the yield of crops is only ~10-15% lower than sole crop production but with
higher land equivalent ratio (LER: 1.42 to 1.62). Apart from an extra income of about 60,000
ha-1 yr-1 from cropping, the agri-voltaic systems provide other advantages such as increased
overall income from farm land, irrigation with rainwater harvested from and used for
cleaning photovoltaic modules, improvement in micro-climate for crops, reduction in dust
load on photovoltaic panels, soil moisture conservation by reducing wind speed at ground
level and reduction in GHG emission (Santra ef al., 2018).

IGNP: One of the largest canals in arid areas: Indira Gandhi Nahar Priyojna (IGNP) is one
of the largest irrigation projects in the world. It was conceived to transform Thar Desert into a
land of plenty, and had the objectives of “drought proofing, provision of drinking water,
industrial and irrigation facilities, creation of employment opportunities, settlement of human
population of thinly populated desert areas; improvement of fodder, forage and agriculture
facilities, check spread of desert area and improve ecosystem through large-scale
afforestation, develop road network and provide requisite opportunities for overall economic
development” (IGNB, 2002). The project encompasses the districts of Sri Ganganagar,
Hanumangarh, Churu, Bikaner, Jaisalmer, Jodhpur and Barmer with a culturable command
area (CCA) of 1.963 million ha. It has enabled farmers to increase crop yields and cropping
intensity, stabilized production by providing a buffer against the vagaries of weather, and



created employment in rural areas. The transformation in poverty alleviation, improving
agricultural productivity, providing livelihood, settling people and providing drinking water
has been remarkable (Kavadia and Hooja, 1994). However, the project has also posed several
environmental, management and social problems. Rapidly increasing water table by seepage
from canal has resulted in water logging and development of secondary soil salinity. The
water-use is not very efficient. The system needs to be more efficient and flexible to meet the
demands of many sectors (farming, fishing, domestic use and energy supply) and ways have
to be found to generate more value from ecosystem services and halt environmental
degradation.

Guiding principles to enhance resilience

There are many definitions of resilience most of which suggest that resilience is the capacity
of a system to withstand and/or adapt to disturbances over time (Hoddinott, 2014) in order to
continue fulfilling its functions and providing its services and desired outcomes (Walker et
al., 2006). The resilience and sustainability are complementary concepts (Maleksaedi and
Karami, 2013); sustainability implies capacity to achieve today’s goal without compromising
the future capacity and resilience is dynamic capacity to achieve goals despite disturbances
and shocks. Peterson et al. (2018) proposed an operational version of resilience in agro-
ecosystem that is centred around: (1) productivity, (2) stability, (3) resistance to decline in
yield and the supporting mechanisms in the face of disturbances, and (4) rapid recovery to
baseline functioning when conditions improve. Thus, a resilient agricultural production
system should have ability of high production under normal conditions, sustained provision
of ecosystem services and have minimal negative impacts on other services (productivity);
minimal variability/fluctuation in yield/profit (stability); minimal losses under disturbances or
adverse conditions (resistance); rapid return to baseline productivity after disturbances and
maximal positive response to beneficial conditions (recovery). Results of research
experiences accumulated over the years have indicated that there are various strategies which
increase the resilience of agricultural production systems, and some, with special reference to
NW hot arid region, are given in this section.

Building upon traditional knowledge: The traditional wisdom of the native people of arid
regions, as mentioned before, has helped them survive the harsh environment for centuries.
This is of immense significance to enhance resilience of farming in future as well. For
instance, their traditional mixed farming improves resilience by decreasing risk associated
with crop failure in sole crop production. There is traditional knowledge regarding suitability
of components species (crops, grasses and woody perennials) in accordance with site-specific
edapho-climatic conditions.

Various runoff farming systems have been traditionally used for growing crops (Kolarkar and
Singh, 1990) to meet the challenge of low rainfall. Among them, khadin cultivation is a
unique, followed since 154 century in 100-200 mm rainfall zone in Jaisalmer district of
western Rajasthan (Parsad ef al., 2004). The system comprises suitable highland area having
good runoff potential serving as catchment area, and relatively low plains having deep soil in
the proximity to receive, collect and store the runoff water for crops. The ratio between



cultivated and catchment area varies from 1:15 to 1:56. On withdrawal of monsoon, the
accumulated water in khadin starts receding due to seepage and evaporation, and the crops
are cultivated, depending upon depth of impounded water, starting from upper to lower
reaches. During the years of poor rainfall, when accumulated water is less, generally kharif
crops such as pearl millet and clusterbean are grown. Generally rabi season crops like wheat,
Indian mustard and chickpea are grown on conserved soil moisture. The cropping intensity
varies from 60 to 100% from upper to lower reaches. Study by Parsad et al. (2004) showed
that average yield of chickpea varied from 1.0 to 1.5 t ha-1 and of wheat from 2.0 to 3.0 t ha-1.
ICAR-CAZRI has prepared guidelines for sustainable utilization of khadin systems (Goyal et
al., 2018) that include suitable design with provision of spillway, recycling of excess stored
water for supplemental irrigation (SI), moisture conservation, soil fertility management,
standardization of nutrient schedule for different crops, crop planning for different reaches of
khadin, and integration of suitable alternative land use systems for better utilization of water
and increasing overall productivity and profitability. “Birani badi” is another important
traditional practice of growing summer season cucurbits (water melon and musk melon) with
the use of limited water in the sandy soils of Bikaner district of Rajasthan. Similarly, as
indicated before, there are traditions of protecting trees and sacred forest/grazing lands that
help conserve phyto-diversity and provide fodder and other economic products.

Integrated farming systems - good for people and planet: Scientific studies across the world
suggest that, relative to conventional agricultural production system (particularly specialized
agriculture), the integrated farming system (IFS) lowers reliance on external inputs, enhances
agro-biodiversity, provides better yields, enhances ecosystem services and promotes
resilience in the face of disturbances (e.g. abiotic, biotic and economic). The first and most
important attribute of IFS is enhanced agro-biodiversity which not only enhances the desired
ecosystem services but promotes resilience. IFS provides opportunities to harness synergies
among different agricultural sub-systems and/or enterprises, augmenting productivity and
gainful year-round employment, ensuring efficient resource recycling, higher resources use
efficiency, improved soil quality, and protaction of natural resources and environment in the
arid and semi-arid regions (Rathore et al,, 2018, 2019).

Minimization of risk by increasing on-farm biodiversity: The IFS is less vulnerable to
climatic, biotic (pests and diseases) and economic (relative prices of input and output)
changes compared to specialized agriculture or a single commodity-based agriculture.
Different commodities (crops, livestock, grasses, and woody perennials) have different ability
to absorb production and economic risks. Hence, increasing the diversity enhances the risk
absorbing capacity of production system. IFS has potential to minimize the production and
economic risk associated with sole arable cropping, and decrease the vulnerability of
producers to the impacts of aberrant weather conditions. In case of crop failure, the woody
perennials provide fodder, fruit or fuel wood. The rainfall-scarcity induced reduction in the
yield of crops is more in sole cropping system (SCS) compared to that IFS. Faroda (1998)
reported that the yield reduction of mungbean was higher in SCS compared to that in
Ziziphus based integrated production system under subnormal rainfall conditions (51% less
rainfall than long term average of 360 mm yr-1) in hot arid region of Rajasthan. This



integrated production system provided a year round supply of fodder for five sheep/goat and
fuel wood for a family of four members. Delayed onset of monsoon is a common weather
aberration in the region. Studies at ICAR-CAZRI showed that under very delayed onset (first
week of August), the IFS (comprising agri-horticulture, agri-pasture, silvi-pasture) fetched
higher returns than sole cropping (Tanwar et al., 2014). Additionally, IFS gives opportunity
to farmer to adjust the allocation of production inputs among the enterprises in response to
climate and price fluctuations. For instance, the integrated crop-livestock production system
provides an opportunity to producer to convert a grain crop to forage mid-season during low
rainfall years when grain yield prospects are low or when livestock prices are higher relative
to grain prices.

Fulfilling year-round requirement of food, fodder, fuel: The IFS co-generates food (cereals,
millets, pulses, oilseed, vegetable, fruit, milk and meat), fodder (green fodder, straw and leaf
fodder from tree) and fuel (fuel wood and biogas), increasing the self-sufficiency for basic
requirements of farmers and improving nutritional and livelihood security. The integration of
Ziziphus mauritiana, P. cineraria and livestock with arable crops (pear]l millet, mung bean,
moth bean, sesame) in the IFS meets the requirements of food, fodder and fuel wood in the
region. An eight year study by ICAR-CAZRI demonstrated that ber + cowpea system
provided food (cowpea grain: 386 kg ha-1 yr-1), fruit (3076 kg ha-1 yr-1), fuel wood (1353 kg
ha-1 yr-1) and fodder (to sustain 700-1000 animal days ha-1 yr-1) to sustain a modest family
(Bhati et al., 2008).

Higher productivity and profitability: With decreasing production resources and increasing
demand for agricultural products, a system is needed that increases the production per unit of
land area per day. Results of several studies in hot arid regions demonstrated that IFS
significantly increased land productivity compared to sole production systems (SPS) (Harsh
and Tewari, 2007; Bhati ef al., 2008; CAZRI, 2014; Patidar and Mathur, 2017; Verma et al.,
2017; Rathore et al., 2018, 2019).

Agroforestry based IFS systems, involving co-cultivation of trees with arable crops, also
improved land productivity. P. cineraria, Hardwickia binata, A. senegal, Z. mauritiana and
Tecomella undulata are suitable tree species for this system. Long-term study in the region
showed that integrated production of arable crops with P. cineraria provided good yield of
arable crops along with an additional yield of dry leaves and twigs (0.65 to 1.05 t ha-1) and
fuel wood (1.8-2.6 t ha-1) from P. cineraria trees. Seed yields of pearl millet, mung bean and
clusterbean were higher in association with P. cineraria than in sole arable cropping (CAZRI,
2014). Kaushik and Kumar (2003) reported higher fodder yield in P. cineraria-based
production system (P. cineraria in association with pearl millet - Brassica tournefortii) than
sole cropping in arid regions of Haryana. There, yield of barley improved (16.8-86.0%) in
association with P. cineraria and T. undulata (Kumar et al., 1998). The higher land
productivity of ber-based cropping system compared to that of sole ber or sole crop/grass and
5-20% higher yields of intercrops in association with ber than sole cropping have been
reported in several studies in the arid region (Gupta et al., 2000; Saroj et al., 2003; Singh et
al., 2003; Bhandari et al., 2014). Co-cultivation of arable crops with ber enhanced fruit yield



of ber by 7 and 52% compared to sole ber production at Bikaner, Rajasthan (Arya ef al.,
2011) and Dantiwada, Gujarat (Patel et al., 2003), respectively.

A study at ICAR-CAZRI demonstrated that [FS onaseven ha land provided 2.06 t food grain,
3.12 t fruit, 8.25 t milk, 0.34 t meat, 0.37 t clusterbean seed, 0.51 t grass seed, and 10.9 t fuel
wood as compared to 2.06 t food grain, 0.80 t clusterbean seed, and 18.86 t of fodder by sole
production (SPS). The IFS, thus, had 2.9-times higher food production than SPS (Tanwar et
al., 2018b).

IFS provides not only higher land productivity, but also multiple food products (millets,
pulses, milk, meat and fruits) as compared to any SP system. Furthermore, the production of
food and total economic products are less variable in IFS than in SCP (Fig. 2), thus enhancing
resilience in arid regions.
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Figure 2. Yield of (A) economic products and (B) food products in SCP and IFS at Jodhpur.

IFS also provides an opportunity to enhance profitability relative to SCP through higher
productivity and lower production costs as the by-products of one enterprise can be used as
input for other enterprise, thus reducing the need for external inputs. Several studies indicate

that [FS enhances profitability over sole production systems in hot arid and semi-arid regions
(Table 1).

Results of a long-term study by ICAR-CAZRI indicated that IFS gave 23-506% higher net
return than SCP, and the return was less variable (CV=28% for IFS and 93% for SCP).
Averaged across the years, the IFS fetched 251% higher net return than SCP (Fig. 3).
Furthermore, the difference in pattern of flow of income between SCP and IFS is worth
mentioning. The income from SCP is season-specific (after harvest of crops) while in IFS it is
throughout the year by the sale of a variety of farm produce (milk, egg, mushroom,
vegetables, fruits and food grains) (Behera and Mahapatra, 1999; Maheswarappa et al., 2001,
Kumar et al., 2013).



Table 1. Relative profitability of IFS over SPS in hot arid and semi-arid regions of NW India

Location Production system Increase (%) due to Reference
IFS over SPS
Jodhpur, Sole crop: Pearl millet Harsh and Tewari
Rajasthan IFS: Pearl millet + 4. senegal 61 (2007)
(140 plants ha-1)
Jodhpur Sole tree (ST): sole H. binnata Harsh and Tewari
Sole grass (SG) : C. ciliaris 25% over ST (2007)
IFS: H. binnata + C. Ciliaris 65% over SG
Jodhpur Sole crop : Arable crops Tanwar et al., (2016)

IFS : Arable crops + tree + fruit crop (ber)+ grass +7 193
ACU (4 cows, 8 bucks and 4 rams)

Jodhpur Sole crop : Mung bean Meghwal and Henry
: Clusterbean (2009)
IFS: Mung bean + ber 432
: Clusterbean + ber 162
Bawal, Sole crop: Clusterbean (C) - barley (B) Kaushik et al. (2017)
Haryana IES : P. cineraria + Guava + C-B 381
P. cineraria + Aonla + C-B 327
Hisar, Haryana Sole : Cropping alone
IFS1: Cropping + crossbreed cattle 346 Singh et al., 1993
IFS2: Cropping + buffalo 35

Adapted from Rathore et al. (2019)

Ensuring year-round gainful employment: SCP, being a season bound enterprise, has season
and time specific labour requirement, with a peak during planting and harvesting of crops,
and in the rest of the season there is inadequate employment opportunity. IFS could utilize
labour more efficiently at farm and/or regional scale and provide an opportunity to enhance
employment generation. A 5-year study by ICAR-CAZRI showed that IFS had 1.8 to 2.0
times more employment generation than SCP (823 to 918 man-days yr-1 in IFS, compared to
425 to 448 man-days yr-1in SCP) (Fig. 4).

Gill et al. (2009) reported that integration of dairy with cropping generated 138 additional
man-days compared to SCP in irrigated hot arid region of Punjab. A study at Coimbatore,
South India indicated that integration of fish and goat with arable cropping generated
additional 207 man-days yr-1 compared to sole cropping (Jayanthi et al,, 2001). In addition,
the IFS ensures that women get higher opportunities to engage in farming activities,
particularly in poultry, milch cattle and/or sheep/goat rearing, vegetable production, etc.
(Sharmin et al., 2012), and increases their access and control over the farm resources and
income (Setboosarng, 2002).

Components of IFS: The selection of suitable components for integration is essential for
harnessing the full benefits of IFS. The edapho-climatic conditions and complementarities
between components along with availability of infrastructure (irrigation, electricity, markets,
storage and transportation), socio-economic conditions, technology, and family requirement
of various agricultural products are major determinants for selection of suitable components
of site-specific IFS. Results of a study on ber-based integrated production system at ICAR-
CAZRI demonstrated that amongst the arable crops, mung bean gave better yields in good
rainfall years, clusterbean gave better yields in drought years, and cowpea showed yield
stability in most of the years (Bhati et al., 2008). Thus, cowpea and clusterbean are better
than mung bean for imparting stability in land productivity and profitability
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Figure 3. (4) Comparative net return of sole crop production (SCP) system and IFS and (B) additional net
return of IFS over SCP on a 7 ha land area in NW hot arid region.
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Figure 4. Employment generated by SCP and IFS on a 7 ha holding in Jodhpur.

Kumar et al. (1998) demonstrated better yield enhancement of barley in association with P.
cineraria (86%) than with T. undulata (48.8%) and A. indica (16.8%). Evaluation of
economic performance of IFS involving crops (cowpea, clusterbean and moth bean) and fruit
crops (aonla, ber and pomegranate) in arid region of Gujarat revealed that clusterbean
performed better than other crops in orchards: ber + clusterbean had highest profitability
(benefit to cost ratio, BCR: 1.83) followed by ber + moth bean (BCR: 1.65) (Dayal et al.,
2015). Comparative analysis of productivity of three IF systems (crops + P. cineraria; crops
+ Z. mauritiana and crops + H. binnata) with sole pearl millet at Jodhpur indicated that IFS
had 41-237% higher equivalent yield than SCP and Z. mauritiana based IFS had highest
(237% greater) equivalent yields followed by P. cineraria (67% higher) and H. binnata (41%
higher) based systems (Tanwar et al., 2018a).



The above results clearly indicate that enhancing diversification is essential to impart
resilience to farming and to cater to diverse needs of farming communities and ensuring
higher land productivity, profitability and gainful employment round the year. Multiple
arable crops, agroforestry, agri-horticulture, and horti/silvi-pasture systems provide options
for diversifying the agricultural production systems. Within crop production, pearl millet,
pulses, oilseeds and clusterbean should be included in approximately 40, 30, 10 and 20%
area.

IFS options in NW hot arid region of India: Various landuse-based IFSs have been developed
for NW hot arid region. The silvi-pasture system (i.e., co-cultivation of grasses, legumes with
trees/shrubs) optimizes land productivity, conserving plants, soil and nutrients to produce
forage, fuel wood, timber, etc. on sustainable basis. The areas receiving <200 mm annual
rainfall, or degraded lands are suitable for silvi-pasture. P. cineraria, A. tortilis, A. lebbeck, A.
senegal, A. indica, H. binata, Z. rotundifolia, Z. nummularia are suitable tree/shrub species,
and L. sindicus, C. ciliaris, C. setigerus, Panicum antidotale and Dicanthium annulatum are
suitable grass species for silvi-pasture system. Shankar (1980) reported that compared to
natural grazing land, the silvi-pasture system enhanced forage/grazing availability and forage
quality for a longer period of time and yielded 7-times more forage. Strip-planting in 1:2 ratio
of Z. nummularia and C. ciliaris enhanced the productivity and return from mixed flock of
sheep and goats over sole pasture (Bhat, 1997). Silvi-pasture of Z. rotundifolia and C. ciliiris
could sustain 554 Tharparkar cattle days ha-1 with 60% pasture utilization (Pratap Narain and
Bhati, 2004).

Horti-pasture system (i.e. growing of fruit crops and grasses) is a potential integrated
production system for providing higher income from fruit trees and meeting demand of
fodder. The Z. mauritiana based horti-pasture is suitable for class IV and V types of lands in
hot arid regions. Horti-pastoral studies on sandy rangelands of Rajasthan revealed that Z.
mauritiana + C. ciliaris system produced 1.2 t ha-1 forage and did not affect fruit yield of ber
(Sharma and Diwakar, 1989). Long-term study on Samadari (Rajasthan) sandy rangeland
showed that plantation of Z. rotundifolia and Z. nummularia @ 280, 140 and 170 plants ha-1
with C. ciliaris produced 624 to 824 kg ha-1 forage yield, and upto 280 plants ha-1 can be
safely planted (Sharma and Vashishta, 1985).

Horticulture-based production system is ideal for economic returns, generating employment,
and improving livelihood and nutritional security of people in hot arid regions (Chundawat,
1993; Pareek, 1999). Several drought-hardy fruit crops like Capparis decidua, Salvadora
oleoides, Cordia dichotoma, Cordia gharaf and Z. mauritiana are suitable for the areas
receiving <300 mm rainfall, and besides providing fruits these plants produce moisture laden
nutritious leaves for livestock. Several other fruits such as Emblica officinalis, Punica
granatum, Aegle marmelos, Phoenix dactylifera, and Tamarindus indica can be grown
successfully in rainfall zone of 350-500 mm or where irrigation facilities are available
(Pareek and Awasthi, 2008). In arid region, agri-horti system involving Z. mauritiana + mung
bean/clusterbean has been found environmentally sound and economically viable even during
drought years. Gupta et al. (2000) reported that Z. maruitiana (@ 400 plants ha-1 in



association with mung bean performed well with seasonal rainfall of 210 mm and increased
net profit by Rs. 288.6 ha-1, implying that agri-horti system minimizes risk in arid regions.

Saroj et al. (2003) demonstrated that clusterbean-Indian mustard and Aloe are suitable under-
storey components in ber-based production system. The co-cultivation of ber with legume
crops is reported to increase fruit yield of ber (Singh, 1997) and grain yield of legume crops
(Singh et al., 2003). Agri-horti system comprising Ziziphus + legume crops provides fruit,
grain, fodder, fuel wood and round the year employment. Results of study conducted at Pali
(Rajasthan) by ICAR-CAZRI showed that integration of arable crops (clusterbean, horse
gram, mung bean and henna) with pomegranate improved the profitability over sole
pomegranate (Lal, 2005). Pomegranate has also been found compatible with pearl millet,
mung bean, isabgol, sorghum and cumin in Jalore district of Rajasthan (Gupta, 2000).

In the NW hot arid region, the arable crops remain on the land only for 70 to 100 days
(during the rainy season of July to September). Agroforestry is therefore an efficient system
of land and water utilization and sustained biomass production that can provide economic and
social security in the event of crop failure in drought years. The integration of woody
perennials has two important roles, provision of material output (fodder, fuel wood, fruit,
timber etc.) and ‘services’ (nutrient cycling, soil amelioration, micro-climate modification,
shelter). Besides imparting stability in land productivity during aberrant rainfall conditions,
higher economic returns (Malhotra, 1984; Shankarnarayan et al., 1987), soil amelioration
(Man and Dauley, 1981; Muthana et al., 1985) and micro-climate moderation (Ramakrishna
et al., 1985) are some of the important benefits of agroforestry in Indian arid zones. Harsh
(1995) indicated suitable tree and shrub species for different rainfall areas in NW hot arid
zone and its adjoining regions (Table 2).

The benefits of tree integration largely depend upon efficient and judicious management of
soil and water resources. Therefore, selection of suitable tree species, an appropriate
combination of tree and crop, optimum densities and suitable management practices like
pruning, lopping, thinning and root clipping are important aspects to enhance productivity of
an agroforestry system. A long-term study at Jodhpur to evaluate crop productivity and define
optimum tree density with advancing age of P. cineraria in an agroforestry system
demonstrated that yield of annual crops was the highest at the densities of 278 trees ha-1 (4m
% 9m) at 6- and 7-year age, 208 trees ha-1 (8m x 6m) at 10-year and <208 trees ha-1 at 11-year
age of P. cineraria and amongst the crops, legume performed better than pearl millet (Singh
et al., 2007). About 200 plants ha-1 was optimum density of ber for agri-horticultural system
at Jodhpur (Bhati et al., 2008) and cowpea and clusterbean were better crops. At the age of
five years, 417 stems ha-1 (4m x 6m) was optimum density of 7. undulata in agroforestry
system for total production (Singh et al, 2005). Both higher and lower stem densities
adversely affected crop production.

Canopy management of woody perennials is essential to harness the benefits of agroforestry
systems. Harsh (1995) reported that in an agri-silvi system comprising of Holoptelea
integrifolia (12-year old plantation) and arid legumes (clusterbean and mung bean), lopping
of trees improved yields of the crops by 50-150% (Fig. 5). Singh and Rathod (2012)



advocated use of silvicultural practices like trenching around tree trunk to reduce overlapping
of roots of trees and crop for C. mopane based integrated production system.

Table 2. Tree/shrub species for different rainfall regions

Rainfall (mm) Species

50-250 Ziziphus nummularia, Acacia tortilis, A. senegal, Prosopis cineraria, Calligonum polygonoides,
Tecomella undulata

250-400 P. cineraria, Hardwickia binata, Colophospermum mopane, Dichrostachys nutans, Ailanthus
excelsa, Acacia catacheu, Grewia tenax, Acacia nilotica, Ziziphus mauritiana

400-600 Albizia amara, A. lebbeck, Cassia siamea, Emblica officinalis, Hardwickia binata,
Ailanthusexcelsa, Moringa oleifera
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Figure 5. Yield of legume crops under different canopy management practices in Holoptelea integrifolia based
agroforestry systems in Indian hot arid region

The integration of perennial grass with arable crops is also a suitable option to impart

stability to crop production along with vegetative filter strip for arresting soil erosion. Strip

cropping of grasses (C. ciliaris, C. setigerus) and kharif legumes (moth bean, clusterbean,

mung bean) in 1:2 ratio with a strip width of 5 -10 m is found suitable for rainfed areas of

NW hot arid region.

Inter- or mixed-cropping is an important strategy to minimize the risk in crop production in
arid regions. Pearl millet + mung bean + moth bean + clusterbean + sesame is the most
common crop mixture of western Rajasthan. The intercropping is shown to increase yield,
profit and resource use efficiency compared to sole crops in arid regions. Pearl millet +
legume is the most suitable intercropping for rainfed hot arid region. An additional yield of
265, 291, and 268 kg ha-1 of moth bean, mung bean and clusterbean, respectively, was
recorded without any significant reduction in pearl millet yield in paired row planting of
legume crop in interspaces of pearl millet in hot arid region (Joshi, 1999). Intercropping of
grasses (C. ciliaris and L. sindicus) with grain legumes (moth bean, clusterbean, mung bean)
recorded 20-30% higher yield of grasses compared to sole - grass. Sorghum + mung bean
(2:1 ratio) is suitable intercropping system at Pali, Rajasthan. The available evidence suggests
that to obtain maximum benefit of resource utilization and yield, suitable mixed/intercropping
system should be adopted as per the local agro-climatic and socio-economic conditions. The



component crops and their cultivars must be selected in accordance with rainfall pattern
(amount, frequency, and intensity), rate of evapotranspiration, soil type etc.

A diversified IFS with 5-7 ha farm size has been developed for 300-400 mm rainfall zone of
NW hot arid region based on a long-term experimentation since 2001 at ICAR-CAZRI,
Jodhpur (Table 3). The model includes arable cropping (20%), agroforestry (30%), agri-
horticulture (20%), silvi-pasture (10%) horti-pasture (10%) and boundary plantation (10%).
In the livestock component, ‘Tharparkar’ cattle (0.75 ACU ha-1) and ‘Marwari’ sheep and
goat (3 animals ha-1) were found rational to fully utilize family labour and available fodder
(Tanwar et al., 2018b). This system generates 130 man-days ha-1 and is capable of fully
utilizing family labour and available fodder. The net returns estimated are Rs. 70,000 with a
payback period of 5 years at an IRR of 35%.

Table 3. A rainfed IFS model synthesized for an area of 5-7 ha for 300-400 mm rainfall area of NW
arid zone (Adapted from Tanwar et al., 2018b)

System Component % area

Arable cropping Diversified cropping [pearl millet, mung bean, clusterbean in 4:1:1 ratio; 20
replace 30% pearl millet with moth bean under delayed onset of monsoon (30t
July onwards)]

Agroforestry Prosopis cineraria (10 m X 15 m) + crops 30
Agri-horticulture ber (Cv. Seb, Gola ; 5 m X 10 m) + crops 20
Silvi-pasture Hardwickia binata/ Ailanthus excelsa + grass (C. ciliaris) 10
Horti-pasture Z. rotundifolia | Z. mauritiana + grass (C. ciliaris) 10
Boundary plantation Acacia senegal, Hardwickia binata, Dalbergia sissoo + trenching after 3 years 10
of plantation
Cattle Tharparkar breed (0.75 ACU ha-1
Goat and sheep Marwari breed (3 animals ha-1)

IFS for planet - carbon sequestration: The enhanced biodiversity within IFS, via integration
of different plant and animal components in production system, performs an array of
ecological services, including carbon sequestration, nutrient cycling, micro-climate
regulation, soil microbial processes, and local hydrological processes, which lead to more
sustainable agriculture with more reliance upon inputs generated within the system. The
agroforestry system (AFS) provides a unique opportunity to combine the twin objectives of
climate change adaptation and mitigation. Dhyani et al. (2016) studied the carbon
sequestration potential (CSP) of AFS in India, and demonstrated that CSP of trees in AFS
varied from 0.25 to 19.14 and of crops from 0.01 to 0.60 t C ha-1 yr-1; and the contribution of
AFS in soil carbon sequestration varied between 0.003 to 3.98 t C ha-1 yr-1. A CAZRI study
in arid regions of Gujarat demonstrated that the silvi-pastoral systems (trees: A4. tortilis,
Azadirachta indica; grasses: C. ciliaris, C. setigerus) sequestered 36.3 to 60.0% more total
soil organic carbon (SOC) stock compared to sole tree and 27.1 to 70.8% more SOC stock
than sole pasture systems (Mangalassery et al., 2014). Study at Jodhpur demonstrated that
agri-silviculture systems, i.e. E. officinalis, H. binata and C. mopane with Vigna radiata,
sequestered 12.7-13.0, 8.6-8.8, 4.7-5.3 Mg C ha-1 (Singh, 2005). These results suggest that
integration of trees in agricultural land is an important strategy to sequester carbon not only
in the form of biomass but also in soil and may therefore maintain soil productivity. Besides



climate change mitigation via C sequestration, the AFS also helps in adapting agriculture to
climate change via moderating climate extremes, particularly high temperatures, as well as,
intra-annual climatic fluctuations (Mbow et al., 2014).

Efficient utilization of water: per drop more crop: The water scarcity is the major constraint
for crop production in Indian hot arid regions and the efficient utilization of water is key for
imparting resilience in agricultural production systems.

Water harvesting and supplemental irrigation: Rainwater being the major source of water for
agriculture in NW hot arid regions of India, water harvesting (WH) and recycling for
supplemental irrigation are important for enhancing agricultural productivity and resilience.
Many variants of WH systems have been developed and standardized in accordance to bio-
physical (rainfall, soil, topography, runoff and crop) and socio-economic characteristics of
the region. The inter-plot WH (IPWH) with a ratio of 2/3 cropped area to 1/3 catchment area
with 5% slope gave higher soil moisture content and yields of rainfed crops in the hot arid
regions of India. The inter-row WH (IRWH) system consisting of ridge-furrow configuration
(30-40 cm wide and 15 cm deep furrows with 60-90 cm wide ridge, constructed across slope)
improved yields of rainfed crops. The IRWH system is suitable for moderately deep soils of
medium to heavy texture. Singh and Singh (1997) reported that pearl millet yields with
IPWH were 2425 and 1240 kg ha-1 as compared to 2320 and 400 kg ha-1 in flat sowing in
good and low rainfall years, respectively. During low rainfall years the IPWH, thus,
improved water productivity of pearl millet (WP) by 2-times.

In Western Rajasthan, various runoff farming systems have been traditionally developed and
used for growing crops (Kolarkar et al., 1983; Kolarkar and Singh, 1990) including already
described khadin cultivation system followed in 100-200 mm rainfall zone in Jaisalmer
district of western Rajasthan (Parsad et al., 2004).

Supplemental irrigation (SI), especially during critical crop growth stages, provides many
benefits that include higher and more stable crop yields, improved water productivity (WP),
and reduced crop failure risks due to moisture deficit, thus enhancing resilience of farming in
arid regions. Singh (1995) reported that when seasonal rainfall was 16.3 cm, a ST of 11.1 and
21.2 cm in pearl millet at reproductive stage gave 162 and 227% higher yields and 56 and
58% higher WP compared to rainfed crop without SI in arid region of Rajasthan. For
harnessing full potential of SI, it should be combined with other improved management
practices, including use of sprinkler and drip irrigation system.

Studies in NW Rajasthan showed that sprinkler and drip irrigation gave 12 to 86% greater
WP than surface irrigation (Fig. 6). Suitable irrigation schedules for different crops, based on
phenological stages or climatological approaches, have been developed to improve WP and
saving water. Studies in canal irrigated areas of NW Rajasthan demonstrated that irrigations
at the critical stages of growth of chickpea (at vegetative and 50% flowering stages), wheat
(crown-root initiation, earing and milk stages), and cotton (50 DAS, square formation,
flowering, boll formation, and boll development) gave high WP (Yadav and Chauhan, 2013).

Deficit irrigation (DI), application of irrigation water below the full crop ET or water
requirement, is another way to increase WP in arid and semi-arid regions. Study by ICAR-



CAZRI at Pali, Rajasthan showed that compared to full irrigation, DI had 8 -20% greater WP
in cotton (Singh et al., 2010), and 11-17% in wheat (Rao et al., 2013). Rathore ef al. (2017)
demonstrated that for wheat in hot arid region of India, moderate deficit irrigation (ETc 0.8)
had highest WP, resulting in 17% saving of irrigation water with only 5% reduction in yield,
as compared to full irrigation (ETc 1.0). It has been demonstrated that yields and WP could
increase even more if DI is used in combination with suitable soil management practices such
as FYM application, tillage (Rao et al., 2013), N application (Rathore et al, 2017) and
application of growth regulators (Wakchaure et al., 2016 a, b). A study at Pali, Rajasthan
demonstrated that deep tillage with DI of 46, 62, 75, and 88% of full irrigation had,
respectively, 3, 17, 19 and 20% greater WP of wheat compared to yield with conventional
tillage (Rao et al., 2013).
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Figure 6. Increase in WP due to pressurized irrigation methods (sprinkler and drip) relative to surface
irrigation (Modified from Rao et al., 2016, Yadav and Chauhan, 2013).
Even though, there are many options for enhancing WP, the one most appropriate will be site
specific and depend on social and economic conditions of the farmers. Combining biological
water saving measures with engineering solutions, agronomic measures and manipulation of
soil environment in an integrated manner is the best strategy for improving WP. The adoption
of these techniques is, however, slow due to many reasons. Improving WP requires enabling
policies and institutional environment that align the incentives of producers, resource
managers and society, and provide a mechanism for dealing with trade-offs between WP and
yield.

Technological interventions to lessen the challenge
Intense and strategic research conducted in arid and drier semi-arid regions has led to
identification of several technologies that can enhance the resilience of arid farming.

Right choice of crops and cultivars: The crop-growing period (CGP) in NW hot arid region
in Rajasthan is short, varying from <6 to 12 weeks depending on rainfall. Short duration
legumes are suitable for 250-300 mm yr-1 rainfall region with 8-10 weeks of CGP; whereas,
pearl millet and medium duration legumes are suitable for 300-400 mm yr-1 rainfall region
with 10-12 weeks of CGP (Rao et al., 1994). Long-term studies have indicated that 45, 23
and 32% area should be allocated to millets (pearl millet, sorghum), pulses and grasses,



respectively, for achieving stable crop production in hot arid region (Faroda et al., 2007).
Selection of suitable cultivar is crucial for success. Pearl millet cultivars HHB-67 Improved,
CZP 9802, GHB-538, GHB-719, GHB-757, RHB-154, RHB-177, HHB-226, MPMH 17 and
MPMH-21 ; moth bean RMO-40, RMO-225, RMO-435, RMO-423, RMO-257, RMB-2251,
CAZRI Moth-2 ; clusterbean RGC-936, RGC 1003, RGC-1055, RGC-1066, RGC-1038, HG-
365, HG-563; sesame RT-13, RT-46, RT-351; and mung bean K-851, IPM 2-3, IPM 205-7
are suitable for cultivation in NW hot arid region. Substitution of traditional cultivars by
improved cultivars increased yields by 15-50%.

Enhancing fodder supply.: Livestock are integral component of agrarian economy of the hot
arid region (Rathore et al., 2009, 2010). Their average productivity is low, primarily due to
shortage of good quality fodder and other critical nutrients. Therefore, enhancing fodder
supply is imperative to increase resilience of the farming in this region.

Community grazing lands are the primary source of fodder here, but most are degraded and
production is hardly 300-400 kg ha-i. There is a need to improve the common grazing
resources in participatory mode by integrating soil and moisture conservation techniques,
reseeding of palatable forage species, nutrient management, and protective site-specific
grazing. Live fencing on the field boundary with woody perennials having forage value is an
attractive option to augment fodder supply as it can provide 6-13.5 t ha-1 dry matter. Studies
by ICAR-CAZRI demonstrated that reseeding with C. ciliaris enhanced fodder yield by 55%
in the second year. An active participation of all the stakeholders is however essential for
sustainable development of common grazing lands.

Furthermore, newly introduced fodder crops like fodder beet, spine-less cactus (Opuntia
ficus-indica) and Hybrid Napier provide new avenues for enhancing fodder availability in the
region. ICAR-CAZRI studies revealed that beet root can give 245 t ha-1 fresh fodder yield in
four months and Hybrid Napier up to 400 t ha-1 when planted in crop geometry of 75cm %
60cm. Several high fodder yielding cropping sequences for irrigated areas have also been
identified for the region. ‘Cowpea-oat- pearl millet’ and ‘pearl millet+cowpea-oat-sorghum’,
with irrigation scheduled at 50 mm CPE, produced up to 87 t ha-1 of green fodder per annum
in the studies at CAZRI. Promotion of dual purpose crops such as pearl millet, with cultivars
having good grain and straw yields, is another important avenue for enhancing fodder
availability in the region.

Complete Feed Blocks (CFB), Multi Nutrient Blocks (MNB), Multi Nutrient Mixtures
(MNM) and urea-treated crop straw can play an important role in ensuring nutritional
security of livestock (Patidar et al., 2014).

Harnessing the natural strength: The utilization of the solar energy, abundant in the region,
via solar photo-voltaic (PV) and solar thermal devices, provides immense opportunity to meet
the energy needs for domestic and agricultural uses. Use of solar devices for pumping
irrigation water, pesticide application, cleaning and drying of agricultural products, cooking
animal feed, etc. enhances productivity and profitability of farming in the hot arid region. As
mentioned before, agri-voltaic system provides opportunity for co-generation of electricity



with crop production along with harvesting of rain water (Santra et al., 2018). Hence, itis an
exciting technology for sustainable development of farming in the NW hot arid region.

Combating desertification

Desertification is a perennial challenge in the NW hot arid region of India. Wind and water
erosion, water logging, salinity/alkalinity and vegetation degradation are the major factors,
but lately industrial effluents and mining are also becoming important. About 76% area of
western Rajasthan is affected by wind erosion, 2% by water erosion, 2% by salinization, 3%
by vegetation degradation and 0.1% by mining activities. Overall, 5, 16, 41 and 30% area of
western Rajasthan is very severely, severely, moderately and slightly affected by
desertification, respectively (Kar et al., 2007).

Wind erosion of sand is the one of the most important factors of desertification in NW
Rajasthan. Inherent high soil erodibility, high wind speed, low rainfall, expansion of
cultivation on less suitable marginal sandy lands including high slopes of sand dunes, land
levelling in dune covered irrigated areas, degradation of vegetation covers, deep ploughing of
the sandy tract and disappearance of practices like land fallowing and rotational grazing are
major causes of sand destabilization, accelerating the wind erosion in NW Rajasthan. Water
erosion through fluvial processes affects sizable area in Saurashtra & Kachchh uplands and
the eastern margin of the Thar Desert having annual rainfall >350 to 500 mm. Water erosion
in Gujarat is mainly related to accelerated runoff on moderately deep and fine textured soils
on sloping terrain especially on ploughed lands without any soil and water conservation
measures. In eastern margin of the Thar Desert, denudation of vegetation cover on slopes of
hills is major factor responsible for accelerating water erosion.

Excessive irrigation coupled with inadequate drainage has caused water logging and soil
salinization in canal command areas of Hanumangarh, Sri Gangangar and Bikaner districts.
The occurrence of clay and gypsum beds at shallow depth in canal command areas restricts
deep drainage and promotes water logging. Increase in soil salinity/alkalinity due to irrigation
with brackish groundwater is a major form of degradation in medium to heavy textured soils
of alluvial plains.

The unrestricted grazing, increased exploitation of vegetation (particularly for fuel-wood and
other needs) coupled with encroaching of grazing lands has led to extensive degradation of
natural vegetation in the NW hot arid region. The common grazing lands (Oran, Gochar and
Aagor) are severely degraded. The degradation of vegetation leads to replacement of useful
species by aggressive alien colonizers having less feed and fodder values, for example the
replacement of nutritive grass species by P. juliflora in Banni Grasslands of Gujarat
(Manjunath et al., 2019).

Many technologies such as sand dune stabilization, shelterbelt plantation, water harvesting
and conservation, watershed development, management for croplands/rangelands,
rehabilitation of saline/water logged/mining damaged soils have been developed for
combating desertification.

Sand dune stabilization: About 58% area of arid Rajasthan is under sand dunes. ICAR-
CAZRI has developed vegetative methods for sand dune stabilization which include: (a)



protection of dune from biotic interference (human and livestock encroachment); (b) creation
of micro wind breaks on dune by using locally available dried brushes like twigs of Z
nummularia, Calotropis procera, Crotolaria burhia, Aerva tomentosa and Leptadenia
pyrotechnica, either in checker-board pattern or in parallel strips across the direction of wind;
(c) direct seeding or transplanting of suitable woody species viz. Calligonum polygonoides,
Colophospermum mopane, A. tortilis, A. nubica, and in between the tree species root slips of
grasses viz., L. sindicus, P. turgidum, C. biflorus, C. setigerus and creeper Citrullus
colosynthis are planted. The technology has been widely adopted and about 400,000 ha area
of sand dunes has been stabilized (Moharana et al., 2018). Over-emphasis was placed in the
past on exotic tree species, which had less economic value (only fuel wood) with poor
adoption by the farmers. ICAR-CAZRI has now suggested their replacement by locally
adapted species with better economic returns. Creating awareness among the people
pertaining to tangible and intangible gains of dune stabilization and ensuring their
participation in the stabilization programme are crucial for success.

Shelterbelt plantation: Erection of shelterbelt (strips of multiple rows of trees and shrubs
across the prevailing winds) helps to reduce wind speed and minimize the harmful effects on
soils and crops. Shelterbelts have been successfully raised on a large scale along roads,
railway tracks, open canals, around orchards and field boundaries in the NW hot arid region.
It has been demonstrated that shelterbelts reduce the wind velocity by 20-46% on their
leeward side at 2H to 10H distance and reduce soil loss by 66% compared to areas without
shelterbelt. Furthermore, the shelterbelt helps to conserve soil moisture, improve micro-
climate, enhance crop yields and provide economic products (fodder and fuel wood). A three
row windbreak comprising of A. tortilis, Cassia siamea and P. juliflora as the side rows and
Albizzia lebbek as the central row is suitable shelterbelt for NW hot arid region. Planting a 13
m wide tree belt across the wind, interspersed with 60 m wide grass belt, is also a promising
option.

Other technologies: To tackle the problem of water erosion, many soil and water
conservation practices like contour bunding, bench terracing, contour sowing, check dams,
etc. have been developed. For amelioration of soil degraded by high RSC water, ICAR-
CAZRI has standardized gypsum application technology [gypsum application @50% gypsum
requirement and extra amount of gypsum to neutralize the excess RSC in irrigation water (i.e.
for RSC in excess of 5 meq L-1, 0.30 t ha-1 gypsum is required to neutralize 1 meq L-1 RSC)],
which is followed by use of zinc sulphate @ 25 kg ha-1 in the second year. The irrigation led
water logging and associated soil salinization problems can be countered by implementing
vertical and horizontal and subsurface drainage. In areas where undulated land topography
does not permit gravity surface drains, and where groundwater is saline, water table control
can be obtained by bio-drainage to some extent. The potential of certain tree species to draw
more water than the agricultural crops because of their deeper root system, higher
transpiration rates throughout the year and the ability to minimize recharge from rain by
intercepting it on their foliage, provides a way for keeping water table under control.
Eucalyptus camaldulensis, E. tereticornis, Atriplex lentiformis, Acacia nilotica, and Acacia
ampliceps are some of the species that offer a great potential to work as bio-pumps.



Enhancing adaptive capacity

Studies have identified economic development, education, technology, knowledge,
infrastructure, institutions, equity and social capital as generic determinants of adaptive
capacity (Adger et al., 2007). The adaptive capacity of a farming household depends on
human, physical and financial resources, information and skill, awareness and training,
technological capacities, social capital, institutional support, infrastructure facilities, etc.
(Defiesta and Rapera, 2014; Abdul-Razak and Kruse, 2017).

The capacity to respond to changes in environmental conditions exists within communities to
different degrees but not always all responses are sustainable (Altieri et al, 2015). It is
therefore, essential to identify the knowledge and practices that have helped desert dwellers
survive under arid zone conditions, and to refine and upscale these so that vulnerability to
climatic events can be reduced. Dissemination of proven technologies that have been found to
enhance resilience to various stresses is essential to enhance adaptive capacity of farmers.
FAO (2011) advocated promotion, dissemination and adoption of climate smart agricultural
practices which increase adaptive capacity and resilience of farm production in the face of
climate shocks and can also mitigate emission of greenhouse gases. As mentioned earlier,
crop diversification rather than monocultures, agroforestry systems, crop-livestock mixed
systems, proper residue and nutrient management, water harvesting and conservation,
adoption of varieties recommended for the region, etc. can enhance the adaptive capacity of
dryland farms of arid region.

Technologies are disseminated via demonstrations at farmers’ fields, field days at various
research institutions and progressive farmers’ fields, and through short training programmes
for farmers. ITC is also used to enhance access of farmers to various improved technologies
and climate and weather information. Farmer producer organizations, farmer cooperatives,
contract farming, etc. are being promoted to enhance social capital.

Most of the farmers of arid zone have poor financial resources. Cooperative banks, regional
rural banks and nationalized banks give them loans at low interest rates but their penetration
in rural areas and access to farmers still need to be enhanced to reduce farmer dependence on
money lenders. Dryland agriculture in arid zones is inherently very risky. Insurance is
available for major crops grown in NW hot arid zone, but its adoption is relatively low. The
issues related to timely settlement of claims need to be resolved for wider insurance coverage
as insurance cover alleviates the fear of total or major losses in case of severe weather
aberrations and encourages farmers to adopt improved production technologies (Panda et al.,
2013). Procurement of farm produce at assured minimum support price (MSP) is also a major
booster to adaptive capacity and it needs to be extended also to those commodities produced
in arid zone that are not presently covered under the MSP.

Timely availability of quality agri-inputs, like seeds and planting material, plant protection
chemicals and fertilizers, have to be ensured so that knowledge and information can be
translated into action. State and Central governments provide various incentives and subsidies
to economically weaker farmers. There is need to create greater awareness among such
groups to promote the use of such schemes.



Adoption of improved farming technologies

As already mentioned, a stream of technologies for sustainable utilization of natural resources
and crop production has been generated for the NW hot arid region (Yadav, 2018). Adoption
of suitable crops and cultivars for different production environments, tillage practices, rain
water management (water harvesting, mulching, sub surface barriers for minimizing deep
percolation of water), seed rate, planting time, integrated plant nutrient management,
optimum planting density and pattern, weed management, insect-pest and disease
management, crop production under abiotic stresses (suitable cultivars, planting methods,
exogenous application of bio-regulators, seed priming, mid-season corrective measures),
contingent crop planning, conjunctive and efficient use of irrigation in accordance with site-
specific bio-physical and socio-economic conditions is essential for augmenting productivity
and profitability of farming, which ultimately leads to enhancing resilience of arid lands.

Conclusion

For ages, the inhabitants of hot arid regions have been practicing subsistence farming,
maintaining delicate balance between their needs and fragile natural resources. Land use
pattern and farming experienced huge changes during recent decades due to increase in
population, expansion of irrigation and increased use of mechanization and agri-inputs
(improved seed, fertilizer, plant protection chemicals). Agriculture made an impressive
progress in terms of increase in productivity and production of most of the field crops, fruits,
vegetables, etc. owing to increase in cropping intensity, irrigation facilities in some areas and
availability of better inputs like seed, fertilizer, pesticides, farm machinery and tools, etc.
Although, the agricultural productivity is still low in NW hot arid region, the compound
annual growth rate (CAGR) of food grain productivity during the period 1999-2000 to 2010-
2011 was higher (3.2% in Rajasthan, 4.9% in Gujarat) than national average of 1.6%.
Enhanced agricultural productivity coupled with infrastructural developments led to better
livelihood security and overall development in the arid regions.

Despite the enormous progress made in the past, there are many daunting challenges which
are threatening sustainable farming in the arid regions. The inherent climatic conditions of
hot arid regions pose major constraint for farming which is likely to be worsened by the
anticipated climate change, more specifically with rising temperatures and aberrant rainfall.
Increasing human and livestock population strains the natural resources. The problems of
water scarcity and natural resource degradation are increasing. Furthermore, the average
productivity and profitability of majority of crops in the region is far below the experimental
or potential yield in both rainfed and irrigated production systems. However, the hot arid
region is endowed with rich biodiversity and its scientific conservation and utilization can
help to meet diverse needs of inhabitants under anticipated climatic and biotic stresses. The
cultivated and neglected and underutilized species (NUS) of plants and livestock have
enormous variability, specifically adapted to thermal and water stresses, which make them
potential resources in drier and warmer climate of future. Furthermore, the rich traditional
wisdom of making livelihood under adverse climatic conditions and managing natural
resources is of immense significance to enhance the resilience of farming. There is need to



preserve and fine-tune these indigenous techniques. Arid regions are well-endowed with solar
and wind energy, and there is vast scope for their systematic harnessing for domestic,
agricultural and industrial uses.

Many technologies like sand dune stabilization, shelterbelt plantation, erosion control, soil
management practices, crop management, pest and disease management, rehabilitation of
wastelands, grassland improvement, watershed development, water management, arid land
farming, arid horticulture, alternate land use systems, solar devices, and suitable integrated
farming system models have been developed and demonstrated for achieving sustainably
higher and economically viable land, water and animal productivity along with conservation
of natural resources. Genetic improvement of plants for improving adaptation and tolerance
to abiotic stresses, augmenting fodder availability, harnessing the potential of neglected and
under-utilized plant species, value-addition to agri-products, and efficient utilization of scarce
irrigation water and abundant solar energy require specific attention for enhancing
productivity, profitability and resilience of the farming in coming years. Enhancing the
component diversity (crop, cultivar, tree, grass, livestock) at farm level, in accordance with
the site-specific bio-physical and socio-economic conditions, is prime-requisite to enhance
resilience of farming and ensuring sustainable livelihood in the arid region.

For promoting implementation of various recommended technologies to a desired extent,
there is need of creating adequate infrastructural facilities (storage, transportation, and
marketing), strengthening extension activities, promotion of co-ordination among different
stakeholders, and ensuring enabling policy framework and institutional support for
implementation of policies.
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Abstract

Dryland agriculture in India is mainly rainfed and is crucial for national crop and livestock
production. It provides economic goods in terms of food, feed, fuel, forestry products and
various ecosystem and regulatory services. Dryland agriculture ecosystems are complex,
diverse, fragile, risky and often underinvested. The water scarcity problem in such areas and
marginal potential of the system necessitate technological interventions, management,
investment priorities and policy interventions. This paper throws light on technologies
developed for sustainability of dryland ecosystems, viz. selection of crops, cropping systems,
intercrops, rainwater conservation, efficient water utilization for higher productivity,
Conservation Agriculture, crop residue management, cover crops, agroforestry, integrated
farming systems, energy-efficient systems, adaptations to climate change, contingency-
planning, etc. It also focuses on various schemes and policies developed in the country
keeping in consideration the enhancement of resource potential in drylands. Strong synergy
is essential between research/technology developments with policy/policy-implementation in
dryland regions for sustainability of rainfed-dryland ecosystems.

Introduction

Almost 40% of global terrestrial area is constituted by arid and semi-arid regions and is
inhabited by around 2 billion people and 50% of world’s livestock. The area accounts for
35% of total terrestrial carbon fixation (ICRISAT, 2010). Nearly 60% of the drylands are in
developing countries where grain yields average around half of those in irrigated regions. Of
the total land area (329 m ha) in India, only 143 m ha is arable, and rainfed agriculture
systems account for 57% of net sown area, contributing about 44% to the total food grains
production in the country and feeding about 40% of country’s population.

Arid and semi-arid regions experience grave water scarcity in the events of severe drought,
adversely impacting crop yields and the livelihood of farmers. Water scarcity intensified by
climate change might cost some regions upto 6% of their GDP, accelerate migration and
trigger conflicts. India ranks 103 among 119 countries in 2018 Global Hunger Index. In
comparison to irrigated regions, drylands register higher hunger index, which can be
attributed to low agricultural productivity. Other key constraints associated with dryland
ecosystems are fragile soils, fragmented land holdings, poor socio-economic condition,
limited access to markets and lack of infrastructure which all contribute to uncertain
livelihood. Emphasis has therefore got to be laid on technological interventions, management,
investment and policy interventions.

Technology needs for sustainable rainfed dry land systems and potential of different
technologies for enhanced productivity in India are depicted in Fig. 1 and Table 1,



respectively. In order to attain sustainability of rainfed dryland regions strong synergy has to
be developed between research/ technology development with policy/policy- implementation.
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Figure 1. Technology needs for sustainable rainfed dryland system.

Table 1. Potential of different technologies (%) for enhanced productivity of dryland systems

Technology Potential of technology (%)
Water based 20-30

Soil health improvement 15-20

Tolerant cultivars 15-20

Crops and cropping systems 15-25

Farm mechanization 23-33

Integrated Farming System 54-142
Agroforestry 10-35

Synergy technology package 150-250

Source: Srinivasarao et al. (2014; 2015)
Research, technology and policy synergy
Crop planning, cropping systems, intercrops, improved cultivars, seed systems

Suitable production technology has to be developed to protect these fragile systems as they
assume prominence in sustaining growing population. Appropriate crop planning, selection of
drought tolerant crops and varieties, and adoption of suitable cropping systems can help
minimise the production losses because of drought in the arid and semi-arid regions. In the
Indo-Gangetic Plains, diversification of ‘rice-wheat’ rotation with ‘rice-chickpea’, ‘rice-
lentil’, ‘rice-grasspea’ would help in achieving higher net profits and benefit-cost ratio
(BCR). Also, practicing intercropping can augment total yield per unit input, insulate farmers
against complete crop failure and adverse market fluctuations, protect and enhance soil
quality, and contribute to higher net profits and climate resilient livelihoods.



Continued reduction in agriculture workforce, associated with migration from rural to urban
areas, necessitates rapid appropriate mechanization of farm operations. Development of high
yielding and drought tolerant varieties is essential to augment yield in drylands, but timely
production and distribution of high quality seeds is also of paramount significance. Hence,
strengthening of seed systems is an important component towards improving productivity and
higher returns to dryland farmers. Crop diversification and crop planning policies need to be
promoted in diverse agro-ecosystems to ensure stability and sustainability of dryland farming.
National Rainfed Area Authority (NRAA) and National Mission for Sustainable Agriculture
(NMSA) dealing with rainfed farming need to emphasize the crop efficient zones in India
(Srinivasarao et al., 2016).

Water conservation and its efficient utilization
a) Rainwater conservation:

In drought prone areas, rainwater conservation is an important means to enhance agricultural
productivity and meeting the needs of domestic water supply. In-situ and ex-situ rainwater
harvesting are both essential for harnessing full potential. /n-sifu water conservation can be
accomplished by such soil surface manipulations as contour bunding, contour cultivation, tied
ridges, blind furrows, broadbed and furrow, trenching, creation of micro catchments, stubble
mulches, etc. Apart from aiding in groundwater recharge and sustaining crops, these
conservation measures also significantly contribute to reduction in runoff and soil loss
(Srinivasarao et al., 2015). Location specific in-sifu moisture conservation practices in India
are presented in Table 2.

Table 2. Location-specific in-situ moisture conservation practices in India

Region In-situ moisture conservations practices

Arid (rainfall <500mm) Conservation furrows, contour farming/ cultivation, deep ploughing, mulching and
inter- row water conservation systems

Semi-arid (rainfall 500-1000 Runoff strips, tied ridges, graded ridging, mulching, live hedges, conservation
mm) furrows, contour farming, ridge and furrow system, off-season tillage on conserved
soil moisture, graded border strips, compartmental bunding, broad beds and furrows.

Sub humid (rainfall >1000 mm)  Vegetative bunds, level/graded terraces, contour trenches, field bunds, graded bunds,
raised bed and sunken forrow system, inter-plot water harvesting,

Source: NRAA (2009)

Farm-pond technology is an important ex-situ water conservation technique in rainfed
drylands to overcome water shortage. It aids in enhancing the water availability for
supplemental irrigation, and contributes to increse in cropped area and production, resulting
in increased net benefits from crops. Under climate change scenario, farm pond offers a
panacea to overcome the threat of increased frequency of drought, particularly mid-season
and terminal droughts (Srinivasarao et al., 2014). Owing to small land-holdings, farmers in
arid region are hesitant to divert part of their cultivable land for making farm pond. High
initial investment, lack of awareness among farmers, seepage and evaporation losses from
pond and moderate benefits during the normal years are a few limitations that impede large
scale adoption of farm ponds in the region (Srinivasarao ef al., 2017). National programmes
like Pradhan Mantri Krishi Sinchai Yojana (PMKSY) and several state missions, like
dryland missions of Maharashtra and Karnataka and state level programmes like Kakateeya



Mission in Telangana and Chettu Neeru in Andhra Pradesh, are contributing towards
rainwater harvesting and efficient utilization. However, constant technical support at the
ground level is essential to implement these programmes efficiently.

b) Enhancing water use efficiency

Micro irrigation: Micro-irrigation systems (drip, sprinkler) can help cater irrigation water
needs of larger areas with limited water resource. Fertigation, using these systems, can
enhance both water and fertilizer use efficiency. Cash crops and vegetables, having potential
to generate high profit, are preferred candidates for pressurized irrigation. The dearth of
knowledge in handling and maintenance of the system, however, restricts its large scale
adoption (Srinivasarao et al., 2014).

Mulch-cum-manuring: The foliage of such trees as Peltophorum ferrugenum, Pongamia
glabra, Delonix regia, etc., grown widely in various parts of the country, can be utilized as a
mulching material in semi-arid and arid regions. After decomposition, the mulch helps meet
the nutrient needs of the growing crops (Srinivasarao et al, 2017a). Gliricidia sepium,
through its loppings, can provide material for green manuring and mulching, besides
stabilizing bunds for conserving moisture and reducing soil erosion losses. Gliricidia green
manuring has improved yields of finger millet on red soils in Karnataka, groundnut on red
soils in Andhra Pradesh, pearl millet on light-textured soils in Gujarat and sorghum on
medium to deep black soils in Maharashtra. Gliricidia green-leaf manuring (equivalent to 20
kg N ha-1) augmented yield of maize from 1.7 to 2.1 t ha-1 on acid red and lateritic soils of
Bhubaneswar, Odisha (Srinivasarao et al., 2011).

Hydrogels: They are cross-linked polymers possessing hydrophilic property enabling them to
absorb large quantities of water without getting dissolved (Schacht, 2004). As they are
effective even at high temperatures (40-50°C), they can perform well in arid and semi-arid
regions, and increase water use efficiency. Row application of PAM polymer in rainfed
maize at 25 kg ha-1 delayed the wilting of maize plants by 5-6 days during initial dry spell at
early growth stage and gave 16% higher yield than control (CRIDA, 2013-14).

Minimizing evaporation from farm ponds: Storing farm-pond water for life-saving
irrigation in rabi crops is a major challenge because of high evaporation losses of stored
water. Covering pond-water surface with a thin film of oil, asbestos floats, shade netsor solar
panels can minimize losses (Srinivasarao et al., 2017a; Srinivasarao and Gopinath, 2016).

Policy initiatives: Several policy initiatives and programmes, listed below, that can enhance

efficient utilization of harvested water, need to be implemented in synergy with technological
developments for efficient outputs at farm level:

e A dedicated micro-irrigation fund created with NABARD has been approved with an
initial corpus of Rs. 5000 crore (Rs. 2000 crore for 2018-19 & Rs. 3000 crore for
2019-20) for encouraging public and private investments in micro irrigation.

e Pradhan Mantri Krishi Sinchai Yojna (PMKSY), has been launched with the
objective of extending coverage of irrigation ‘Har Khet ko Pani” (irrigation to every
field) and enhancing water use efficiency (‘more crop per drop’) in a dedicated



manner, with end to end solution on source creation, distribution, management, field
application and extension activities (Drought Management Plan, 2017).

e National Mission for Sustainable Agriculture (NMSA) has been formed for improving
agricultural productivity in dryland areas, particularly emphasizing on soil health
management, integrated farming, water use efficiency and synergizing resource
conservation. NMSA would help in attaining key dimensions of ‘Nutrient
management’, ‘Water use efficiency’ and ‘Livelihood diversification’ through
implementation of sustainable development pathway by gradually shifting to eco-
friendly technologies, conservation of natural resources, adoption of energy-efficient
equipment, integrated farming, etc.

e Water Mission: The National Water Mission’ is one of the 8 missions in the National
Action Plan on Climate Change initiated by the Prime Minister to confront the
negative impacts of global warming. Conservation of water, curtailing wastage and
ensuring its rightful distribution both within and across States, through integrated
water resources development and management, is the prime objective of this Mission.

Soil health
Dryland soils are highly prone to erosion and health deterioration. Strategies to enhance soil
health include the following:

Crop residue management: The effective management of roots, stubbles and other crop
residues and weed biomass has useful impact on soil fertility by adding organic matter, plant
nutrients and creating better physical condition. Nearly 500 million tons/year of agricultural
biomass is estimated to be available (2010-2011), part of which needs to be returned back to
the soil after meeting fodder needs. Non-availability of proper chopping and soil
incorporation equipment and high cost of labour and transport contribute to colossal wastage
of this biomass. Hence, emphasis has to be laid on adopting such technologies as briquetting,
anaerobic digestion, vermicomposting, making biochar, etc. (Srinivasarao et al., 2013).

Conservation Agriculture: In conservation agriculture (CA) systems, a permanent residue or
vegetative cover on the soil surface minimizes erosion, improves soil aggregation, increases
water infiltration, reduces soil compaction, moderates soil temperature, suppresses weeds and
increases microbial activity. CA also improves soil carbon sequestration by maximizing C
inputs and lessening outputs (Srinivasarao ef al., 2013a).

Cover crops: The leguminous cover crops, viz. cowpea, sunhemp and groundnut, augment
soil health by addition of organic carbon through their biomass and improving N status
through symbiotic N fixation. They aid in protecting the soil from surface runoff and also
increase soil C sequestration. The improved soil chemical and physical properties (i.e., soil
macro and micronutrients and soil aggregate stability) improve soil fertility.

Mulching: It minimizes soil deterioration by reducing runoff and soil erosion, controls weeds
and reduces evaporation losses. Thus, it promotes soil moisture retention and reduces soil
temperature fluctuations, and improves chemical, physical and biological properties of soil.



Policy initiatives: The Government of India initiated, in year 2014-15, the ‘Soil Health
Card’scheme under which cards are issued to all farmers in the country, containg information
on their soil nutrient status along with recommendation on fertilizer nutrients to be applied.
Regular assessment of soil status will be done in the scheme, every three years, to help
identifying nutrient deficiencies and provide updated crop-specific recommendations for
nutrient application. For improving nutrient use efficiency and reducing input cost, the use of
neem-coated urea is being promoted as the release of the nitrogen in the soil from such urea
is slow and over an extended peroiod, enhanceing N uptake. Since 2015, 100% of the
indigenous urea production is neem coated.

Agroforestry

In the regions experiencing recurring drought, agroforestry provides an effective resilience to
the production system. Trees provide a range of products (fodder, fruits, fuel wood,
pulpwood, etc.) and environmental services (carbon sequestration, conserving soil and water
etc.). Introduction of high wvalue intercrops, organic production practices, canopy
management, high density planting of fruit trees can increase profits from agroforestry. These
practices can be integrated in the developmental programmes aimed at preventing land
degradation and enhancing employment generation (Prasad et al, 2014). Promising
multipurpose trees, fruit crops and grasses for various agroforestry systems in dryland areas
of arid and semi-arid regions in India are summarized in Table 3.

High emphasis on agroforestry for efficient nutrient cycling, enhancing the vegetation cover
and adding organic matter for sustainable agriculture has been placed by policy initiatives of
the government like the ‘Green India Mission 2010°, ‘National Policy on Farmers
2007’,“National Bamboo Mission 2002°, ‘Planning Commission Task Force on Greening
India 2001°,“National Agriculture Policy 2000,” and ‘National Forest Policy 1988’. In spite of
various policy initiatives, agroforestry did not receive the desired acceptance in the past. To
tackle issues of tree insurance, quality planting material and restrictions on transit and
harvesting, agroforestry-produce marketing, research and extension, the National
Agroforestry Policy was formulated in 2014, but the success has been limited and it needs to
be further reviewed to improve acceptance.

Integrated farming systems (IFS)

In arid and semi-arid regions sole practice of arable farming would narrow down the profits
because of the frequent climatic aberrations; this situation therefore calls for adoption and
development of integrated farming systems. The subject has been well discussed by Yadav et
al. (2019) in a companion chapter in this volume. Minimizing the competition and
maximizing the complementarity between the enterprises must be the principle on which the
selection of enterprises in IFS must be done (Mynawathi and Jayanthi, 2015). Effective
integration of livestock into agricultural system permits harnessing of complementarity of
different components, and improves livelihoods and resilience of dryland farmers in the face
of climatic abberations. Properly designed biogas energy solutions (Shalander Kumar et al.,
2015) can reduce the carbon footprint of the livestock component of the IFS. Many
components of IFS are implemented in different national and state programmes and more



coordination is essential among these programmes for better implementation at the ground
level.

Energy-efficient systems

Use of firewood, agricultural waste and cow-dung cakes for cooking in rural India is causing
damage to the fragile ecosystem of arid and semi-arid zone, besides causing health hazard.
This calls for the utilization of energy-efficient systems, viz. solar energy and biogas.
Intensive research and development activities have been, therefore, undertaken in the country
in this regard by different institutions, as has been reported by Yadav et al. (2019) in this
volume.

Table 3. Promising crops, grasses, multipurpose tres for various agroforestry systems in dryland
areas of arid and semi-arid regions in India (Srinivasarao et al., 2017b)

Promising species

Zone System Crops/grasses/shrubs Forestry plants Fruit plants
Arid Agri- Crops: Moth bean (Vigna Khejri (Prosopis cineraria Date Palm (Phoenix
siliviculture aconitifolia Jacq Marechal), L. Druce.), Desert Teak, dactylifers L.) and Indian
Mung bean (Vigna radiata), Anjan (Hardiwickia binata ~ Plum Ber (Ziziphus
Cowpea (Vigna unguiculata L. Roxb.) and Wild Jujube mauritiana Lamk.)
Walp), Clusterbean (Cyamopsis
tetragonoloba L. Taub),
Sesame and Pearl millet
Silvi-pasture Grasses: Buffel grass, irdwood  Jujube, Mopane and Anjan ~ Khejri, Indian Plum and
grass (Cenchrus setigerus Caper (Capparis decidua
Vahl.) Sewan grass and Marvel Forssk. Edgew)
grass (Dicanthium annulatum)
Forsk. Stapf.)
Shelterbelts - Umbrella thorn, Kassod tree -
(Cassia siamea Lamarck
Irwin et Barneby),
Mesquite, Siris and Neem
(Azadirachta indica A. Juss.)
Semiarid  Agri-silviculture Crops: Sorghum, Pearl millet, ~ Cottonwood (Populus Guava, Citrus, Amla and

Silvi-pasture

Clusterbean, Cow pea, Pigeon

pea, Mung bean, Sesame and
Groundnut

Seasonal grasses: Rat's tail

deltoides Bartr.), Babul,
Tree of Heaven
(dilanthusexcelsa Roxb.),
Sissoo, Khejri, and Anjan

Khejri, Babul, Sissoo and

Bael (degle marmelos L.
Correa), Indian plum,
Mango (Mangifera indica
L.,

grass (Sehima nervosum Rottl.
Stapf.), Blue Panic grass
(Panicum antidotale Retz.) and
Buffel grass

Acacia

Babul, Eucalyptus spp. -
Cottonwood, Butter tree
(Madhuca latifolia Roxb.)

and Sissoo

Farm boundary -

Several novel solar devices and systems viz. solar drier, non-tracking solar cooker, animal
feed solar cooker, three in one solar device, solar PV pumping system, solar PV duster, PV
winnower cum drier, solar PV sprayer, solar distillation unitare available (Srinivasarao ef al.,
2017c). Utilization of biogas as energy source would aid in curtailing the expenditure on



electricity, but biogas installations are costly and their success rate has been low for
individual farmers. The reduction in cost and increased adoption could be attained by
encouraging customized solutions comprising community biogas plants.

The missions pertaining to enhanced energy efficiency are:

e ‘National Mission for Enhanced Energy Efficiency’ (NMEEE), implemented since
2011, is one of the 8 national missions under the ‘National Action Plan on Climate
Change’ (NAPCC). NMEEE targets to build up the market for energy efficiency by
generating favourable regulatory and policy regime.

e The ‘National Solar Mission’, part of NAPCC, was launched in 2010 for creating the
suitable policy conditions for diffusion of solar energy across the country.

Adaptation to climate change

Climate change and climate variability are emerging as major concerns encountered by
Indian agriculture. Temperature rise can elevate crop respiration rates, reduce crop duration,
alter photosynthesis, impact the distribution and survival of pests, accelerate mineralization
of nutrients in soils, lower fertilizer use efficiencies and enhance evapotranspiration and soil
carbon loss, and adversely affect livestock production and health. Adaptation to extreme
events and climate variability can decrease vulnerability to long-term climate change.

Strategies developed to manage year to year climatic aberrations will have long term impact
in developing resilience and overcoming the perils of climate change (Srinivasarao et al.,
2016). Prospective adaptation strategies are developing cultivars resistant to drought and
flood and tolerant to heat and salinity stress, altering crop management practices, improving
water management, implementing crop diversification and resource-conserving technologies,
improving pest management, improving weather forecasting, crop insurance and harnessing
farmers’ traditional knowledge (Singh et al., 2019). Pradhan Mantri Fasal Beema Yojana
(Prime Minister’s Crop Insurance Scheme) is an actuarial/bidded premium based scheme
under which farmer has to pay a maximum premium of only 2% for kharif, 1.5% for rabi
food and oilseed crops and 5% for annual commercial/horticultural crops and remaining part
of the actuarial/bidded premium is shared equally by the Centre and State Government. One
of the objectives of the scheme is to facilitate prompt claims settlement, within two months of
harvest, subject to timely provision of both yield data and share of premium subsidy by the
State Government.

Though individual components of various technologies are available for climate adaptation
(Fig. 2), there is a strong need in technology synergy to bring the stability of food systems at
the farm level. Climate adaptive technologies are promoted by several ministries like
Ministry of Agriculture & Farmers Welfare, Environment, Forestry and Climate Change,
Science & Technology, Water Resources, Renewable Energy, Rural Development, etc.
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Figure 2. Steps for effective implementation technology with policy synergy at village level

Components for establishing climate adaptive villages in water stressed ecosystems is

presented in (Fig. 3). A strong synergy is needed among climate adaptive plans and
implementation among ministries for improved ground level impacts
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Figure 3. Components for establishing climate adaptive villages in water stressed ecosystem.
The National Action Plan on Climate Change (NAPCC) was initiated by Government of
India on the advice of Prime Minister’s Council on Climate Change to overcome adversities
of climate change in the country. As indicated before, NAPCC has a total of eight national



missions: ‘Water’, ‘Sustainable Agriculture’, ‘Enhanced Energy Efficiency’, ‘Solar Energy’,
‘Sustaining the Himalayan Ecosystem’, ‘Sustainable Habitats’, ‘Green India’, and ‘Strategic
Knowledge for Climate Change’. The National Adaptation Fund for Climate Change was
initiated in August 2015 to cater to the cost of adaptation to climate change for the vulnerable
State and Union Territories of India. The Fund, governed by the Ministry of Environment,
Forestry and Climate Change, is expected to promote adaptation of various systems in the
country including agriculture sector.

Contingency plan implementation

Technical documents, envisioned to be ready reckoner for line departments and farming
community, on prevalent farming systems and technological interventions for various
weather aberrations (drought, heat and cold waves, cyclones, hailstorms, etc.) - addressing
diverse sectors of agriculture including horticulture, livestock, poultry, fisheries, can be used
to sustain the production systems and are referred to as ‘Contingency Plans’. The plans
comprise information on alternate crop varieties/crops to be selected in events of delayed
onset of monsoon or early season drought and also on agronomic measures for terminal and
mid-season drought (Srinivasarao et al., 2013c; 2016a; Srinivasarao, 2018). Figure 4 presents
the representation of implementation of District Contingency Plans. There is scope to further
downsizing the plan to the sub-district level for effective field level impacts. Infact, several
ministries and departments can come together and look for effective implementation of these
plans. The plans are developed with research and technological outputs of NICRA (National
Initiative on Climate Resilient Agriculture), CRIDA (ICAR- Central Research Institute for
Dryland Agriculture), AICRPDA (ICAR All India Coordinated Research Project on Dryland
Agriculture) and the SAU (State Agricultural Universities) with their respective KVKs
(Krishi Vigyan Kendras, the Agricutural Science Centers). The implementation at district
level is done with State Government authorities, while at the Talug, Mandal and village level
it is done by the above indicated research institutions and their networks.
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Figure 4. Implementation of District Contingency Plan in India.



Synergy between research-technology and policy implementation

For effective field implementation of any technology a strong synergy is essential between
research/technology and policy implementation process (Fig. 5). Although a technology
might be successful at research station, KVK and farm level, several implementation issues
arise when it is upscaled. For example, the agroforestry technology is implemented in several
agro ecosystems but the pricing element is missing in agroforestry policy causing distress to
implementing farmers. The technical constraints identified during implementation should be
communicated to technology developers to address them for better implementation.
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Figure 5. Synergy between research-technology and policy

implementation essential for effective technology transfer.
Conclusions and way forward
Rainfed drylands are important ecosystems in overall food security and sustainability of
agriculture, livestock towards meeting sustainable development goals (SDGs) such as zero
hunger, nutrition security and climate action. Ecosystems of rainfed drylands are fragile and
climate change impacts on them have become more serious. To meet these multiple
challenges of this ecosystem, technology packaging is essential instead of promoting single
technology. For example, rainwater conservation, soil health, tolerant varieties or cultivars
along with institutions are critical for overcoming above challenges.

Similarly, several programmes and policies have been developed at national and state level.
Their periodic monitoring is needed to strengthen implementation. Several ministries are
implementing various programmes for achieving sustainability of rainfed dryland systems. A
coherent action plan and implementation will yield better results.

References
CRIDA. 2013-14. Annual Report. Central Research Institute for Dryland Agriculture.
Hyderabad, India. P. 197.

Government of India. 2017. Drought Management Plan, November. 2017. Government of
India, Ministry of Agriculture and Farmers Welfare, Department of Agriculture,
Cooperation and Farmers Welfare.



ICRISAT. 2010. ICRISAT Annual Report, International Crop Research Institute for the
Semi-Arid Tropics, Patancheru, India.

Mynavathi, V.S. and C. Jayanthi. 2015. Dryland integrated farming system - A review.
Agricultural Review 36: 67-72.

NRAA. 2009. Drought Management Strategies - 2009, National Rainfed Area Authority,
Ministry of Agriculture, Government of India, New Delhi.

Prasad, J.V.N.S., Ch. Srinivasarao, B. Venkateswarlu, and V.P. Singh. 2014. Livelihood
diversification through agroforestry in semi-arid regions of India. World Congress on
Agroforestry.

Schacht, E.H. 2004. Polymer chemistry and hydrogel systems. Journal of Physics.
Conference Series 3: 22-28.

Shalander Kumar, B.M.K. Raju, C.A. Ramarao and Thiagarajah Ramilan. 2015. Sensitivity
of livestock production to climatic variability under Indian drylands and future
perspective. Current Agriculture Research Journal 3(2): 142-149.

Singh, N.R., S.K. Bhal, S. Malleswari, Ranjit Kumar and Ch. Srinivasarao. 2019. Challenges
and opportunities in weather based crop insurance in India: /n: Challenges and
Emerging Opportunities in Indian Agriculture. P. 289.

Srinivasarao, Ch. 2018. Climate change and extreme climatic events: Impacts and adaptation
strategies for agriculture. The Andhra Agricultural Journal 65(2): 253-259.

Srinivasarao, Ch. and K.A. Gopinath. 2016. Resilient rainfed technologies for drought
mitigation and sustainable food security. Mausam 67(1): 169-182.

Srinivasarao, Ch., A.K. Indoria and K.L. Sharma. 2017a. Effective management practices for
improving soil organic matter for increasing crop productivity in rainfed agro ecology
of India. Current Science 112 (7): 1497-1504.

Srinivasarao, Ch., B. Venkateswarlu, M. Dinesh Babu, S.P. Wani, S. Dixit, K.L. Sahrawat
and S. Kundu. 2011. Soil Health Improvement with Gliricidia Green Leaf Manuring
in Rainfed Agriculture, On Farm Experiences. Central Research Institute for Dryland
Agriculture, Santoshnagar, P.O. Saidabad, Hyderabad 500 059, Andhra Pradesh.

Srinivasarao, Ch., B. Venkateswarlu, R. Veeraiah, S. Rammohan, V.S. Jakkula, Sreenath
Dixit, B. Shivarudrappa and R.V. Rammohan. 2013. Vermicomposting for Efficient
Crop Residue Recycling, Soil Health improvement and Imparting Climate Resilience-
Experiences from Rainfed Tribal Regions. Central Research Institute for Dryland
Agriculture, Hyderabad, Andhra Pradesh. 40 p.

Srinivasarao, Ch., B. Venkateswarlu, Rattan Lal, A.K. Singh and S. Kundu. 2013a.
Sustainable management of soils of dryland ecosystems of India for enhancing

agronomic productivity and sequestering carbon. Advances in Agronomy 121:
253-329.



Srinivasarao, Ch., C.G. Ravindra, P.K. Mishra, S.G. Reddy, G.R.M. Sankar, B.
Venkateswarlu and A.K. Sikka. 2014. Rainfed Farming-A Compendium of Doable
Technologies. All India Coordinated Project for Dryland Agriculture, Indian Council
of Agricultural Research, Hyderabad.

Srinivasarao, Ch., G. Ravindra Chary, P.K. Mishra, R. Nagarjuna Kumar, G.R.
MaruthiSankar, B. Venkateswarlu and A.K. Sikka. 2013b. Real Time Contingency
Planning: Initial Experiences from AICRPDA. All India Coordinated Research
Project for Dryland Agriculture (AICRPDA), Central Research Institute for Dryland
Agriculture (CRIDA), ICAR, Hyderabad- 500 059, India.

Srinivasarao, Ch., I. Srinivas, R.V. Adake, P. Santra, B. Sanjeeva Reddy, Manoranjan
Kumar, K.V. Rao, K. Sammi Reddy, O.P. Yadav and Mohan C. Saxena. 2017c.
Utilization of renewable energy sources in dryland systems. Pages 537-552 in
Proceedings of 12minternational Conference on Dryland Development, International
Dryland Development Commission.

Srinivasarao, Ch., K.A. Gopinath, C.A. Ramarao, B.M.K. Raju, R. Rejani, G. Venkateswarlu
and V. VishaKumari. 2017b. Dryland agriculture in south Asia - Experience
challenges and opportunities. Innovation in Dryland Agriculture 345-392.

Srinivasarao, Ch., K.A. Gopinath, J.V.N.S. Prasanna Kumar and A.K. Singh. 2016. Climate
resilient villages for sustainable food security in tropical India: Concept, process,
technologies, institutions, and impacts. Advances in Agronomy 140: 104-201.

Srinivasarao, Ch., K.V. Rao, S. Desai, A.V.M. Subba Rao, Md. Osman, I. Srinivas, and S.S.
Balloli. 2016a. Preparedness for Agriculture Contingencies - Kharif, 2016. Summary
of Interface Meetings and Way Forward. Technical Bulletin 2/2016. Central Research
Institute for Dryland Agriculture, Indian Council of Agricultural Research,
Hyderabad. P. 29.

Srinivasarao, Ch., R. Lal, J.V.N.S. Prasad, K.A. Gopinath, R. Singh, V.S. Jakkula, K.L.
Sahrawat, B. Venkateswarlu, A.K. Sikka and S.M. Virmani. 2015. Potential and
challenges of rainfed farming in India. Advances in Agronomy 133: 113-118.

Srinivasarao, Ch., R. Rejani, C.A. Rama Rao, K.V. Rao, M. Osman, K. Srinivasa Reddy,
Manoranjan Kumar and Prasanna Kumar. 2017. Farm ponds for climatic resilient
rainfedagriculture. Current Science 112(3): 471-477.



Evening

Lectures






Climate change as a trigger to poverty and outmigration in the dry areas

Ismail Serageldin*

Bioliotheca Alexandria, Alexandria, EGYPT
*email: is@bibalex.org

Extended Summary

Climate Change is here. Not only are we witnessing many more extreme weather events all
around the world, but also witnessing distressing signs of drier, hotter climates in the arid and
semi-arid regions. Desertification is expanding, and at the borders of the deserts, the already
limited rainfall will become more sporadic, alternating periods of flood and drought. Several
billion poor people are affected by that change, and these populations are likely to grow
rapidly.

Many of the countries concerned are very poor and depend on small-holder agriculture. Thus
measures of adaptation to this likely future are an absolute necessity. Climate change will not
only make their already precarious lives even more perilous, but it also will force many of
them to seek new homes. They will become environmental refugees at a time when populist
politics in the north and in other neighboring countries that could potentially be recipients of
such migrants, are become stridently inimical to immigration.

Population growth

Most of the dry areas are in Africa and West Asia, and population forecasts are very
problematic, especially for Africa and Asia, where the UN Consensus forecasts of 2015 see
more than a billion persons being added to each of these two continents by 2050. Africa is
seen as having continuing growth reaching a population of 4.4. billion by 2100, starting from
a base of 1.1 billion in 2015. Even if these forecasts of a quadrupling of African population
by 2100 are high, as [IASA estimates, the African population is still expected to triple by the
end of the century.

Just to feed the populations concerned with less fertile soils and less reliable water supplies
will require a dramatic transformation of agriculture and agricultural practices. Only a
scientific based system of agricultural management that can be applied at the small-holder
level will help combat further impoverishment and avoid massive people movements due to
cycles of droughts and floods and inadequate infrastructure, with concomitant forced
migration.

Furthermore, to cope with the expected population bulge it will not be enough to ensure that
macro-economic conditions are sound. We must quickly focus on removing rigidities and
obstacles to the functioning of the labor market, enhance education and health, make special
efforts to empower women, and to do all that on an accelerated schedule to avoid (or
minimize) the problems of youth unemployment in both the rural and urban areas.

Transforming agriculture
To achieve the requisite agricultural and rural transformation, these countries have to increase
rural productivity by reducing trade barriers, investing in rural infrastructure and securing



land rights and above all in directing scientific research and new technologies to solving the
problems of the poorest farmers. And they have to address mitigating and adapting to climate
change and increasing the resilience of the threatened communities. Technological
innovations, including bio-technology and GMOs, are necessary for both increasing
productivity and adapting to climate change.

For this rural transformation to happen, African agriculture needs to grow much faster. Given
the predominance of rain-fed agriculture, adapting to the expected impacts of climate change
poses significant challenges that must also be addressed as part of the transformation.

Whether in Asia or in Africa, but especially in Africa, agriculture, agro-industry, and agro-
services can be competitive and create jobs. Farmers can be entrepreneurs. Given knowledge,
access to markets, and secure land title, they can create many high-productivity jobs. Links
through agricultural production chains offer a particular opportunity for small farmers.

Urbanization

Urbanization is a dominant feature of our existence today, where already more than half the
global population is classified as urban. The UN estimates that about 2.5 billion people will
be added to urban populations by 2050, with close to 90% of the increase concentrated in
Asia and Africa. Industrialization, including the development of modern food processing
capabilities will be part of both creating jobs and raising overall income levels.

The rapid urbanization that these countries are witnessing will require the production of crops
that are storable and more transportable, and to minimize post-harvest losses as the food
processing industries begin to play their full role. Additional intensive urban agriculture can
also play a role. All this will require a transformation of the traditional agriculture that exists
in many parts of Asia and Africa today.

Climate change and agriculture

Despite the rapid urbanization, the rapid growth in the working-age population will mean that
for a generation or so most of the new jobs will still be in traditional activities, including
agriculture. It is therefore essential to also increase the productivity of traditional agriculture
and also climate change will have its biggest impact on agriculture - so adaptive investment
and technical innovations are needed. Almost all climate models show rising temperatures,
increasingly variable rainfall and more severe weather events. The resulting challenges for
maintaining and increasing crop yields will be especially big in Africa where little farmland
is irrigated.

Adapting to this change requires investment in climate-resilient agricultural infrastructure but
even more to raise the productivity of agriculture. Genome research to create heat- and water-
tolerant crops that have a shorter growing season, and even to develop nitrogen fixing
capabilities in many new crops are all part of the promises of scientific research in these early
decades of the 21st century, whether it is in ICT, robotics or genetics. Precision farming
would be the result of being able to deploy the technologies that come from these scientific
discoveries in ways that benefit the poor in the dryland areas.



Such a science-based transformation would also offer opportunities for new jobs but require
the corresponding scientific manpower. Given that women manage many farms and rural
household enterprises, a concerted effort to improve resiliency will also improve their
wellbeing and contributions to the economy.

Building capacity for science, technology and innovation

Science-based agriculture must help these weak countries cope with the growing challenges
and the development of a new agriculture for new smart cities must also be accelerated. We
need an intensive expansion of science and technology, with a special focus on the needs of
the drylands, accompanied by special efforts to build up local capacity in Science,
Technology and Innovation (STI) in the poorest arid and semi-arid countries. That is how we
can help to meet these challenges where climate change is a trigger for both increased
poverty and outmigration.
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Abstract

World’s drylands represent 41.3% (60.9 million km2) of Earth’s land area, and comprise of
desert (6.6%), semi-desert (10.6%), grassland (15.2%), and rangeland (8.7%). Drylands are
home to about 2.7 billion people representing 35.5% of the world’s population in 2018.
Being vulnerable to desertification, drylands have already expanded by 4-8% over the 20
century and may continue to expand by an additional ~10% compared with the baseline of
1961-1990, and probably cover ~50% of the Earth’s land area by 2100. Drylands contain
46% of the terrestrial carbon stocks compromising of 53% of global soil C stock (1-m depth)
and 14% of global biotic carbon stock. The soil C stock in drylands has two distinct but
related components: soil organic C (SOC) and soil inorganic C (SIC). The SOC stock is more
in soils of the humid and sub humid regions and the SIC is more in those of the semiarid and
arid regions. The SIC stock comprises of the carbonates and bicarbonates, and also
bicarbonates in the ground water. Combined with bicarbonates, the SIC stock to 1-m depth
may be as much as 2344 Pg C. The SOC stock, more reactive and dynamic than the SIC, is
prone to depletion caused by climate change, land use and land use change, and soil
degradation. The projected climate change would lead to increasingly drier deep soil layers
during the growing season, exacerbate the problem of soil degradation, adversely impact the
SOC stock, and weaken the provisioning of critical ecosystem services (e.g., water,
biodiversity, food, feed). The reduction in soil moisture storage would aggravate warming,
increase evapotranspiration, aggravate depletion of soil water reserves, and severely reduce
the agronomic productivity and use efficiency of inputs. On the contrary, restoration of
degraded/desertified drylands and ecosystems and adoption of saline agriculture can
sequester C in biomass and soil, contribute to mitigating anthropogenic climate change,
enhance socio-ecological resilience and improve the environment.

Introduction

Total carbon (C) stock in world soils to 1-m depth estimated at 2200 Pg (Pg = peta gram =
1015g = 1 billion metric ton = 1 Gt), comprises of 2/3 as soil organic carbon (SOC) and 1/3 as
soil inorganic carbon (SIC) (Banwart ef al., 2015; Plaza et al., 2018). In contrast, C stock in
global drylands to 1-m depth comprises of 1048 Pg, of which 470 Pg is SOC (Table 1) and
578+8 Pg is SIC (Table 2). To 2-m depth, total C stock in drylands is 1883 Pg, of which
646+9 Pg is SOC and 1237+15 Pg is SIC. The ratio of SOC:Total soil C stock is 0.63 in 0-0.3
m depth, 0.45 in 0-1 m depth, and 0.34 to 0-2 m depth (Tables 1 and 2, Plaza et al., 2018).
Expectedly, the total SOC stock increases with increase in mean annual rainfall. In
comparison with the total SOC stock in 0-2 m depth in the hyper arid ecoregions, the SOC
stock is 4.1 times in the arid, 8.4 times in semiarid and 7.4 times in the dry sub humid



biomes. Similarly, the SIC stock in 0-2 m depth is 3.8, 3.6 and 1.3 times in the arid, semiarid
and sub humid biome compared with that in the hyper-arid region (Tables 1 and 2).
Table 1. Estimates of the soil organic carbon (SOC) stocks in global drylands (recalculated from
Plaza et al., 2018)
SOC Stock (Pg C)

Depth (m) Hyperarid Arid Semi-arid Dry Sub-humid Total

Stock Ratio Stock Ratio Stock Ratio Stock Ratio Stock Ratio
0-0.3 111 1.0 45+3 1.0 100+2 1.0 91+3 1.0 248+6 1.0
0-1 22+1 2.0 91+£3 2.0 190+3 1.9 167+4 1.8 470+7 1.9
0-2 31+l 2.8 12743 2.8 25943 2.6 228+6 2.5 646+9 2.6
Ratio among 1.0 4.1 8.4 7.4 20.8
biomes

Table 2. Estimates of soil inorganic carbon (SIC) stocks in global drylands (recalculated from Plaza

etal., 2018)
SIC Stock (Pg C)
Depth (m) Hyperarid Arid Semi-arid Dry Sub-humid Total
Stock Ratio Stock Ratio Stock Ratio Stock Ratio Stock Ratio

0-0.3 20+2 1.0 63+2 1.0 48+2 1.0 15+1 1.0 145+4 1.0
0-1 65+3 3.3 24145 3.8 204+4 43 662 4.4 578+8 4.0
0-2 12745 6.4 487+9 7.7 456+7 9.5 168+4 11.2 1237+15 8.5
satio among 1.0 3.8 3.6 13 9.7

The SOC, comprised of the remains of plants and animals at various stages of decomposition,
is highly reactive and a strong determinant of soil health and of numerous ecosystem services
of value to human wellbeing and nature conservancy (Lal, 2004). The SIC stock is less
reactive and comprises of three components: 1) primary or lithogenic carbonates derived
from the weathering of parent materials, 2) secondary or pedogenic carbonates (caliche or
concrete) derived from pedologic processes, and 3) bicarbonates contained in the ground
water (Monger et al., 2015). Formation of secondary carbonates is related to the microbial
decomposition of soil organic matter (SOM) leading to enrichment of the concentration of
COz2 in soil air, its dissolution in soil water to form weak carbonic acid, and precipitation as
carbonates through reaction with Ca+2 and Mg+ brought in from outside the system (i.e.,
aeolian and alluvial deposition, application of compost/manure and other amendments
including mulch, use of inorganic fertilizers).

Thus, transfer of atmospheric CO2 into soil through biotic and abiotic processes into SOC and
SIC compounds with a long mean residence time (MRT) has strong impacts on the global C
cycle (GCC). Three principal processes of transfer of atmospheric CO2 into soil as SOC and
SIC, or carbon sequestration comprise of the following: 1) photosynthesis and input of
biomass-C into soil as roots and shoots to form humus and any pyrogenic compounds (i.e.,
soot, charcoal or biochar) through in-field or in-situ burning, 2) pedogenesis and formation of
secondary carbonates or caliche, and 3) translocation of bicarbonates into the ground water.

A rapid increase in atmospheric concentration of COz2, especially so since the on-set of
Industrial Revolution, from 280 ppm in 1750 to 410 ppm in 2017 (WMO, 2018), has created



a strong interest in the sequestration of SOC and SIC in soil to off-set anthropogenic
emissions for adaptation and mitigation of climate change. Estimated to 2-m depth, total soil
C stock (SOC and SIC) in global drylands (Tables 1 and 2) represents ~46% of the Earth’s
terrestrial C stocks (Saftiel et al., 2005). The land-based or terrestrial C sinks are estimated to
have absorbed 32.5% of the anthropogenic emissions between 1750 and 2017, 29.6% for the
decade of 2008-2017, and 33.6% for the year 2017 (Table 3, Global Carbon Budget, 2018).
Therefore, prudent management of drylands is considered an important tool/strategy to
sequester atmospheric CO2 while also enhancing Sustainable Development Goals (SDGs) of
the U.N. or the Agenda 2030 (Lal et al., 2018). Thus, the objective of this paper is to
deliberate the potential and challenges of global drylands to sequester atmospheric CO2 as
SOC and SIC for adaptation and mitigation (ADAM) of anthropogenic climate change (ACC)
in conjunction with advancing SDGs.

Table 3. Magnitude of land-based C sinks (Pg C) (Global C Budget, 2018)

Parameter 1750-2017 2008-2017 2017
Total Emissions 660 10.8 11.3
Sinks:
Atmosphere 275 4.7 4.6
Ocean 165 24 2.5
Terrestrial 215 32 3.8
Terrestrial (% of Emission) 325 29.6 33.6
Global drylands

Drylands, the Earth’s largest ecoregion, cover 41.3% of Earth’s land area and are home to 2.7
billion people. A large proportion of world’s 2.5 billion poor people live in dryland biomes
(Pravilie et al., 2016). On the basis of the aridity index (Al = precipitation: potential
evapotranspiration), drylands are regions with Al of < 0.65 mm mm-1 (Middleton and
Thomas, 1997; UNEP, 1992).). Thus, water deficit (scarcity or drought) is the most important
determinant of the net primary productivity (NPP). However, climate change has a strong
impact on the global extent of drylands, which are steadily increasing in area.

The revised estimates of land area under dryland regions are as follows: 1) hyper-arid with Al
of < 0.05 at 5.86%, ii) arid with Al of 0.05-0.2 at 14.16%, iii) semiarid with Al of 0.2-0.5 at
16.38%, and iv) dry sub humid with Al of 0.5-0.65 at 8.36%; with a total land area of 45.36%
(Table 4). Global drylands may expand by an additional 10% compared with that in 1961-
1990 by about 5.8 x 106 km2 till 2100 (Schlaepfer et al., 2017). Furthermore, deep soil layers
may become increasingly dry during the growing season, leading to a major shift in
vegetation, and decline in provisioning of ecosystem services such as agronomic yield of
food staple cereals (Lobell and Gourdji, 2012; Ray et al., 2002; Feng and Fu, 2013).

Most of the expansion of drylands is and will occur in the tropical regions, but temperate
drylands may contract by a third and convert to sub-tropical drylands. By 2100, the global
extent of drylands may cover > 50% of the planet’s area (Schlaepfer et al., 2017). Expansion
of drylands, and increase in frequency and intensity of drought, can deplete the SOC stocks.
During the decadal drought between 1998 and 2008 in central Asia, the temperate drylands



lost ~0.46 Pg C from 1979 to 2011 (Li et al., 2015). The magnitude of loss was severe in
Kazakhstan where the rate of decline in annual rainfall was 90 mm/decade (Li ef al., 2015).

Table 4. Change in global drylands between 2005 and 2016

Region Area (106 kmz2) % of the World Total Land
Safriel et al. (2005) Pravailie (2016) Safriel et al. (2005) Pravailie (2016)

Hyper-arid 9.8 8.6 6.6 5.86

Arid 15.1 20.8 10.6 14.16

Semi-arid 22.6 24.0 15.2 16.38

Dry sub-humid 12.8 13.2 8.7 8.97

Total 60.3 66.7 41.0 45.36

Terrestrial area of dryland = 66.7 x 106 km2
Total land area of Earth = 147 x 106 km2

With such a large land area, global drylands will have increasingly stronger impact on the
GCC and thus on the feedback to the climate change. The feedback may be positive
(increasing the radiative forcing) through acceleration of the gaseous emission or negative
(reducing the radiative forcing through C sequestration in global drylands). The positive
feedback to climate change is exacerbated by degradation and desertification of drylands. The
problem of desertification and scarcity of essential resources (i.e., water) may be further
aggravated by rapid increase of urbanization in drylands.

The data in Table 5 indicate increase in population of some cities over the 80-year period
(1950 to 2030) by a factor ranging from 16 to 175. Such a drastic increase in urban
population in dry and fragile environment necessitates careful planning and reuse/recycling
of resources to enhance use efficiency and sustain productivity (Lal and Stewart, 2017).
Furthermore, water erosion and chaotic urbanization can deplete the SOC stock. Darwish and
Fadel (2017) reported irreversible loss of 25 and 54 Pg of SOC by erosion and urbanization,
respectively, in Arab countries.

Table 5. Increase in population of some cities in drylands

Population (10¢)

City
1950 2000 2016 2030 Factor

Dubai 0.02 0.9 2.5 35 175.0
Jaipur 0.3 2.3 3.5 4.9 16.3
Jodhpur ~0.1 0.8 1.3 1.8 18.0
Khartoum 0.2 3.5 53 8.2 40.0
Kuwait 0.15 1.3 2.9 39 26.0
Las Vegas 0.025 1.3 2.3 2.9 116.0
Lima 1.1 7.3 10.1 12.2 11.1
Mecca 0.15 1.2 1.8 2.1 14.0
Phoenix 0.11 2.9 4.1 4.8 43.6
Riyadh 0.08 3.6 6.5 7.9 98.8

Positive feedback through degradation and desertification of drylands

Desertification, decline in quality and functionality of drylands (UNCCD, 1994; MEA,
2005), is a serious problem in these fragile ecoregions. However, the causes and determinants



of desertification are poorly understood (Hutchinson, 1996). Yet, six widely recognized
dimensions of desertification include: water erosion, wind erosion, vegetation
loss/degradation, salinization, soil compaction and soil fertility decline (Dregne, 2002).
However, there is an important seventh dimension of desertification and that is the depletion
of the terrestrial C stock through loss of SOC, biomass-C and of SIC. This article is
specifically focused on reversing the trends in loss of the soil C stock through sequestration
of atmospheric CO2 along with the attendant increase in soil health and functionality and
advancement of the SDGs.

The accelerating ACC, along with the land misuse and soil mismanagement, has exacerbated
the risks of desertification of these fragile ecosystems. Over and above the ecohydrological
interactions across multiple space and time scales (Turnbull et al., 2008), there is also an
increasing dominance of abiotic mechanisms of desertification in drylands because of
increase in aridity and frequency of droughts (Ravi et al, 2010). Interaction between the
ACC (aridification) and land use-land use change (LULUC) are among the major drivers of
the transition between stable state and eventually leading to a desertified state (D’Odorico et
al., 2013). The complex conundrum of aridification and desertification encompasses
mutually-reinforcing and highly interactive processes (Fig. 1).
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Figure 1. Drivers of aridization and desertification with mutually-reinforcing feedbacks

Rapid and severe depletion of SOC stock in conjunction with increase in frequency and
intensity of pedologic/agronomic droughts (reduction in plant-available water capacity at the
critical stages of crop/vegetation growth) sets-in-motion the downward spiral that leads to a
drastic reduction in NPP, weakening of ecosystem services and creation of several disservices
(Fig. 1). Notable among disservices are aggravation of food and nutritional insecurity, water
scarcity, loss in biodiversity, and risks of soil degradation.

The use of GIS and remote sensing techniques can detect soil degradation by erosion,
salinization and other degradation processes (Adamu et al., 2014). Decline in SOC stock is
exacerbated both by accelerated erosion through aeolian and hydrologic processes (Chappell



et al., 2019; Ravi et al., 2010), salinization (Setia et al., 2013; FAO, 2005; Rengasamy, 2008)
and combination of both (DeLong ef al, 2015). In this regard, preventive measures to
minimize risks of soil degradation are better than corrective actions because once the process

of aridification is set-in-motion it keeps expanding the areal extent of drylands (Pravalie,
2016).

In addition to decline in the plant-available water capacity, severe reduction in SOC and the
terrestrial C stocks also deplete soil fertility and create elemental imbalance. Indeed, the
severe problem of soil degradation in Sub-Saharan Africa (SSA) is closely associated with
poor soil fertility (Zingore et al., 2015) and the negative nutrient budget on a continental
scale (Smaling et al, 1999). The process is exacerbated by the use of extractive farming
practices over a long time period. Furthermore, indiscriminate intensification of agriculture to
feed the growing population of SSA is also among primary causes of the current and the
projected rate of aridification and desertification (Tully et al., 2015).

Some indicators of decline in soil fertility include pH, cation exchange capacity, and SOC
concentration, which have direct impact on soil health and functionality (Tully et al., 2015).
Soil degradation and desertification, strongly interacting with climate change, have severe
adverse impacts on food security and provisioning of other critical ecosystem services.
Identification and adoption of climate-resilient agricultural practices, which also reverse the
desertification trends, must be considered in planning of any restorative measures and their
adoption (Webb et al., 2017).

Creating a positive soil and terrestrial carbon budget in agro-ecosystems

Depletion of the soil and terrestrial C stocks being among the primary and critical
determinants of aridification and desertification, restoring C stocks is essential and a priority
condition to reversing the desertification trends and strengthening the provisioning of
essential ecosystem services. Sequestration of atmospheric CO2 is also pertinent to advancing
several SDGs including #2 (zero hunger), #6 (clean water), #13 (climate action), and #15 (life
on land) (Lal et al, 2018). The strategy of SOC sequestration is to create landscapes in
drylands that enhance biodiversity and also improve human wellbeing (Kremen and
Merenlender, 2018).

A positive trend in soil C stock and its impact on the GCC can be created through restoration
of drylands. Keller and Goldstein (1994; 1998) estimated the potential of C sequestration of
0.8 Pg/yr. Cultivation of halophytes (Douglas, 1993) is one of the options to create a positive
soil/ecosystem C budget. Conversion of conventional tillage to no-till or conservation
agriculture (CA) is another useful option (Plaza-Bonilla et al., 2015). Controlled or non
grazing in drylands can also increase SOC storage over time. There are also abiotic processes
of SIC sequestration including formation of secondary carbonates and translocation of
bicarbonates (Serrano-Ortiz et al., 2012). In addition to the surface layer, there is an
additional SOC storage capacity in the sub-soil below 0.1 m depth (Hoyle et al., 2014).

Soil organic carbon and sustainable land management
The magnitude and quality of SOC stock and the Land Degradation Neutrality (LDN) are
strongly inter-connected (Cowie et al., 2018). Therefore, restoring the SOC stock of degraded



and depleted soils, which is often as low as 0.05% in croplands of South Asia and Sub-
Saharan Africa along with those of the Caribbean and the Andean regions, advances the LDN
and vice versa. In this context, implementing sustainable land management (SLM) options
(Dumanski, 1997; Hurni, 2000) can enhance SOC, restore and sustain soil health, and achieve
LDN (Table 6). Appropriate SLM must be validated and fine-tuned under site-specific
conditions with due consideration to biophysical (i.e., soil, climate, terrain), socio-economic
(land tenure, farm size, infrastructure, institutional support, access to market, gender issues)
and cultural issues (faith, traditions, rituals). There is no such thing as “one size fits all” SLM
option for 300,000 known soil series and multitude of site-specific factors.

Some examples of SLM include CA with residue retention as mulch and cover cropping,
complex farming systems based on judicious integration of crops with trees and livestock,
integrated nutrient management involving judicious combination of organic and inorganic
sources of plant nutrients, and precision or soil specific agriculture. Choice of appropriate
SLM would lead to a positive soil/ecosystem C budget such that input of biomass-C (i.e.,
residue retention, compost, biochar) exceeds the losses of SOC (by erosion, decomposition
and leaching). Under dryland conditions, the rate of SOC sequestration may range from 0.1 to
0.25 Mg C ha-1 yr (Lal, 2002). However, adoption of SLM would also enhance sequestration
of SIC as secondary carbonates or caliche, and through leaching of bicarbonates into the
groundwater (Monger et al., 2015). Dryland ecosystems have biotic and abiotic mechanisms
of SIC sequestration, both of which can be enhanced and sustained through adoption of SLM.

Table 6. Impacts of sustainable land management (SLM) on soil organic carbon sequestration, soil
health restoration and land degradation neutrality

SLM Technology Potential Impacts Towards LDN

Conservation agriculture Erosion control, water conservation, SOC sequestration, minimal soil disturbance

Agroforestry Nutrient cycling, moderation of micro-climate, windbreak, biodiversity

Contour hedges High biodiversity, integrated pest management, biomass as mulch, runoff management

Complex farming systems Biological nitrogen fixation, high use efficiency, sustainable production, high
biodiversity

Agro-pastoral systems Nutrient cycling, sustainable production, resource efficiency

Establishing relationship between SLM and SOC for key benchmark locations

In addition to the choice of site-specific SLM, the rate of SOC sequestration also depends on
soil, climate, vegetation and interaction among them as altered through anthropogenic
interventions. Improvements in SOC through SLM have strong beneficial impacts on soil
properties and processes (Table 7). Despite being an ecosystem property, the net rate of SOC
sequestration for site-specific SLM must be determined by establishing long-term (5-10 year)
experiments for key benchmark locations in drylands (Lal, 2019). These on-farm studies must
be conducted with farmer participation from the planning through the monitoring stages. The
community-based benchmark sites should be established for predominant soil orders within
an eco-region (Dregne, 1976). Predominant soils within these ecoregions are Inceptisols,
Arenosols, Psamments, Vertisols, and Alfisols (Table 8).

The rate of SOC sequestration must be correlated with soil properties (e.g., texture, plant
available nutrient reserves, CEC, pH, EC, MBC), climate (temperature and moisture regime),



input of biomass-C, and NPP or agronomic yield. Land resources can be saved for nature
conservancy by restoring soil health through SOC sequestration (Lal, 2018). The benchmark
sites can be established along a transect through the rainfall gradient representing different
demographic characteristics (Lal, 2019). Results obtained can be extrapolated and scaled up
on the basis of the specific soil order within the eco-region.

Table 7. Beneficial impacts of soil organic carbon on soil health and functionality

Constraint Impact

Drought Water conservation, soil temperature moderation, root system proliferation, improved green water
supply

Soil fertility Nutrient retention and availability; reduced losses by leaching, volatilization and erosion; high nutrient
use efficiency

Soil health Disease-suppressive soils, high soil biodiversity, improved plant growth and vigor, soil resilience

Soil tilth Low risks of crusting and compaction, better soil aeration, favorable porosity and pore size distribution

Production Sustainable agronomic production, assured minimum yield, better nutritional quality

Table 8. Choice of benchmark sites for establishing relation between SLM and SOC through
participation and community-based on-farm research

Soil Order Eco Region
Hyper-Arid Arid Semi-arid Dry Sub-humid

Alfisols

Arenosols

Inceptisols Identifying Transects Along Al and Soil Gradients
Psamments

Plinthic

Vertisols

Saline agriculture

With the world population of 7.8 billion in 2018 and projected to reach 11.2 billion by 2100
necessitate identification of innovative means to enhance global food production. There is
also a strong need for adoption of the strategy of eco-intensification, producing more from
less land area (Rudel et al., 2009; Lal, 2018). With increase in land area under drylands and
risks of secondary salinization, it is prudent to adopt saline agriculture and enhance food
production through identification and use of salt-tolerant crops (Ladeiro, 2012; Epstein et al.,
1980; Galvani, 2007; Yamaguchi and Blumwald, 2005). Indeed, halophytes are an important
resource for future innovations in agriculture (Khan and Duke, 2001) and for increasing the
land resource base through bio-reclamation of salt-affected soils by growing halophytes
(Shekhawat et al., 2006). Increase in biomass production through adapting halophytes on
hitherto unproductive salt-affected soils can also increase terrestrial C sequestration (Glenn et
al., 1992; Setia et al., 2011). Halophytes are useful to grow animal feed even by irrigation
with seawater (Glenn et al., 1995).

Conclusions

Drylands are among the largest and a significant biome for human wellbeing and nature
conservation. Drylands impact and are impacted by the ACC, and have a large potential of
sequestration of SOC and SIC. Processes, practices and factors affecting the rate and



magnitude of sequestration of SOC are soil and site specific and vary among ecosystems of
the drylands. However, the available soil moisture content in the root zone, the so-called
“green water,” is the most critical factor to restoring degraded drylands and strengthening
ecosystem services, especially the NPP.

Dryland farming, based on CA and judicious management of rainwater in the root zone along
with saline agriculture, is essential to improving and sustaining productivity. The plant
available water capacity is affected by texture, SOC stock, soil structure and effective rooting
depth. In addition to water, availability of plant nutrients (both macro and micro) is also
essential to improving the above and below-ground biomass, enhancing SOC stock and
increasing the rate of formation of secondary or pedogenic carbonates in soils of drylands.
The carbon sequestration potential of soils of drylands is estimated at 0.7-1.3 Gt C yr-1.,

equivalent to ~10% of the global fossil fuel emissions. There is also potential of leaching of bicarbonates into the ground water especially in
soils irrigated with good quality water. In ground water, the SIC is sequestered as bicarbonates.

In addition to mitigating climate change by reducing the net anthropogenic emissions, sequestration of C in soil (SOC, SIC and
bicarbonates) and biomass (above and below ground) would also advance the SDGs of the U.N. or the Agenda 2030. Specific SDGs

impacted through re-carbonization of the terrestrial ecosystems in dryland would include #2 (end hunger), #6 (clean Water),
#13 (climate action), and of course #15 (life on land). Restoration of soil health through
sequestration of C in the terrestrial ecosystems of the drylands would improve the wellbeing
of 1-2 billion people already impacted by water scarcity. In this context, the importance of
the concept of LDN adopted by the U.N. Convention to Combat Desertification (UNCCD)
cannot be over-emphasized. Therefore, the criteria of soil and land degradation, as
determined by the critical limits of key soil properties, must be carefully established and the
extent and severity of land/soil degradation by different processes credibly established at
local, regional, national and global scales.

The strategy of soil C sequestration has been adopted by the COP21 in Paris as the “4 per
Thousand Program”, and in COP22 in Marrakech in 2016 as the “Adapting African
Agriculture” (AAA) program. The COP 23 in Bonn in 2017 also recognized the importance
of sustainable management of world soils and of agro-ecosystems as solution to mitigating
anthropogenic climate change and improving the environment. The French Government is
promoting the concept of Planet A, and arguing that there is no Planet B. Thus, judicious
management of the natural resources of Earth (soil, water, vegetation, climate and
biodiversity) is essential to human wellbeing and nature conservancy.
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Extended Summary

Climatic risks directly and indirectly affect agriculture and food security of all countries.
Degradation of natural resources and climate change are likely to compound food security
issues further. Numerous studies have shown that the productivity of crops, fish and livestock
would decline further if corrective actions were not taken now to increase the adaptive
capacity. Reducing such risks to food systems from climate change will be one of the major
challenges of the 21st century. If the Sustainable Development Goal of ending poverty,
achieving food security and promoting sustainable agriculture is to be realised, climate
change adaptation and mitigation interventions need to be implemented in earnest. There is,
therefore, an urgent need to identify cost-effective, inclusive (gender and marginalized
farmers) and evidence-based integrated solutions to enhance adaptive capacity of most
vulnerable farming communities.

Research has shown that there are several potential adaptation options available to mitigate
moderate to severe climatic risks in agriculture. Changes in agronomic practices (e.g. altering
inputs, timing and location of cropping activities), adoption of new technologies (e.g.
improvement in input use efficiency, conservation of water and energy, and
pest/disease/weed management) and the use of relevant information (e.g. climate-information
based agro-advisories and weather-index based insurance) at the farm level can be key
components in improving adaptability of agriculture to climate change. These options can
significantly improve crop yields, increase input-use efficiencies and net farm incomes, and
reduce greenhouse gas emissions. Several of these interventions have been successful in
raising production, income and building resilience of farming communities in many
locations. These interventions have, however, varying costs and economic impacts, and their
implementation requires appropriate investment decisions in both on-farm capital and for
wider agricultural outreach programs.

CGIAR Research Program on Climate Change, Agriculture and Food Security (CCAFS) is
scaling out the Climate-Smart Villages (CSVs) model (https://ccafs.cgiar.org/climate-smart-
villages) in South Asia to promote Climate-Smart Agriculture (CSA). CSVs are sites where a
portfolio of the most appropriate technological and institutional interventions, determined by
the local community, are implemented to increase food production, enhance adaptive
capacity and wherever possible reduce emissions. Interventions are bespoke to each village
but the concept lends itself to be applied in any region under the right circumstances. Initial
results suggest a large potential to maximize synergies among different interventions.



In past two decades, many governments have taken several policy and institutional initiatives
that directly or indirectly lead to greater adoption of CSA practices (FAO, 2018). While most
of these interventions have indeed shown increased production, resilience and even
mitigation at local scale, efforts are needed to increase their coverage. This requires improved
understanding of the adaptation domains of CSA practices and technologies, their linkages
with demand and supply of foodgrains, and appropriate ‘business models’ to scale them out.
Complex problems of widespread poverty, poor governance, weak institutions and human
capital need to be addressed simultaneously to realize the full potential of CSA practices,
technologies, institutions and policies.

Reference
FAO. 2018. Climate-Smart Agriculture Case Studies 2018. Successful approaches for
different regions. Food and Agriculture Organization of the United Nations, Rome. 33
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Abstract

Central Asia and Caucasus region is a vast territory consisting of deserts, prairies, and
mountains. For many years, the people living in this region have been fighting with difficult
climatic conditions characterized by low, non-regular precipitation and abrupt temperature
change. During Soviet period, monoculture was practiced on a large scale, which resulted in
decreased soil fertility and build up of pests and diseases, and thus low yields. Priority has,
therefore, to be given to devising land and water resource management practices that raise
productivity and developing measures that will reduce the negative effect of climate change.
Strategic plans addressing these problems have been worked out by government
organizations of each country of the region. The main components of the strategy are:
rational exploitation of water resources, improved soil and water management practices and
crop species which are more resistant to high temperatures, pests and diseases,
diversification of agriculture to make it more resilient to climate change, forecasting of
climate change related events at the level of micro zones and working out measures for
decreasing their adverse effect.

Introduction

Central Asia and Caucasus (CAC) region is a vast region, spread on almost 4.0 million kma2,
having a population of 80.3 million people, with its territory consisting of deserts, prairies,
and mountains. Approximately 70% of total area, about 416 million ha, is agricultural land
but only 15% is managed. Wheat, cotton, fruit crops and animal production are the leading
components of agriculture of the region. Agriculture is main economic activity providing
employment to one-third of the local working population. The region has been exposed to
difficult climatic conditions characterized by low, and highly irregular precipitation and large
abrupt fluctuations in the temperatures.

During Soviet era, monoculture was the main agriculture production system, spread on a
large areas. This resulted in decrease in soil fertility and increase in crop losses because of
pests and diseases. The research community was also very isolated and had little opportunity
for outside exposure. Since then, scientific studies carried out by the researchers of Central
Asia and Caucasus region have emphasized that priority should be given to raising the
productivity of agriculture, through appropriate land and water resource management, and
developing measures, which will reduce the negative effect of climate change. Some of the
main concerns were conservation of genetic resources, diversification of agricultural crops,
raising the capability of young specialists, and strengthening international relations. Particular
attention was paid to strengthening relations with international scientific organizations of



CGIAR, especially, ICARDA, CIMMYT, ICRISAT, CIP, IWMI, Bioversity International,
and other institutions that play an important role in helping the CAC countries in planning
and execution of research for solving the urgent agricultural problems in the region. Climate
change and working out the measures for its reduction is one of the most acute problems that
exist in agriculture of the region.

Climate change in CAC is primarily experienced through extreme climatic events, decreasing
precipitations, increasing temperatures, land degradation, loss of biodiversity, increased
occurrence of pests and disease and dwindling supply of irrigation water. These adverse
conditions for crop and livestock production have serious consequences on food and
nutritional security in the region. Strategic plans which address those problems have been
worked out by government organizations of each country of the region, main direction of
which are: rational use of water resources and use of crop species and their cultivars which
are resistant to high temperature, more drought tolerant and have resistance to crop pests and
diseases.

The researchers of the region have focused on some of the major problems faced by the
agriculture sector in last years. These are presented below:

Wheat production

Wheat is the most important food crop in the CAC region accounting for 85% of all cereals
consumed. The major climate-related constraints to wheat production in the region include
diseases, pests, drought, heat, salinity, and cold (lethal low temperatures).

Yellow rust has been a continuous scourge to winter wheat production in the CAC region as
reflected through 9 disease epidemics between 2001 and 2015. Favorable conditions for
yellow rust epidemics include mild winter, wet and cool spring, virulent fungal strains and
susceptible varieties. The CAC region has been spending millions of dollar on fungicide to
control yellow rust. Yellow rust not only reduces grain yield by up to 60%, but also reduces
the quality of grain and straw. To address the problem, national wheat research programs in
the CAC region, in collaboration with International Winter Wheat Improvement Program
(IWWIP) of ICARDA and CIMMYT, have released winter wheat varieties with high level of
resistance to yellow rust. These include ‘Gozgon’, ‘Buniyodkor’, ‘Shams’, and ‘Yaksart’ in
Uzbekistan; ‘Norman’, ‘Alex’ and ‘Chumon’ in Tajikistan; ‘Askaran’ in Azerbaijan, and
‘Agruni-1’ in Georgia. The cultivation of these varieties has already slowed down epidemics
of yellow rust in the past three years. More resistant cultivars are being evaluated by State
Variety Testing Commission in different countries.

Tan spot and root rot of wheat are emerging disease constraints to irrigated wheat and already
serious for dryland wheat. The adoption of resource conservation practices in wheat, where
residues are allowed to stay in the field, although important for soil and moisture
conservation, may cause severe incidence of tan spot and root related diseases. Improved
germplasm tolerant to tan spot and root rot, developed by the wheat researchers at ICARDA,
CIMMYT and IWWIP, are being used by the researchers of CAC countries facing the
problem of these diseases to develop disease resistant cultivars adapted to their wheat
growing conditions.



Cropping system diversification for controlling abiotic stresses

Extreme events in climate are already showing their negative consequences on crop
productivity. In past 10 years, four years (2008, 2011, 2014, 2018) faced extreme drought
conditions in many parts of CAC region, resulting in lower than normal crop yields under
irrigated conditions and crop failures under rainfed conditions for winter and spring cereals.
Cultivation of drought resistant cool season legumes such as chickpea and lentil offers huge
potential of increasing productivity of rainfed lands. Similarly, cultivation of drought tolerant
varieties of winter cereals by replacing the current varieties developed for fully irrigated
conditions could help reduce the extent of crop yield losses. The most dominant crop rotation
in the CAC region is ‘cotton-wheat’, which demands high irrigation water and depletes soil
health. Use of drought and heat tolerant leguminous crops such as mung bean, cowpea, and
fodder legumes can help increase land and water productivity and improve soil health.

Heat during the advanced stages of winter crops is a major constraint causing severe
reductions in grain yield in the CAC region. The problem of heat stress is expected to
aggravate under the climate change scenarios. The current strategy to address the problem of
heat stress includes early planting and early maturing winter crop varieties to avoid extreme
heats during the grain development phase. The problem of heat stress is also being tackled
through heat tolerant varieties of winter crops, and planting heat tolerant crop such as mung
bean during summer months

Soil salinity is an important constraint to food production in the CAC region. The problem of
salinity is expected to aggravate under climate change. The current practice of leaching salt
from upper layers of soil is not a sustainable solution due to dwindling supply of water for
agriculture. The strategy for increasing food production on saline soils includes planting of
salt tolerant varieties of crops. Managing salt by using bed planting is an emerging
technology in the CAC region.

Frost can damage winter crops in the CAC region prior to onset of winter, during winter, and
during early spring season. The crop damage could be up to 100%. Early spring frost can also
cause severe damage to fruit crops in flowering stage. Severe winter damage to wheat crop
was experienced during 2012-2013 winter season and during spring of 2015. As such, there is
no technology to guarantee complete protection from frost damage. However, there are some
options to reduce damage. One such technology is planting wheat at 4 cm depth, which
allows better root establishment and regrowth of the crop in the event of frost damage to
emerging shoots. Another option is planting wheat varieties relatively tolerant to frost that
allow regrowth after frost damage.

On-farm water management

The share of water for agriculture is going to decrease overtime, hence lesser water will be
available for irrigation. This would require more judicious use of water to produce food
crops. One recent development of on-farm water management allows substantial saving of
irrigation water. Pilot work done on evapotranspiration-based (ET-based) irrigation
scheduling in Khorezm and Fergana provinces of Uzbekistan showed saving of 45% water
compared to the prevalent farmers’ practice.



Conservation Agriculture

Conservation Agriculture (CA) is a widely adopted practice that saves resources such as
water and fuel and improves soil health. This practice has been piloted both under irrigated
and rainfed conditions in the CAC region. CA provides huge opportunities for sustainable
crop production under climate change.

Impact of climate change

Eight countries of CAC Region (Kazakhstan, Uzbekistan, Kirgizstan, Tajikistan,
Turkmenistan, Azerbaijan, Armenia, and Georgia) differ significantly in their climatic and
soil conditions and thus have been differently impacted by the climate change.

To make comparison, we discuss two countries - Kirgizstan from Central Asia, and Georgia
from Caucasus region. The territory of Kirgizstan according to natural and climatic
conditions is divided into four zones: lowlands - lower than 1200 meters; upland and
mountainous - up to 2200 m; highlands - from 2000 to 3500 m, and above 3500 m from sea
level. The specialists have calculated economic losses in agriculture sector because of climate
change in million dollars. The results are as follows: water resources - 718, agriculture - 70,
energy resources - 200, healthcare - 110, forest and biodiversity 94.8. According to the data
of specialists, the most negative effect on agricultural crops was because of draught and lack
of water resources. Considering this fact, practically all the arable land of the republic falls
under the desert or semi-desert zones and is likely to become more adversely affected by
future climate change.

Interesting information has been generated by the healthcare specialists on the possible
negative effect of climate change on people’s health. It is anticipated that the number of the
cases of cardio-vascular diseases may rise by 10.5%, and increase of intestinal diseases by
17-18%. The scientists also predict spread of malaria, particularly in the southern parts of the
country, as well as spread of infectious diseases, such as encephalitis, caused by pests.

The territory of Georgia is comparative small, 69,700 km2. The climatic conditions are
extremely diverse, considering the nation's small size. There are two main climatic zones,
roughly corresponding to the eastern and western parts of the country. The Greater Caucasus
Mountain Range plays an important role in moderating Georgia's climate and protects the
nation from the penetration of colder air masses from the north. The Lesser Caucasus
Mountains partially protect the region from the influence of dry and hot air masses from the
south. Grape-growing and winemaking industry of Georgia accounts for major economic
returns to the country for thousands of years. More than 500 local varieties are cultivated,
known for their winemaking quality.

We studied the influence of climate change on grape growing in East Georgia - Kakheti.
Today, in this region there are more than half of the vineyards of the country. It is
distinguished for the wines, which are produced in the unique micro zones of Rkatsiteli and
Saperavi. On this small territory, the reason for production of such a diverse assortment of
high-quality wines lies in the fact that there is a large variety of grapes, and it is endowed
with special agro-climate, soil and technological particularities.



On the basis of the data of UNFCCC (2009), the average annual temperature in the winter
and summer seasons in Georgia has increased by 0.2-0.6°C, the precipitation has increased
by 6-13%; the precipitation has become more irregular, resulting in events of heavy rains and
floods with significant economical losses. With the rise in the level of Black Sea, the storms
have become more frequent; and wind speed has been increasing. In East Georgia the drought
period has grown and the frequency of drought events has doubled. It is expected that the
average annual air temperature in the period 2030-2040 in Georgia will increase by 1.4-
2.1°C, and the amount of precipitation decrease by 3%. In 2010, in the Alazani basin, the
inflows decreased for 26-35%. In the steppe (valley) ecosystem increasing degradation has
taken place on the plains, the forests have moved upwards, the spread of invasive species has
widened, and the frequency of extreme natural phenomena has increased. These factors have
increased the environmental risks, which correspondingly will cause decrease in winemaking
by 10-15%. This highlights the necessity of studying the impact of the agricultural climate
conditions on vine and developing ways for adaptation.

The climate change influences the grape vines because climate and soil have impact on their
phenology and grape harvest and quality. Increase of the temperature in a particular region
might cause deterioration of the quality of some varieties and, incompliance with the
appropriate wine region regulation - the borders of the growing regions might change as well
as the wine style, assortment of the species, and the directions of vine-growing. This may also
cause spread of the existing diseases as well as arrival of new ones. The negative impact of
the extreme weather conditions will have to be considered. The effect of the raised levels of
CO2 s uncertain, but there is going to be increased need for the irrigation water. Impact of the
climate changes might not be equal on all the varieties and the regions. But adaptation might
soften the negative effects caused by such changes. Studies during the last few years have
confirmed that the impact of the climate changes is the subject of wide concern in the
framework of the world vine-growing and winemaking. Various models of climate change,
and the response of vines to those changes, have been developed making it possible to model
proposed scenarios of the changes and devise effective adaptation mechanisms.
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Extended Summary

The Indian agriculture production system is challenged with the daunting task of feeding
17.5% of the global population with only 2.4% of land and 4% of water resources of the
World at its disposal. The air temperature trend in India over the past 100 years has indicated
an increase of 0.6°C, which is likely to impact many crops, and thus affect food and
livelihood security. Since agriculture contributes currently ~15% of India's Gross Domestic
Product (GDP), a negative impact on production implies cost of climate change to roughly
range from 0.7 to 1.35% of GDP per year. All the CMIP5 models simulate stronger seasonal
mean rainfall in the future compared to the historic period under the RCP8.5 scenarios.
Instrumental records suggest a significant negative rainfall trend in the eastern parts of
Madhya Pradesh, Chhattisgarh and parts of Bihar, Uttar Pradesh, parts of North-west and
North-east India and also a small pocket in Tamil Nadu. Rainfall is likely to decline by 5 to
10% over southern parts of India whereas 10 to 20% increase is likely over other regions. The
recent ensemble models project that the frequency of extreme precipitation days (>40 mm
day-1) are likely to increase.

Rainfed crops are likely to be worst hit by climate change because of the limited options for
coping with variability of rainfall and temperature (Kumar, 2009). Enhancing agricultural
productivity, therefore, is critical for ensuring food and nutritional security for all,
particularly the resource poor small and marginal farmers who would be the most affected by
climate change. In India, the estimated countrywide agricultural loss in 2030 will be over $7
billion that will severely affect the income of 10% of the population. However, this could be
reduced by 80%, if cost-effective climate resilience measures are implemented (ECA, 2009).
The total dependence on south-west monsoon, high proportion of population depending on
agriculture and excessive pressure on natural resources make rainfed areas most vulnerable,
thus impacting agricultural production and the economy in terms of agricultural output and
farmers’ income.

Climate resilient agriculture

Climate resilient agriculture (CRA) essentially involves judicious and improved management
of natural resources (land, water, soil and genetic resources) through adoption of best bet
practices (NAAS, 2013). Adaptation could be the immediate approach to bring resilience to
the climate change/variability impacts in agriculture. Adaptation refers to adjustments in
ecological, social or economic systems in response to actual or expected stimuli and their
effects or impacts. This term refers to change in process, practices and structures to moderate
potential damages or to benefit from opportunities associated with climate change (IPCC,



2001). Depending on its timing, goal and motive of its implementation, adaptation can either
be reactive or anticipatory, private or public, planned or autonomous. Adaptation can also be
short or long term and localized or widespread. The proactive adaptation measures include
real-time contingency plan implementation, crop diversification etc., and reactive or ex-poste
adaptations include agroforestry and multi-enterprise agriculture.

Adaptation strategies to climate resilient agriculture in rainfed areas

Real-Time Contingency Planning (RTCP): To address the frequent weather aberrations
around the year and to improve the efficiency and profitability of the rainfed production
systems RTCP was conceptualized in All India Coordinated Research Project for Dryland
Agriculture (AICRPDA) and is considered as "any contingency measure, either technology
related (land, soil, water, crop) or institutional and policy based, which is implemented based
on real time weather pattern (including extreme events) in any crop growing season". Since
2011, under National Innovations in Climate Resilient Agriculture (NICRA), 23 AICRPDA
centres have been implementing RTCP in 32 villages in 17 states through innovative village
institutions like Village Climate Risk Management Committee, Farm Implements/Machinery
Custom Hiring Centre etc. The impact study of RTCP measures indicated that introduction of
short duration drought tolerant cultivars during delayed onset of monsoon gave about 15-35%
higher yields compared to local/farmers’ varieties; during early season drought, in-situ
moisture conservation and mulching helped in adaptation of crops and realizing improved
yields by 16-31% compared to no contingency measures; foliar sprays of thiourea and KNO3
for mitigating midseason drought/dry spells gave 10-20% higher yield in different crops
compared to no spray and the terminal drought was mitigated mostly by providing
supplemental irrigation from harvested rainwater in ponds, and foliar sprays of nutrients
wherein the supplemental irrigation improved yields by 25% in cotton, 40% in groundnut and
55% in soybean while foliar application of water soluble NPKS complex fertilizer
(18:18:18:6) @ 0.5% + ZnSO4+ @ 0.5% increased maize grain yield (2961 kg ha-1) by 36%
compared to water spray (2192 kg ha-1) (AICRPDA-NICRA Annual Reports. 2013-14 to
2017-18).

Crop diversification: Agroecology-specific crop diversification could be an adaptation
strategy in rainfed areas. The cropping intensity could be increased considerably depending
on the soil types and moisture availability period. However, the duration of the crop cultivars
influenced the selection of a cropping system. Hence, in high rainfall (>1000 mm) regions of
Orissa, Eastern Uttar Pradesh and Madhya Pradesh, a second crop could be grown in the
residual moisture after a 90 days’ duration variety of upland rice than 120 days’ duration.
Similarly, in the Vertisols of Malwa (Madhya Pradesh) and Vidarbha (Maharashtra), a
change of 140 or 150 days’ duration sorghum cultivars to about 90 or 100 days’ duration
cultivars provided an opportunity to grow chickpea or safflower in sequence. Double
cropping was possible only in areas receiving more than 750 mm rainfall with a soil moisture
storage capacity of more than 200 mm (Chary et al., 2012). The assured supplemental
irrigation from harvested rainwater enabled to increase cropping intensity and crop



diversification, for example with ‘soybean - sweetcorn/vegetables/chickpea’ in semiarid
Vertisols of Malwa zone of Madhya Pradesh.

Agroforestry systems: As a method of adapting agriculture to climate change, agroforestry
systems have been shown to increase on-farm production resilience to climate variability by
buffering crops from the effects of temperature and precipitation variation as well as strong
winds associated with storms. Amla + finger millet in alfisols of southern Karnataka,
tamarind + guinea grass in Vertisols of northern Karnataka, neem + Acacia nilotica +
Cenchrus ciliaris + stylo in Vertisols of central Maharashtra, guava + blackgram in northern
Saurashtra (Gujarat) are some of the proven dryland agri-horticulture systems for wider
upscaling.
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Extended Summary

Drylands are home to more than 38% of the world’s population i.e. about 2.5 billion people
(Mortimore, 2009; Huang et al., 2016), and 90% of these people live in developing countries
(GLP, 2005; Armah et al., 2010). The global area of dryland is increasing rapidly. According
to projections of 20 global climate models, global dryland area may increase by 11% and
23% by the end of the 21st century under a moderate and high-end scenario of climate
change, RCP4.5 and RCPS8.5 scenario, respectively, relative to the reference period of 1961-
1990. As a result, drylands will cover the global land surface by 50-56% in 2100. Under the
high-end scenario of climate change, 78% of dryland expansion may occur in developing
countries. The increasing aridity, enhanced warming and rapidly growing human population
will exacerbate the risk of land degradation and desertification in these countries in the near
future (Huang et al., 2016).

Low fertility of dryland soils makes them extremely sensitive to degradation induced by
climate warming and human activities (Maestre et al., 2013; Li et al., 2016; Zhou et al.,
2016). Just as shifts in vegetation belts are expected in non-drylands, in the drylands of Asia a
shift in dryland types is expected as a result of climate change. Because soil moisture is likely
to decline in this region, the least-dry type land (dry sub-humid drylands) is expected to
become semi-arid, and semi-arid land is expected to become arid. Therefore, semi-arid
drylands, which are intermediate in aridity as compared to arid drylands and dry sub-humid
ones, are most susceptible to becoming further desertified (Safriel, 1995). Because the semi-
arid drylands are very common among Asian drylands, large areas will become not only dry
but also desertified as a result of climate change.

While climate change impacts agriculture sector in general, dryland agriculture in India is
likely to be more vulnerable in view of its high dependence on monsoon and the likelihood of
increased extreme weather events due to aberrant behaviour of south-west (SW) monsoon.
About 74% of annual rainfall occurs during SW monsoon (June-September). This rainfall
exhibits high coefficient of variation, particularly in arid and dry semi-arid regions. Skewed
distribution has now become more common with reduction in numbers of rainy days.
Aberrations in SW monsoon, which include delay in onset, long dry spells and early
withdrawal, all of which affect the crops, strongly influence the productivity levels. These
aberrations are likely to further increase in future.

Strategies for climate resilient dryland agriculture

The Climate Resilient Agriculture (CRA), encompassing adaptation and mitigation strategies
and the effective use of biodiversity at all levels - genes, species and ecosystems, is an
essential pre-requisite for sustainable development in the face of changing climate. Improved



water storage through in-situ moisture conservation and stored runoff are basic for bringing
resilience to drought or moisture stress conditions often encountered by the dryland crops.
Other strategies for bringing resilience are through soil management, resilient intercropping
systems, drought tolerant short duration cultivars, use of suitable farm implements for small
holdings, fodder systems, integrated farming systems etc.

Rainwater management: Rainwater management is central issue for bringing any kind of
resilience in dryland farming (Table 1). Utilizing every drop of rainwater becomes crucial
under overall efficient rainwater management. Storing rainwater in soil by various location
specific water conservation measures is first priority and excess runoff collection in farm
ponds and its recycling at critical crop stages is the second important strategy (Srinivasarao et
al., 2016).

Table 1. Recommended soil and water conservation measures for various rainfall zones of
India

Seasonal rainfall

> 1000 mm

<500 mm

500-700 mm

750-1000 mm

Contour cultivation with
conservation furrows

Ridging

Sowing across slopes
Mulching

Scoops

Tied ridges
Off-season tillage

Inter-row water harvesting
systems

Small basins

Contour bunds

Field bunds
Khadin

Contour cultivation with
conservation furrows

Ridging

Sowing across slopes
Scoops

Tied ridges
Mulching

Zing terrace

Off-season tillage

Broad-Bed-Furrow (BBF)

Inter-row water harvesting
system

Small basins
Modified contour bunds
Field bunds

BBF (on Vertisols)
conservation furrows

Sowing across slopes
Tillage

Lock and spill drains
Small basins

Field bunds
Vegetative bunds
Graded bunds

Nadi

Zing terrace

BBF (on Vertisols)

Field bunds
Vegetative bunds
Graded bunds

Level terrace

Building resilience with better soil management: Soils hold the key to productivity and
resilience to climate vagaries including drought in dryland agriculture. Improved soil organic
matter storage in soil profile retains more water and provides drought proofing in dryland
agriculture during long gaps between two rains. Based on 16 long-term manurial experiments
under rainfed conditions in All India Coordinated Research Project for Dryland Agriculture
(AICRPDA) network, it was showed that each ton of soil organic carbon improved rainfed
crops’ productivity by upto 0.15 t ha-1 year-1. Location specific integrated nutrient
management (INM) practices were identified and are being promoted based on locally
available organic resources. Balanced nutrition, particularly optimum potassium nutrition,
also contributes to mitigation of water stress conditions as potassium controls water relations
in plant growth. On-farm generation of organic matter with appropriate policy support needs
to be promoted for maintaining soil health and crop productivity (Srinivasarao et al., 2014).



Resilient crops and cropping systems: Crop-based approaches for drought mitigation include
growing crops and varieties that suit the conditions of changed rainfall and seasons. In
addition, adoption of intercropping systems, crop diversification, improved agronomic
practices, and agroforestry systems helps to cope with any adverse event, and in particular
rainfall variability and drought. With the available dryland technologies like rainwater
management, choice of crops, short duration varieties, and other agronomic practices, a
greater portion of rainfed areas can be put under intensive cropping systems including relay
cropping and double cropping. Double cropping is also possible with rainwater harvested in
farm ponds, which is used for establishing winter crop (Srinivasarao and Gopinath, 2016).

Contingency crop planning: Contingency crop planning is essentially aimed at stabilization
of crop output in the situation of late onset of monsoon, and mid season and terminal
droughts. The 23 centres of All India Coordinated Research Project for Dryland Agriculture
(AICRPDA) under National Innovations in Climate Resilient Agriculture (NICRA) project
adopted 34 villages in 15 states to demonstrate real-time contingency measures with two
pronged approach i.e. drought preparedness and real-time implementation of land, water,
crop, soil, nutrient and energy (farm implements) management practices to cope with weather
aberrations. During 2011 to 2016, under the conditions of delayed onset of monsoon,
varieties of major rainfed crops were assessed for their suitability and best performing ones
were identified. On an average, these varieties gave about 15-35% higher yields compared to
local/farmers’ varieties. Early season drought conditions were addressed through in situ
moisture conservation and mulching, which helped in adaptation of crops and realizing
improved yields by 16-31% compared to no contingency measures. RTCP measures of foliar
sprays of thiourea and KNO3 in mitigating midseason drought/dry spells gave 10-20% higher
yield in different crops compared to no spray. The effect of terminal drought on different
crops was mitigated mostly by providing supplemental irrigation from harvested rainwater in
ponds, and foliar sprays. Supplemental irrigation improved yields by 25% in cotton, 40% in
groundnut and 55% in soybean at different locations. Similarly, foliar spray of 1% KCI in
rice during dry spell at flowering-milking stage increased yield by 25% compared to no spray
(Chary et al., 2017).

Weather based agro-advisories: Location-specific weather based agro meteorological
advisory services (AAS) were found to help in cultivar selection based on seasonal rainfall
forecast, choosing windows for sowing/harvesting operations, mitigation from adverse
weather events, nutrient management, fertilizer application, and feed, health and shelter
management for livestock (optimal temperature for dairy/hatchery). There is an increased role
of weather based AAS in farming activities for access to real time weather information,
timely agricultural operations, improved crop yields, reduced cost of cultivation, need-based
changes in cropping patterns and finally improved livelihoods (Srinivasarao ef al., 2016).

Institutional interventions: Institutional interventions, either by strengthening the existing
ones or initiating new ones relating to seed bank, fodder bank, commodity groups, custom
hiring centre, collective marketing, introduction of weather index based crop insurance and
climate literacy through a village level weather station, ensure effective adoption of all other



interventions and promote community ownership of the entire programme. Under National
Innovations in Climate Resilient Agriculture (NICRA) project in India, in each of the 151
village clusters, a Village Climate Risk Management Committee (VCRMC) was formed to
effectively co-ordinate with farmer groups on climate variability/ change related issues. A
weather station and custom-hiring center were also established in each village to promote
weather literacy and enable farmers in timely completion of farm operations during delayed
onset of monsoon.

Conclusion

The increasing aridity, enhanced warming and rapidly growing human population will
aggravate the risk of land degradation and desertification in the near future in the drylands of
developing countries. There are a number of options in soil, water and nutrient management
technologies that contribute to both adaptation and mitigation including in situ moisture
conservation, rainwater harvesting and efficient utilization, integrated nutrient management
modules, resilient crops and cropping systems. Further, ongoing studies under NICRA and
other network projects in the country will provide insight into how climate change impacts
dryland agriculture in the future, and ways and means to develop strategies for location-
specific sustainable development of drylands in India.
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Abstract

The study aimed at introducing biogas technology as an alternative energy source to the
rural farmers in the Maluti-a-Phofung Municipality, Free State, South Africa. To enhance
adoption of the technology by the rural farming community, the first step was to undertake a
situational analysis, followed by awareness and training, then installation of the biodigester
units and lastly, monitoring of their functionality. The results showed that only five out of the
twelve households kept their farm animals in kraals, making it difficult to collect fresh
manure. Water availability was not a constraint on any of the farms. Ten out of the twelve
households were found to be suitable for the study. Farmers were trained on biodigester
principles, and feeding and maintenance of biodigester units. Pre-fabricated 6 ms3 biodigester
units were installed in all the households. After continuous feeding, production of biogas
increased and six out of the ten households recorded that 80% of their cooking needs were
achieved in summer while in winter biogas production was minimal. Challenges faced
included non-adherence to feeding regime resulting in biodigester blockage, and lack of
feeding. Overall, there was high appreciation of biodigester technology in the study area as
echoed by beneficiaries of the project.

Introduction

Agriculture in developing countries needs to undergo a significant transformation in order to
meet the related challenges of food security and climate change (FAO, 2010) and as basis of
a green economy, which is the driver of economic development in rural areas. To address
food security, environmental integrity, ecosystem services and the effects of climate change
and variability simultaneously and effectively, climate-smart agriculture is called for which is
described as agriculture that sustainably increase productivity and resilience (adaptation),
reduces greenhouse gas emissions and strengthens national food security FAO (2010).

Biogas technology is one of the renewable energy opportunities that are well accepted
worldwide (APCAEM, 2007). Biogas is produced when organic matter (e.g. abattoir waste,
animal manure, kitchen waste, agricultural residues) is decomposed in an anaerobic
environment by a chain of micro-organisms (Warget, 2009). The attributes of the biogas
technology go beyond the production of gas with added benefits like conversion of organic
waste to high-quality fertilizer and sanitation improvements (APCAEM, 2007; Bensah and
Brew-Ammond, 2010).

In this study, an integrated crop-livestock-bioenergy system was introduced to a farming
community in the Maluti-a-Phofung Municipality, Free State Province, South Africa, in order
to improve the livelihoods of rural households in an environmentally sustainable manner. In
this initiative (Fig. 1), crop production was supported by the use of climate information and



conservation agricultural practices. Mixed cropping of maize, leguminous crops and hay was
promoted. The crop residues of maize and leguminous crop were used to feed the animals and
some of the residues acted as a mulch for the next cropping season. Manure from livestock
were utilised as input to the bio digester to produce bio gas that was used for cooking. The
other bi-product of bio gas generation is bio slurry that was applied to the fields as fertilizer.
The study therefore aimed at augmenting the rural farming community’s adoption of the
system by combining biogas generation with conservation agriculture and mixed farming.

Bio-gas
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(anaerobic
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lighting)
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Figure 1. Integrated crop-livestock-bioenergy system in the Maluti-a-Phofung Municipality, Free State,
South Africa.

Materials and methods
The study was undertaken through four stages: situational analysis, consultation and training,
implementation, and monitoring and evaluation.

Situational analysis

Before introducing a biogas project into the farming community, it is imperative to conduct a
diagnostic survey in the study area, since an inadequate understanding of the community
dynamics could lead to inappropriate interventions, which could lead to resource wastage
(Owusu, 2008). Situational analysis was undertaken in and around the farms of the Maluti-a-
Phofung Municipality during the study (August to October 2012).



Consultation and training

A number of capacity-building exercises took place during the study’s life cycle (September
2012 to June 2015). Table 1 shows a number of capacity-building initiatives that were
accomplished by the project implementers from Agricultural Research Council.

Table 1. Training and capacity-building initiatives for the integrated crop-livestock-bioenergy project
in the Free State, South Africa

Title Target group
Introduction to bioenergy and climate change Farmers
Introduction to conservation agriculture principles Farmers
Introduction to use of climate information for agriculture Farmers
Rainfall measurement and recording Farmers

Biodigester installation training Farmers and youths

Maintenance of biodigesters Farmers and youths

Implementation

Two types of digesters were considered: pre-fabricated and brick and mortar on site
constructed ones. The factors considered during selection of the biogas digester type are
shown in Table 2.

Table 2. Factors considered when determining the type of digester

Floating tank biogas digester (Brick and Pre-fabricated fixed dome digester
Mortar)

Selection parameter

Daily biogas production

Material requirements

Quality guarantee

Cost

Time to construct

Labour required

Supervision requirements

Maintenance

Dependant on size

High: bricks, cement, sand, stone, plaster,
paint, reinforcing steel, steel drum,
plumbing fixtures and gas pipes

Low: dependant on the skill levels of
available labour and is variable. High
chance of gas leakage due to poor
workmanship

Dependant on size: approximately R60 000
for a 6 ms plant

21 days

2 skilled bricklayers, 1 plumber, 3 general
labourers

High
High: painting of steel drum to prevent
rusting

0.5 - 2 m3 day-1

Low: cement, sand, plumbing fixtures
and gas pipes

High: factory manufactured LPG biogas
tank with quality control measures in
place

Dependant on size: approximately R35
000 for a 6 m3 plant

4 days

1 plumber, 3 general labourers

Low

Medium: clean out of digester chamber

Two types of pre-fabricated digesters developed by South African companies were used. The
digesters had different sizes, one was a 3 m3 unit and the other a 6 m3. The biogas digester
installation was done with the following process: site selection; proper demarcation of the pit
size; excavation; bedding; tank placing; gas pipe installation and fitting; valve and
desulfurizing unit fitting; leaks identification and cooking equipment fitting.

With regard to crop and livestock farming, simple rain gauge was installed at all the farm
sites. Weather forecasts were also disseminated to the farmers throughout the growing
season. During pre-season, seasonal forecast information and recommendations of the
upcoming season were distributed to the farmers through annual farmer forums. The farmers



were introduced conservation agriculture techniques through on-farm trials. The project was
more focused in the reduced tillage principle of conservation agriculture in a maize-bean
cropping system; two-row no-till planter was used for the demonstration of the no-till
planting. Maize stover was used to feed cattle in the farms.

Monitoring and evaluation

Monitoring and evaluation in this study was undertaken in two ways. Firstly, project
implementers monitored the performance of system through unarranged household visits.
Secondly, end-user questionnaires were used.

Results

To determine the biogas digester volume at each of the farms, energy demand questionnaire
was undertaken at the inception of the project. This was done in parallel with the diagnostic
survey. Most of the households had between 5 and 9 family members. Based on the research
on available resources like the feedstock, water, labour concerns and biogas need per
household it was decided to choose the pre-fabricated tank biogas digester technology. The
farmers interviewed were a mixture of subsistence and emerging small-scale farmers. The
farm sizes ranged from 146 to 462 hectares with less than a quarter of total area dedicated to
crop farming. All households keep cattle as the main livestock with herd size between 15 and
115.

The household energy analysis focused on determining the household energy needs, energy
use prioritization and investigating the type and cost of the energy that is currently in use.
This helped identify energy uses that can be replaced by biogas and to assess ease of adoption
of the new technology. From the results, household energy demand can be divided into two
groups, namely domestic needs and farming activities. For domestic purposes energy is
mainly used for cooking, lighting, water heating, space heating and to a lesser extent cooling,
3 out of the 9 households have gas refrigerators. Cooking was cited as the main energy need
followed by lighting, both of which are used throughout the year. Cooking is mostly done
using firewood (48%) followed by LPG gas (31%) and lastly cow dung (21%). In all the
farms, energy for refrigerators and lighting was entirely on LPG gas and candles respectively.

Both beef and dairy cattle are kept; however dairy cattle are most common. Suitable digester
feedstock was any organic material such as animal dung, human waste and plant material. For
the project, cattle dung was used as feedstock. With this number of cattle, amount of dung
produced was enough to feed 6-12 ms digester. All households have access to clean water
throughout the year.

The number of biodigester units (Fig. 2) installed at a homestead was based on two factors:
the size of the family, which has a direct bearing on the total household biogas demand, and
the minimum amount of biogas that can be generated daily by a single 3 m3 biodigester,
which is 0.5 m3 per day. A 6 m3 biodigester unit can produce around 1 m3 of biogas a day.
All the homestead chosen for this study had enough cow dung and water available to feed the
biodigesters daily.



Figure 2. Biodigester installed at one of the sites in Free State, South Africa

Rainfall forecasting in agriculture is essential to assist the farmers in their planning activities.
The skills score tests of the forecast confirmed that the forecasted precipitation events
coincided with the observed events. This shows confidence in the forecast information that
the project had been sending to the farmers. Farmers stated that the forecast information was
crucial in their agricultural operations.

Land preparation for the implementation of conservation agriculture was mostly carried out
successfully in all the years with few challenges. It is expected that the outputs of the project
will go a long way in filling in some of the knowledge gaps that exist in the mitigation and
adaptation to climate change in South Africa.

The results of the individual questionnaire showed that majority of the farmers (9 out of 12)
were satisfied with the installed biogas digesters units in the farms, while 3 were not content
with the technology. Seemingly, in all the three households, which were not satisfied with the
technology, the project team realized that their biogas digesters were not functioning well
because of negligence and high blockage of the plants. In addition, 5 out of the 12 were not
satisfied with the biogas digesters’ technical aspect due to high blockage.

Conclusions

The project managed to achieve its principal objective of promoting the adoption of biogas
digesters among rural farmers in Thabo Mofutsanyana District, Free State Province. To
determine the biogas digester volume at each of the farms, energy demand questionnaire was
undertaken at the inception of the project. This was done in parallel with the diagnostic
survey. Most of the households had family members of between 5 and 9. Based on the
research on available resources like the feedstock, water availability, labour concerns and



biogas need per household, it was decided to choose the pre-fabricated tank biogas digester
technology.
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Abstract

Quantitative assessment of the biophysical and socio-economic variables of land degradation
through a Driving force (D) - Pressure (P) - State (S) - Impact (I) - Response (R) model that
can be implemented in a GIS environment, has been found to provide the best unbiased
assessment of factors leading to desertification. We successfully tested the D-P-S-I-R model
in a small sand-dominated area in the eastern Thar, where we found too much pressure on
croplands causing land degradation than an open grazing system. Unfortunately, upscaling
of the procedure for regional-scale assessment and mapping became risky due to the
problems in correctly estimating the sand-reactivated areas in a complex terrain, using the
satellite-derived Colour Brightness Index (CBI). We, therefore, developed an Aeolian Sand
Reactivation Index from MODIS surface reflectance and emissivity data (ASRI _bbe), which
was found to perform very well on many different types of landforms. Analysis of the spatio-
temporal changes in ASRI bbe for the years 2000 to 2015 revealed distinct changes in the
seasonal pattern of sand reactivation related to global warming. The study also filtered out
the areas of persistent increase in sand reactivation due to cultivation pressure.

Introduction

The concept and focus of land degradation has changed vastly since the first UN Conference
on Desertification (1977) when the term was used to mean diminution of the biological
potential of land in any ecosystem (Anon., 1977). The 1992 UN Conference on Environment
and Development (UNCED) negotiated a more acceptable definition as ‘land degradation in
arid, semi-arid, and dry sub-humid areas, resulting from various factors, including climatic
variation as well as human activities’ (Anon., 1992), which was accepted by the UN
Convention to Combat Desertification (UNCCD) for all practical purposes, but with the
inclusion of some typical non-dryland areas in the developing countries that are subject to
high land degradation, lack enough skill and resources to control it, and need international
assistance through UNCCD (Anon., 1995).

Conventionally, desertification is assessed and mapped through visual interpretation of land
features for different kinds of land degradation, especially from satellite imagery in hard copy
or digital format, but the reliability of the method is often questioned. Dregne (1983) and
FAO (1984) described some of the most useful early methodologies for quantification of field
indicators to assess several bio-physical indicators of degradation, like wind and water
erosion, salinization, vegetation degradation, as well as some socio-economic factors. The
identified sites for quantification were considered as ‘benchmark’ locations for repeated
monitoring. Kharin et al. (1985) and Babaev et al. (1993) emphasized on the importance of
technogenic factors in desertification. While most of the biophysical variables are amenable



to direct measurement, analysis of the socio-economic variables is largely based on informed
opinions, and hence more subjective in nature (Kar and Takeuchi, 2003).

With time, there is a gradual shift towards developing and adopting unbiased quantitative
measurement techniques to get spatially more reliable datasets without relying much on the
very sparsely located individual observation sites. Towards this end a conceptual model of
Driving force - Pressure— State - Impact— Response (D-P-S-1-R) was developed in the 1970s
for the African situation (Anon., 1979), and was found useful for assessing the land
degradation problems in the drylands of Europe (Enne and Zucca, 2000). Several variants of
the D-P-S-I-R model have since been successfully implemented in GIS (Kar and Takeuchi,
2003; Kar, 2018). Digital techniques for satellite image interpretation have now almost totally
replaced the need for ‘benchmark’ field sites, because the pixels in an image can serve as a
benchmark location. Proper interpretation of the changes in a pixel’s radiance values over
time and space in different wavelength bands provides an unbiased assessment of the
degradation or otherwise of the land surface condition (Kar, 2018). Grunblatt et al. (1992)
showed a novel way of using such quantified information in a Geographic Information
System (GIS) framework. A selection of the case studies, and the indicators on which the
quantifications are based, is provided in the two successive editions of the World Atlas of
Desertification (Middleton and Thomas, 1997; Cherlet et al., 2018). In fact, digital remote
sensing and GIS are now fast replacing the rigorous field methods for assessing the status of
several biophysical indicators (Claessens et al., 2009; Anon., 2009; Nachtergaele et al., 2010;
Santini et al., 2010).

There is now a growing feeling among researchers that proper implementation of the D-P-S-
I-R model and making the land users active participants in remedial processes may ultimately
show the pathways to °‘land degradation neutrality’. The Global LAnd Degradation
Information System (GLADIS, hosted in FAO website), which explores the links between
population pressure, poverty, land degradation, etc., through derivation of indices on
ecosystem service status, land degradation parameters, biophysical degradation and land
degradation impact, is so far the best small-scale example of the new approach, but is
currently too coarse for any policy strategy at local to regional levels.

First implementation of a D-P-S-I-R model in Thar Desert

Thar Desert is located between the denuded Aravalli hill ranges in India and the Indus River
in Pakistan, where the mean annual rainfall varies from 500 mm in the east to ~100 mm in
the west (Fig. 1). It is largely a sand-dominated desert, where wind erosion during the hot
summer months is a major environmental problem. To test the performance of the D-P-S-I-R
model in assessment and monitoring of wind erosion, we carried out a study in a cluster of
villages in the sandy terrain between Jodhpur and Churu in the eastern part of the Desert
(Kar, 2011). The study involved analysis of the following variables in contiguous village
polygons of the region: human and livestock population densities (as driving forces, D),
quantification of cultivation and grazing pressures (P), digital analysis of the ortho-rectified,
and geo-referenced and atmosphere-corrected Landsat data for January, 1971 and January
2001, as a measure of sand reactivation (a state variable, S). Signatures of sand reactivation



were analysed from Landsat-derived Soil Brightness Index (SBI), Principal Component
Analysis (PCI) and Colour Brightness Index (CBI), and were evaluated with results from a
supervised classification (maximum likelihood).

SBI values were calculated using the following formulae (Kauth and Thomas, 1976, for
MSS; Huang et al., 2001, for ETM+):

SBI (MSS) = 0.406(MSS4) + 0.600(MSS5) + 0.645(MSS6) + 0.243(MSS7);

SBI (ETM) = 0.356(ETM1) + 0.397(ETM2) + 0.390(ETM3) + 0.697(ETM4) +
0.229(ETMS5) + 0.160(ETM7),

Where MSS4 to MSS7 are Landsat-1 Multispectral Scanner wavelength band numbers (path
159, row 041 for 09 January 1973; 70 m pixel resolution, re-sampled to 57 m resolution),
while ETM1 to ETM7 are Landsat-7 Enhanced Thematic Mapper wavelength band numbers
(path 148, row 041 for 22 January 2001; 30 m pixel resolution). To convert the SBI values
into sand reactivation categories, the Digital Number ranges of some known sand-reactivated
areas were measured from the images, and their corresponding SBI values were found out for
calibration. PCI was calculated using the procedures in ERDAS (1997). CBI values for both
MSS and ETM data were calculated using Mathieu et al. (1998) formulae:

CBI=SQRT ((B"2 + G"2 + R"2)/3)
where B is blue wavelength band (MSS4; ETM1), G is green band (MSSS5; ETM2), and R is
red band (MSS6; ETM3).
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Figure 1. The Thar Desert.

We found that the CBI values represented the field patterns of sand reactivation very well,
but the signatures got overlapped in the areas of river sand and gypsiferous soil. Therefore,

we masked the aeolian sand reactivated areas using results from the Supervised Classification
(Kar, 2011).

Cultivation pressure was measured through intensity of cropland use between 1970-71 and
2000-01. Grazing pressure was calculated from optimum carrying capacity of grazing lands



in the area vis-a-vis adult cattle units. Using village as a mapping unit for driving force and
pressure variables, and CBI pixel for state variable, we carried out a spatio-temporal analysis
under GIS, which revealed good agreement between the moderate and high cultivation
pressures with moderate and high sand reactivation, but the agreement was poor for grazing
pressure despite the poor condition of grazing lands. We also found good spatial agreement
between sand reactivation and groundwater irrigation, via land levelling and deep ploughing,
which possibly impacted the atmospheric dust load over time. Multi-criteria evaluation of the
D, P and S variables using Ordered Weighted Average technique and fuzzy set membership
function revealed that 3% area had severe risk of desertification, 20% moderate and 62%
slight. Analysis of sequential rabi season AVHRR-NDVI images for 1983-2001 showed how
greenness and land productivity shifted from E to W with groundwater irrigation, and hinted
that the sandy landscape here needed 2-3 decades to stabilize after irrigation had started. We
argued that continuation of high cultivation pressure and depletion of aquifers due to overuse
of water for irrigation would result in a return to the state of high sand reactivation (Kar,
2011).

A new digital method for assessing aeolian sand reactivation

Although the D-P-S-1-R exercise provided a broad framework for local-scale assessment, its
successful implementation at regional level depended on error-free sand reactivation mapping
over diverse terrain of the desert. In our previous study in Churu district, Rajasthan, India we
had noticed that the CBI worked very well on the exclusively aeolian sand-dominated
landscape, but in a complex terrain it failed to discriminate the aeolian sand-reactivated areas
from other bright surfaces like riverine sand, silica-rich rocky or gravel-dominated surfaces,
dry gypsiferous surfaces, etc. This put severe restriction on the use of CBI for assessing sand
reactivation, which is the most important S factor in Thar Desert. To overcome the limitation
we, therefore, experimented with several other complimentary methods to fortify the CBI
output.

For the new exercise we decided to use long and continuous data strings on surface
reflectance to calculate sand reactivation in the whole of Thar Desert during a season and to
attempt understanding of the yearly changes in such data strings. The desired data was
available from the Moderate-resolution Imaging Spectroradiometer aboard the Terra satellite
(MODIS Terra). Instead of using the daily data, however, we opted for the 8-day summaries
of the surface reflectance in different wavelength bands, available at 500 m pixel resolution.
We accessed the NASA/USGS repository for the basic data from early-March to mid-June
during the years 2000 to 2015. Thus, the proposed analysis involved surface reflectance data
for thirteen 8-day periods over sixteen years.

Calculation procedure
We first calculated CBI for each of the 8-day periods, using Mathieu et al. (1998):
CBI = SQRT ((Bm"2 + Gm”"2 + Rm"2)/3),
where Bm is MODIS blue band (band-3), Gm is MODIS green band (band-4) and Rm is

MODIS red band (band-1). The wavelength range in all the above bands is narrower than in
the Landsat bands.



Since CBI values failed to represent well the aeolian sand reactivation areas, we used a ‘top-
soil grain size index’ (GSI) that was developed by Xiao et al. (2006):

GSI = (Rm-Bm) / (Rm+Bm+Gm).
GSI values increased in the quartz-rich fine sand (i.e., mainly acolian sand), but declined with
the increase in the silt and clay contents in the surface sediments. Areas rich in coarse sand

and gravels and the rocky surfaces also had lower GSI values. Thus GSI could discriminate
the aeolian fine sand from other surfaces.

We multiplied the CBI values with the GSI values to produce a Sediment Type and
Brightness Index (STBI). Since CBI values were in four digits and GSI in single digit, we
normalised the two datasets before multiplication. STBI could discriminate aeolian sand
reactivated areas over a large part of the desert. The major exceptions were found in the large
megabarchan fields to the southwest of Jaisalmer and in other mobile dune areas in the west
where silt and clay content in the surface soils is high due to the very high contributions from
the Indus-Sutlej alluvium.

To overcome the limitations of STBI we used the GLASS broadband emissivity
(GLASS bbe) data at 1 km pixel resolution that was derived from the MODIS albedo
products (Ren ef al., 2013). Typically the emissivity of a loose sandy surface is much lower
than a water body or a well vegetated surface. Emissivity values of other natural surface lie in
between the values for loose sand and the water body. We inversed the GLASS bbe values
and integrated them with the STBI values to produce an Aeolian Sand Reactivation Index
using the broadband emissivity values (ASRI bbe) as:

ASRI bbe = (STBI/10) * inv_ BBE,
where inv_BBE is the inverse of GLASS bbe values, and calculated as:
(10000 - Measured BBE value).

Results and discussion

The final product, ASRI bbe, was tested extensively across the Indian part of the desert,
using ground information on the visually-apparent sand reactivation categories at sample
locations, as well as by matching the ASRI bbe values with the apparent image patterns of
reactivated sand on satellite FCCs. This helped us to categorise the ASRI bbe values in the 8-
day products into the following five units: Insignificant = 1-4000, Low = 4001-4500,
Moderate = 4501-5000, High = 5001-6000, and Very high = 6001 and above. The assignment
was found to match well with the intuitively worked out aeolian sand reactivation categories.

We then carried out a time-series analysis of the derived maps on STBI and ASRI bbe.
Stacking of the graphs showing total sand reactivated area (as % of total area) during each 8-
day period over a year (i.e., 8-day periods on the X axis) revealed a gradual increase in sand
reactivated area from early March to the fourth week of April, after which a slight decline
took place, but a second peak appeared by the fourth week of May (Fig. 2). Over the years,
the saddle between the two peaks became prominent, as sporadic rainfall events linked to the
strong Western Disturbance became more frequent during May, and temporarily stabilised
the sandy landscape. This evolving phenomenon is a result of the Global Warming.



;

k\%\R%

g
g

o
4

65 73 81 89 97 1058 113 121 129 137 145 153 161
8-Day Period

Figure 2. ASRI bbe graphs for the years 2000 to 2015, stacked one over the other as percentage of total Thar
Desert area under sand reactivation with time from early March to mid-June. Numbers 65 to 161 denote the
first day of the 8-day periods concerned according to Julian calendar.

When we stacked the individual 8-day sand-reactivated area graphs over the different years
(i.e., years on the X axis), we found a rhythmic behaviour of all the 8-day periods over the
years, such that ASRI bbe values peaked in the years following a below-normal rainfall year.
For example, a major drought year, 2002, did not record high ASRI bbe, but 2003 did, as the
summer wind speed during the drought year was not very high. A drought-related decline in
natural vegetation in 2002, especially of the small shrubs, and an increase in wind strength in
the summer of 2003, encouraged higher sand mobilization. An opposite situation was noticed
after the high monsoon rainfall event of 2010 (Fig. 3). The total sand reactivated area

declined sharply in 2011 as natural vegetation cover increased after the 2010 rainfall.
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Figure 3. ASRI bbe graphs for the 8-day periods from early March to mid-June, stacked one above the other as
percentage of total Thar Desert area under sand reactivation in different years (year 2000 to 2015).
Despite the relationship of mean ASRI bbe values with the rainfall deviation from normal in
a year, however, a consistent pattern of gradual decline in sand reactivation with time has
taken place, as the mean summer wind speed has gradually declined (Fig. 4). The spatial data
on sand reactivation, when subjected to a robust, non-parametric Theil-Sen median trend
analysis, also showed a strong negative trend across the desert. Other studies have shown a



declining trend in the atmospheric dust load during the period (Pandey et al, 2017). In fact,
Thar Desert witnessed a much higher wind regime in the mid-20m Century than during the
beginning of this Century (Kar, 2013; Jaswal and Koppar, 2013). Whether the pattern will
continue in future needs to be monitored properly, as this will influence the specificity of the
land management needs. Kar (2012) suggested from an analysis of the GCM data that wind
erosivity in the desert may increase from the 2020s, but there is also a possibility that the
summer rains due to Western Disturbances will also increase during May, which may restrict
the sand mobilization. If the time-span of Western Disturbance in a year increases, this may
delay the onset of SW monsoon rains to mid- or late-July. Under such circumstances, Thar
Desert may expect a strong bi-modal distribution of aeolian sand mobilization. The proposed
remote-sensing-based monitoring system will help in deciphering the trend.
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Figure 4. Relationship between mean annual rainfall deviation from normal (%) during the year 2000 to 2015,
mean peak wind speed for mid-March to mid-June (km h-1), and mean ASRI_bbe values for mid-March to mid-
June.

Our studies have shown that presently deep ploughing of sandy terrain for cropping is a
major cause of the localised increase in sand reactivation despite a falling wind regime (Kar,
2011; 2014). If more sandy area gets destabilised through deep ploughing and the land is kept
without a bare minimum plant cover during the dry summer months, more land parcels may
become vulnerable to wind erosion. This is now happening in the central Thar, especially in
the Phalodi-Bikaner tract, as also in the tail-end of the Indira Gandhi Canal network, where
many new sand streaks have appeared in the wake of deep-ploughed fields. The Bahla-
Sultana area, now under irrigated cropping, has become a major deflation area as deep
ploughing of the sandy terrain in this very high wind energy zone has loosened the sand to a
greater depth. As the summer wind begins to peak, the strong vortex in the wake of the
Jaisalmer-Ramgarh Hamada carries a huge load of loose sand from the ploughed fields. In the

process, the fields lose the precious soil micro-nutrients also.

Presently, the slowing down of the pre-monsoon summer wind and the sporadic showers
during May, especially in the western part, are blessings in disguise for the desert, and need
to be utilised for agricultural growth. The falling wind speed is beneficial for conserving the



fine sand and silt in the crop fields, while the sporadic summer rains can hugely benefit the
growth of trees and shrubs. Possibly this is the most opportune time to strike a balance with
Nature again, by adopting a more realistic paradigm that gives some space to and improves
upon the traditional sustainable practices of the crop-tree/shrub-livestock mix.

Investing in the core competence of the local livestock sector as an industry may provide a
much higher dividend under the evolving climatic uncertainties. The sector has a vast market
potential, but somehow the White Revolution was not given a serious thought here. If
promoted, the gains may encourage stakeholders to take care of the degraded rangelands,
manage water judiciously, and at the same time lessen the pressure on the croplands.
Traditional land conservation practices in the dry farming area, and creation of wind brakes
and soil mulching in the irrigated areas, especially during the peak summer months, remain
the best strategies.

Conclusion

Proper identification of the areas affected by aeolian sand reactivation is important for
implementation of any D-P-S-I-R scheme to model desertification in the sand-dominated
Thar Desert. We found the satellite-derived CBI as very useful for areas dominated by
aeolian sand only, but in a complex terrain it became inadequate. A robust aeolian sand
reactivation index that can perform in all kinds of terrain in Thar Desert could be developed
using the MODIS surface reflectance and emissivity data. Called ASRI bbe, this index
accurately mapped the different categories of sand reactivated areas at 1 km pixel resolution.
Analysis of the time-series data on aeolian sand reactivation from year 2000 to 2015 revealed
gradual replacement of a unimodal distribution of sand reactivation pattern to a bi-modal one,
in which the month of May now experiences a short period of comparative lull due to
sporadic rains from the Western Disturbance. If the pattern continues, it will benefit the
regeneration of natural vegetation, especially in the open rangelands that are currently in a
highly degraded state. If animal husbandry, the traditional strength of the region, is given
adequate infrastructural and market support, especially for dairy milk, meat, etc., the farmers
may adopt it for assured economic returns and gamble less on the croplands. This will not
only lessen the pressure on croplands, but will also help in developing the degraded
rangelands, which in turn will encourage sustainable land management practices for the
growth of the crop-tree/shrub-livestock mix.
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Extended Summary

Salinity caused by natural (i.e., primary salinity) or anthropogenic factors (secondary salinity)
is a severe impediment to sustainable farming on about 1000 mha land area globally (FAO
and ITPS, 2015). Although natural salinity is known to have adversely affected agricultural
production since ancient days (Houk et al., 2006), anthropogenic salination, slowly attaining
alarming proportions in both irrigated and dryland regions across the world, poses a severe
threat. Irrigation-induced salinity often receives more research and policy attention than
dryland salinity, particularly in the countries/regions where public financed irrigation
schemes are the mainstay of food security. However, regardless of the cause and asset
affected, salination is invariably a triple whammy: diminishing the land value, necessitating
unwarranted expenditure on reclamation and curtailing farm incomes to varying extents.

Drylands cover about 40% of the global area (UNEP, 2011) of which nearly 60% is either
desertified or prone to desertification (Lal, 2004). Unabated degradation of drylands, caused
by factors like unsustainable land management, fresh water scarcity and of late, climate
change impacts, has increased the livelihood risks of about 2 billion global population
dependent on them (UNEP, 2011). Climatic warming and increasing aridity are projected to
expand drylands to nearly 50% of the global land surface by the end of 21 century (Huang et
al., 2016).

Factors like scarce precipitation, excessive evapo-transpiration, low organic carbon and wind
erosion make dryland soils highly vulnerable to various kinds of degradation. In addition to
impeding soil development, these factors also subject the poorly formed dryland soils to
multiple stresses like salinity and drought. Like irrigated lands, pedogenic processes are the
main driver of primary salinity in drylands (McFarlane et al., 2016). However, unlike
irrigated lands where excessive irrigation and neglect of drainage contribute to secondary
salinity, clearing of native vegetation is the main cause of human-induced salination in
drylands.

Replacement of native perennial vegetation for growing annual crops and pastures allows a
considerable portion of the rainfall to leak to the groundwater, resulting in the development
of shallow saline watertables and salt accumulation in the surface; especially where
groundwater is salty. While only a meagre fraction of total rainfall reaches the groundwater
in areas with natural vegetation, deep drainage could be several folds higher in annual crop
and pasture-based systems (Cocks, 2003). In some cases, irrigation with salty groundwater
for preventing crop failures may further increase the salinity and sodicity risks.

Besides Australia, where over 2 mha area is currently affected and another 15 mha is at high
risk (George and Bennett, 2004), extent of dryland salinity has steadily increased in other



regions like China (Zhang et al., 2018), India (Mandal et al., 2010), Central Asia (Toderich et
al., 2013), Africa (Burgan et al., 2010), North America (Bakker et al., 2010; Wiebe et al.
2007) and South America (Giménez et al., 2015). Immense economic value of drylands in
terms of food and livestock production provides ample justification for overcoming the
stresses plaguing their productivity. For example, drylands produce nearly 40% of the total
food grains and support two thirds of the livestock population in India (Haileslassie and
Craufurd, 2012). Similarly, dryland areas roughly constitute 60% of the total wheat area in
China (Zhang et al., 2018).

Remedial measures developed for managing irrigation-induced salinity may be less effective,
or sometimes inappropriate, in dryland areas. Land use changes at the regional scale coupled
with site-specific interventions are considered necessary for the productive use of dry saline
lands. Revegetation of both groundwater recharge (relatively deep water tables) and
discharge (shallow saline water tables) zones, though considered necessary for controlling the
rising water tables and restoring the water balance (George et al., 1999), may not always be
economically viable and may warrant substantial changes in the cropping practices (Cocks,
2003; George and Bennett, 2004).

Significant reductions in water table depth occur only if considerable areas of the catchment
are vegetated. Again, watertable depth recedes only in those parts of discharge areas where
salinity is mild-to-moderate (George et al., 1999). In spite of this, tree plantings in discharge
areas are often preferred by the land owners as such arrangements do not encroach on the
farmland (Archibald ef al., 2006). Some engineering interventions like salt interception,
drainage and groundwater pumping also provide relief; but are less appealing due to their
capital-intensive nature as, in order to be effective, pumping or drainage need to be
implemented on a large scale (Bakker et al., 2010). Moreover, difficulties in safe disposal of
saline drainage effluent render such drainage options environmentally unsound (Clarke ef al.,
2002). Under such conditions, preventing and reducing the extent of surface waterlogging
seems to be more effective (McFarlane et al., 2016).

Aforementioned problems with vegetation-based and drainage solutions have enhanced the
interest in other options including ley framing, crop-livestock integration, replacing annual
pastures with perennial pastures and the inclusion of salt tolerant crops and cultivars in the
cropping systems. Perennial pastures in rotation with crops can provide multifarious benefits
like reduced watertable and salinity, increased soil nutrient availability and fodder supply to
livestock (Bell ef al., 2014). Integration of salt tolerant crops like lucerne (Humphries and
Auricht, 2001) and desi cotton (Nikam et al., 2016) in the existing cropping sequences can
provide assured returns to the land owners while also mitigating recharge-induced salinity to
a good extent (Humphries and Auricht, 2001). It is seen that some potential crops (e.g.,
lucerne) recommended for remediating dryland salinity have limited salt tolerance, indicating
the need for evolving high yielding cultivars capable of coping with high salinity and
associated problems. Some site-specific agronomic techniques worth consideration for
reducing the salt hazard include surface and sub-surface plastic mulching (Zhang et al.,
2018), bed-furrow technique (Bakker et al., 2010) and flexible cropping schemes involving



water-saving and water-intensive crops in alternation (Giménez et al., 2015). Over reliance
on water-saving techniques and crops may turn out counter productive in years of excess
rainfall, inducing heavy deep drainage. Similarly, water-intensive cropping systems though
relatively safe from deep drainage standpoint may be more prone to failure.
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Abstract

Desertification and its control have been on the international scene for the past more than
four decades. Initial efforts at global and national platforms to understand underlying
causes, manifestations, consequences and extent of the problem have been followed by
development of technologies and plans of action to reduce the environmental damage and to
improve the livelihoods of the affected population. The progress has been reviewed from time
to time and, despite awareness and concerns, the success has been partial only - a fraction of
the physical targets has been achieved. Besides natural impediments of terrain and
vicissitudes of climate, the need for efforts to control is maximum in poor or developing
countries and these find the cost of developmental effort unaffordable, while the pressure of
people on land is already high and further mounting. Poverty, social harmony, political
stability and involvement of locals are other pre-requisites. Yet, there are some notable
achievements. A case of arid zone of Rajasthan has been described to show how, through
development of irrigation, infrastructure, service sector and industrialization, the
environmental load on land could be reduced and causes of desertification minimized. Of
course, nature also helped in that, for as yet unknown reason: the ferociousness of wind
regime has come down. Though globally, the problem of land degradation remains under-
addressed, the commitment of the nations to achieve land degradation neutrality targets and
rising concerns of climate change and biodiversity loss will insure greater action and
international co-operation in the near future.

Introduction

Desertification is a problem that affects current as well as long term productivity of the
drylands, besides decreasing several ecosystem services. Though, some countries in the world
had realized the gravity of the situation and even undertaken some efforts to fight the menace
long back, the problem came on national and international arena as a prelude and sequel to
the UN Conference on Desertification at Nairobi in 1977. At this conference several of the
affected nations and international experts on the subject deliberated upon the causes,
manifestations and consequences of the problem. The term “desertification” at this UN
Conference was defined as “diminution of biological productivity of land in arid, semi-arid
and sub-humid environments due to over-exploitation of land resources by human use and
management, ultimately leading to appearance of desert-like conditions”. The process was
considered self-accelerating and feeding on itself. The follow up comprised attempts to assess
the extent and severity of the problem and an emphasis to develop technologies for its
control. The concerns regarding desertification initially were focused on arid zones but in the
course of time it was realized that the problem of land degradation was equally serious, and
even more consequential, in semi-arid and sub-humid climate zones. However, following the



experiences of Sahel region in Africa, where a succession of drought years caused not only a
huge human suffering but also a major ruination of land, the 1992 Rio Conference justifiably
included climate variability as a causative factor in the above-noted definition. It has also
been shown that as a result of desertification, some 12 mha of land are lost every year, which
means a loss in production worth 20 million tons of grain.

The control efforts have been reviewed and discussed at local, national and international
levels and even at the United Nations. Thus, the United Nations Conference on Sustainable
Development (Rio+20) in Rio de Janeiro, Brazil, in 2012, called for a political outcome
document with practical measures for implementing sustainable development. And a formal
commitment came into being in UN General Assembly that aims at rehabilitating/restoring
degraded land, including land affected by desertification, drought and floods, and strive to
achieve a land degradation neutral (LDN) world by the year 2030 (United Nations General
Assembly, 2015). As of today, 121 countries have already committed to set LDN targets and
required actions.

Experience has shown that desertification is a very complex phenomenon comprising
multiple interactions between human and environmental systems (Warren and Olsson, 2003).
It is also variable over time and space and calls for plans and measures that are appropriate,
durable for a given situation and duly supported by adequate funds as well as expertise. The
present paper briefly provides overview of experiences gained in this process in arid zone of
Rajasthan, India, that is known for its huge human and livestock pressure, vulnerable
landforms and a history of technology development and desertification control efforts.

Desertification control and issues involved

As said above, desertification is essentially an outcome of an exploitative use of land and its
resources under a greatly increased and ever-rising regime of human needs for food, feed,
water, timber, mining, recreation and so on. Common manifestations of the process are soil
erosion by wind and water, waterlogging with or without soil salinization, acidification,
reduction in vegetative cover in quantity and quality, land pollution by mining or industry
and urbanization. There is also an increasing realization of the difficulty in discerning natural
and human activity-related manifestations of land degradation or establishing secular trend in
severity of desertification in a situation of highly inter-annual or short duration climate
perturbations. Therefore, desertification term, the processes and the consequences have
continued to be reassessed for long with some even questioning the science and euphoria
behind desertification (Thomas and Middleton, 1994).

Droughts are a common occurrence in drylands, where these are a conspicuous part of the
natural climate variability. These both impact and get impacted by land degradation.
Likewise, livelihood security, socio-economic equity, political instability are causes as well
as outcome of land resource depletion (Mortimore, 2003). Experiences over the decades in
conservation and improvement of lands have shown that whereas degradation of land is easy,
the reclamation or restoration is far more complicated, expensive and tedious. Putting in
place several of the amelioration measures has also long gestation period and hence has
vulnerability, despite the claims that technologies are proven and viable. Trade amongst the



countries in commodities, industrial goods and technology-based services has greatly
increased in recent times but the outcome or balance is generally negative for nations with
primary, natural resource-based industry and where the problem of desertification is most
consequential.

Assessment of the extent and type of degradation

Estimates on the magnitude of a problem are basic to planning, allocation of resources and
implementation of restorative measures. Therefore, one of the major activities at the
beginning of the campaign was on data generation regarding forms and spatial distribution of
desertification. An outcome of this was the statistics and maps in the form of an atlas that was
first printed in 1992 and second edition appeared in 1997 (Middleton and Thomas, 1997).
This and later updated information showed that worldwide the land degradation and
desertification were a serious problem on ~2 billion ha area globally and besides, this showed
also that 52% of all agricultural land was moderately to severely affected. At the same time
the problem was worsening each year (Low, 2013). The situation is a threat to livelihood of
some 1.5 billion people, most of whom were already poor. The problem is most
consequential in developing countries in Africa and Asia. Two-thirds of the African continent
is desert or under drylands and within these, 74% of its agricultural drylands are already
seriously or moderately degraded.

The areas with the biggest dynamics of desertification are concentrated in the Sahelian
region, in the Kalahari in the south and in the Horn of Africa. It is estimated that the problem
is affecting some 500 million people here. According to Olagunju (2015), Nigeria is losing
about 0.35 million ha of land every year to desert. Whereas in Ghana 35% of the land is
prone to desertification, in drylands of Kenya and Ghana it is 70 and 80%, respectively. The
belt of land running through the West African Sahel region and the Sudan to northeast
Ethiopia and Kenya is particularly vulnerable. Around 90% of rangelands and 80% of rain-
fed farmlands in the area are affected by degradation - including soil erosion, deforestation,
and loss of woody vegetation, making them less able to bear crops and pasture. In China, the
land affected by desertification is 264 mha nationwide, which amounts to 27% of its
geographic area. Wind erosion and encroachment by drift sands is a major problem in China.
The area so affected was ~14 mha in year 1955 and the same had increased to 38 mha by year
2000 (Wang, 2014). Vegetation cover deterioration is another serious problem.

Regarding India, investigations show that nearly half of the country is affected by one or the
other form of land degradation, within which water erosion, wind erosion, water logging, soil
salinity and soil acidity constitute 63.9, 6.3, 9.7, 4.0 and 10.9%, respectively (Samra and
Sharma, 2005; Anonymous, 2010). The problem is generally moderately severe to severe and
affects nearly 40% of rural population. Likewise, estimates exist for most of the other
countries across the world. Several have questioned the degree of reliability of these data on
the grounds that the situation is highly variable spatially and over the years (Grainger, 2000;
Abahussain et al., 2002). Therefore, it must be admitted that the data carry elements of
judgment and should be taken as such. Further, the environmental impacts are not the sole
outcome of physical changes but are tied to the ability of a society or culture to adapt to those



changes as also to the coping ability of individual farmers. Mortimore (2003) and Darokh
(2003) have highlighted several such ambiguities in functioning of complex human-
environment relationships.

Human population, through activities related to land use and management, is a major driving
force in desertification. An increase in its pressure impacts through enhanced need for food
and feed and reduction in size of land holdings. Both amount to an intensification of land use
as well as expansion of cropping into areas that are marginal in nature. Thus, population
growth has been considered all along an accelerator of the desertification problem. However,
there have been regions where developments in economy such as wurbanization,
industrialization, mining of bountiful minerals and fossil fuels, infrastructure have not only
been able to absorb the load of surplus population but have helped in reducing dependence on
traditional livelihoods. Jiang (2002) cites the case of Inner Mongolia, where the human
population has tripled in four decades but the income per capita through various
developments, including irrigation, has increased fifty fold. Thus, the relationship of
population growth to desertification is not simple and depends on collateral and independent
economic developments (Darkoh, 2003).

A brief review of efforts at desertification control and successes achieved

The process of rehabilitation of degraded lands is complex, time-taking and multi-
dimensional. For all these, a trained manpower, subject matter specialists and appropriate
machinery are needed. The scale of operation is large, necessitating creation of settlements,
roads and other infrastructure. Maintenance requirements of developed lands are equally
critical, exacting and variable, depending upon whether the lands are community or
individually owned. Though in the past developing a technology was a constraint but over
time the situation has improved a great deal and the past 4-5 decades are marked by planning
and implementation of a gamut of activities. The approaches have varied from a purely land
rehabilitation effort to a more comprehensive content that included also measures for public
welfare like meeting or strengthening of basic societal needs. However, implementation of
the activities was not smooth because of multiplicity of activities, lack of co-ordination,
organizational and funding inadequacies and natural causes like failure of rainfall. However,
notable successes have been achieved. In China, the lands degraded by wind erosion and sand
encroachment had been increasing all the time but during the decade from year 2000 for the
first time not only the growth of the problem has been stopped but there is noticeable
decrease. In the Loess Plateau an area of 15 mha has been treated for wind erosion control
and this has reduced also the annual silt and sediment influx into the Yellow River by more
than 300 million tons (Gao et al., 2009). A big project namely "Grain for Green Program" has
been completed with the object to withdraw 3.67 mha of dry farmland and re-vegetate
another 5.13 mha of aeolian desertified tract (see companion paper of Tao Wang in this
volume). Likewise in India, soil and water conservation on rainfed agricultural lands has been
a major activity, which started in 1950’s. As of now, nearly 11 mha area has been treated
under field/contour bunding, gully control, check dams and so on (Anonymous, 2012).



Afforestation of degraded forest and rehabilitation of grazing lands have been other major
activities. Sand dune stabilization has been achieved over 0.25 mha.

In desertification-affected countries of Africa, despite realization of the seriousness of the
problem, progress has been slow. This is not so much for lack of technology but because of
local social and political issues and paucity of funds. In fact, Agnew and Warren (1996)
concluded that the plans of action were not working and the problem was actually
intensifying. But for the past more than a decade situation has improved, particularly after the
launch of the ‘Great Green Wall’ in 2007 that is spread across 20 countries of West and
North Africa. The aim is to rehabilitate 100 mha of land by year 2030. More notable
achievements have been improvement of 15 mha of degraded lands in Ethiopia and another 5
mha in Nigeria.

Experiences gained and lessons learnt

Drought and desertification

Droughts are a part of the normal climate regime in drylands and their frequency and
intensity increases in direction from dry sub-humid to arid. These cause failure of crops,
reduce availability of utilizable biomass for livestock, create fuel wood scarcity and shortage
of water for drinking and domestic needs. As a result, the pastoralists and farmers need to buy
food and fodder or undertake distress migration, shed livestock holding, incur debts etc. The
impact of droughts from desertification viewpoint is particularly deleterious. The seasonal
rainfall paucity increases manifold the pressure on the already famished vegetation because
of increased incidence of overgrazing and fuel wood exploitation (Saxena, 1993). Therefore,
it is no surprise that major advancement of desertification happens during such periods of
severe and extended drought. As a corollary, a strategy and preparedness to cope up with
drought situation is a big step not only in relief to local population but also in reducing its
impact on long term sustainability of natural endowments and in protecting the vegetation
cover improvements already undertaken as part of control efforts. Hence, approaches based
on early warning, monitoring, impact assessment and appropriate relief effort assume critical
importance in reducing misery and deprivation of the affected populations.

There is also another side of this relationship in the sense that desertification also enhances
the impact of droughts. It depletes the vegetation cover, particularly its more critical
perennial component, which leads to a great reduction both in the quantity and duration of
biomass availability on a long term basis. Thus, this weakened resilience of ecosystem leads
to a poor recovery of the vegetation even after the rainfall has become normal (Smith and
Reynold, 2003; Bradley and Grainger, 2004). This deteriorates inter-community relations and
leads to violent conflicts amongst the dependent populations. Both, desertification and
drought over large tracts have a potential to affect climate stability. Enhanced bare surface
increases albedo, which is an important variable in General Circulation Models and can
produce atmospheric subsidence and reduction of rainfall (Fuller and Ottke, 2002).

Economics of rehabilitation effort and sustainability issues



Even though a very complex and interdisciplinary task, planners and policy makers often
insist on cost-benefit analysis in decision making. Exercises have been done to find out as to
what land degradation means in economic terms. UNEP estimated in 1980’s that the direct
cost of desertification at global level was $26 billion per year. The direct cost was derived
from decrease in crop area, reduction in crop yields, poor response to input use and decline in
profitability of enterprise. Collection of the data with a level of reliability and scientific rigor
has been very challenging even at local scale. For example, crop yields under rainfed farming
suffer from a large degree of inter-annual as well as inter-field variation that arises from
quantum and distribution of rainfall, farm management, level of skill, and incidence of
diseases and pests. Further, the estimation is made based on extrapolation from few, pre-
existing data from limited field experiments. The same is even truer of indirect costs such as
siltation of reservoirs, effect on public health, costs in infrastructure maintenance and others.
Yet, out of bare necessity efforts continue to be made (Dregne et al.,, 1991; Bojo, 1996). A
large amount of data has been generated for China. Cheng ef al. (2013) show that the average
direct and indirect cost of degradation was ~1% of GDP of China. In India, Reddy (2003)
showed that direct costs of land degradation alone in various States varied from 0.2 to 1.9%
of GDP with a national average of 0.89%.

Regarding benefits of control effort, the information is equally inadequate for above-
mentioned reasons and also that several of the interventions are more for social or
environmental objectives and the income is not easily measurable or that the gestation period
is long, as for example for afforestation or grassland development, to add to the uncertainty.
However, in most cases benefits outweigh the cost involved, particularly so in areas like
control of waterlogging, reclamation of salt-affected or acid soils and plant nutrient
applications. Fleskens ef al. (2012) developed a “Desertification Mitigation Cost
Effectiveness” model and showed that cost-benefit analysis varied across situations
depending on the responsiveness to technology. They found that use of a technology across
cereal growing area was profitable only in one-third of the area (Fleskens et al., 2013). The
situation further worsens if cost of maintenance is also included as several of the measures do
not have stability and require sustained effort for maintenance. Therefore, in marginal areas,
attention needs to be given to subsidies, since gains can be marginal as compared to the cost
of restorative effort.

Some countries have tried successfully to link the desertification control effort with the much
needed employment generation, poverty alleviation or famine relief. Besides the above,
globalization of trade and inability of weak economies to have fair terms of trade have
affected land degradation. The price differential in agricultural and industrial products
constrains the economy of the developing World. Rise in demand, and hence the prices, leads
to overstocking and accelerate desertification in several central African countries (Rocheleu
et al., 1995). However, where the naturally handicapped regions form a part of much larger
geographic area and of the national economy, situation is different. Despite their inability to
payback, such drylands here are able to get funds and expertise as part of a bigger national
objective. As described later in this paper, Thar Desert has seen a lot of development in
irrigation, much of it from externally sourced water.



Politico-social strife and desertification

Political instability, ethnic or communal disharmony, social disparities and inequity in
livelihood assets, like drought, are both a cause and an outcome of land degradation. The
problem is particularly serious in parts of Africa (Low, 2013). As an example, the cattle
corridor in Eastern Africa has been a time-tested mechanism aimed to cope with spatial
climate variability, distribution of livestock pressure and minimize local conflicts. But, over
time with increased local population-driven demand, the competition for pasture and water
has increased greatly. There has also been a high level of individualization or privatization of
the open access rangelands or their conversion to arable lands in corridor in Uganda
(Mugerwa, 2018). This situation has caused frequent and terrible ethnic and communal
clashes, large scale displacement of populations to neighboring countries accompanied by
lawlessness (USAID, 2011; Osinubi and Osinubi, 2006). Political instability also leads to
similar outcomes. Such situations promote degradation of natural resources and hinders
program development and implementation or protection of the assets already built (Eriksen,
2003; Darokh, 2003). To minimize these disturbances and loss of life and livelihoods,
solutions are being thought in creation of more ‘green jobs’ for young and displaced
populations, in reduction of pressure in Cattle Corridor, in improved management of droughts
and in investments in the restoration andsustainable land management of 10 mha of degraded
lands (UNCCD, 2018).

Poverty/livelihoods and desertification

Poverty and build up of unsustainable biotic pressure arising from increase in population are
so intimately related with land degradation that it becomes difficulty which one is the cause
or the effect. But, whether the poor are major agents of desertification or not, they certainly
suffer from its consequences, as their livelihoods greatly depend on the productivity of land
(Hazell et al., 2002; Stringer, 2009). It is no surprise, therefore, that three-fourth of world
poor are found on degraded lands (Abdi et al., 1993) and they certainly suffer the most from
desertification and droughts (Sandford, 1993; Stringer, 2009). Scarcity conditions that prevail
in environmentally vulnerable situations accentuate economic disparities all the more as the
job opportunities shrink, food and other essential items get costly and hunger and disease take
over. The vicious circle can be broken only by State-level interventions in the form of value
addition to local produce, alternate livelihoods and improvements in infrastructure (Low,
2013). China, India and a few other countries have adopted such an approach. An example of
this is the plantation of native acacia trees over 13000 ha in Sahel region to produce gums
and resins and undertake value addition mainly for securing livelihood of the local
population.

Peoples’ participation
The areas affected by desertification are large, comprise both privately owned and
community lands and are settled for decades by communities who practice a land use and

management based on traditional knowledge. To control desertification under these
situations, most countries resort to use of technologies developed top down. Developments



that do not consider the stakes, genuine needs, and aspirations of the local society often fail
once the tight control is withdrawn. Therefore, the resource development programs need to
evolve by active participation of the dependent populations. Such an approach not only gets
high acceptance from the communities but also the upkeep and maintenance of the developed
assets becomes much easier. Unfortunately, the importance of local participation (Mortimore,
2003) and society-desertification linkages as a whole (Smith and Reynolds, 2003) remains
still underappreciated.

Desertification, climate change and biodiversity degradation

Besides a convention on desertification (UNCCD), the outcome of the 1992 Earth Summit
was launching of two more conventions, namely the UN Framework Convention on Climate
Change (UNFCCC) and the UN Convention on Biological Diversity (UNCBD). All the three
have been in operation since then and have environment and human society’s long term
wellbeing as their core concern with several commonalities in their goals and operational
approaches. For example, the build up of greenhouse gases in atmosphere is the main cause
of climate change and, after burning of fossil fuels, agricultural activity is one of the major
causes of global warming, having contributed as much as 50-70 giga tons (Gt) of carbon (C)
over the course of human history of land use. But this points also to the possibility of the
potential inherent in soils to sequester C through appropriate management practices. For
example, Lal (2000) has shown that globally soils of drylands contain 1462-1548 Gt of C,
largely in organic form in their top 1-meter depth and these lands have a capacity through
appropriate management to sequester C at a rate of 0.7 to 1.43 Gt per year, an equivalent of
10% of all global fossil fuel emissions in late 1990’s (Lal, 2001). To supplement this, the
vegetation component, associated with soil and water conservation on degraded lands has the
potential to sequester C in above ground biomass at a rate of 3-15 t ha-1 in arid situation and
up to 80 t ha-1 in dry sub-humid region. Both climate change and land degradation have a
common cause in climate variability, particularly droughts. Reed and Stringer (2016) have
described other multiple relationships and feedbacks that exist between land and climate.
Thus, land degradation has a common cause and its appropriate management has co-benefits
for climate change mitigation and adaptation, and biodiversity conservation, in addition to
enhancing food security and stainable livelihoods (Cowie et al., 2007, Hulme and Kelly, 2013).
Therefore, a commonality of interest in concept and practice of UNCCD and UNFCCC does
exist (Hulme and Kelly, 2013, Stringer et al., 2012). Biodiversity on land and in water bodies
and oceans is a vital resource and outcome of evolution over the millennia. The genetic
material contained in these holds an immeasurable promise in improving plants and animals
and in strengthening the wellbeing of society and nature in the future. But, there are areas
where conflict of interest does come into play amongst the three conventions. Therefore,
there is need to minimize the areas of conflict, develop common ground or aim at striking a
balance, and still better, seek synergies in concepts, objectives and practices amongst the
UNCCD, UNFCCC and UNCBD (Cowie et al., 2007; CBD, 2010; Grainger, 2015; Akhtar-
Schuster et al., 2017).



Rajasthan arid zone - A case of desertification and development

The Rajasthan arid zone with an area of ~0.2 million kmz2 is located in the northwestern part
of India and much of it is known as the Thar Desert that extends further west into Pakistan up
to the eastern bank of river Indus. The physio-geographical details, climatic variability,
weather conditions, status of natural resources of land, water, vegetation and general
biodiversity existing in the area, have been described in detail by Yadav et al. (2019) in a
companion chapter in this volume.

Socio-economic background

The region has been well settled for the past two millennia by diverse ethnic and social
groups but the population all along was rather thin and concentrated in better-off eastern half
with an established arable farming. Besides, human population growth was sluggish and the
numbers increased only three-fold in the period of 230 years, to the year 1890. This growth
situation continued up to 1921, the causes being high maternal and infant mortality, famines
and epidemics of diseases like cholera, malaria and typhoid. However, from then on the
growth has been continuous and large: population tripled in fifty years to year 1971 and
tripled again in forty years to year 2011 (Dhir et al., 2018). With present density of 140
persons km-2, the region is one of the most densely populated arid zones in the World. Like
human population, arable farming has also shown large growth in recent years. The arable
lands occupied 10-30% across much of the desert in 1930, increased to 36.3% in 1956, to
45.7% in 1980 and 57.4% in 2010 (Dhir et al.,, 2018). Other main categories of land use are
culturable wastelands (17.6%), unculturable waste lands (4.6%) and designated grazing lands
(3.8%).

Agriculture, animal husbandry and traditional management practices

With 50-60% of population dependent on it, agriculture is the major source of livelihood in
the region. Currently, the region has ~12 mha under cultivation, 74% as rainfed and the rest
under irrigation. Nearly half of the irrigated area gets water brought from West Himalayan
river system and the rest from local groundwater sources. Under rainfed farming, pearl millet,
pulses and oilseeds are the crops. But over time, the rainfed cropping pattern has shown some
commercial dimension: a large increase in area of clusterbean and some medicinal plants. On
irrigated lands, groundnut, cotton, mustard and a variety of condiments and spices, fodder
and fruit trees have become principal crops. Animals are an important source of economy. Of
over 30 million animal population, cattle, buffalo, goat, sheep and camel account for 20, 13,
23, 43 and 1%, respectively. In the past four decades, there has been considerable increase in
the proportion of goat, sheep and buffalo.

Local people have developed, over the generations, management practices and strategies,
particularly for rainfed farming and in livestock rearing, which remain relevant even today.
Agroforestry and mixed cropping with a combination of short and medium duration crops, in
order to cope with uncertainties of rainfall amount and distribution, are specifically
important. Millet, pulses and clusterbean are hardy, generally with short duration and yet they
have an ability to take advantage of a good rainfall year. They are also multipurpose,
providing both food grains and fodder. Fallowing, crop rotations, and choice of crops in



relation to onset of rain are the other highlights. Farming based on rainwater harvesting has
been an old practice in the driest parts of Thar.

In the field of animal husbandry, mixed flock has been a strategy to make best use of multi-
storey vegetation. Breeding practices, ethno-veterinary and migration of heards are the other
well-developed practices. The change in livestock composition in recent years, in response to
ecological compulsions or market forces, shows that livestock rearing is viable. In regard to
the total livestock load, nearly 2/3rd of the adult cattle units in the region are with farmers, the
rest being with the pastoralists. The mixed farmers find animal component an asset as they
are able to make use of the residual crop biomass and give in turn milk and manure, prolong
duration of gainful employment, minimize the adverse effect of drought and lead to women
empowerment as most of the animal rearing operations are carried out by women.

Causes, manifestations of desertification in arid Rajasthan

One of the main contributing factors promoting desertification is the expansion of arable
farming. Even the dune-affected lands (Fig. 1) have been brought under cultivation.
Replacement of the earlier bullock-drawn ploughs by tractor mounted disc plough, which
disturbs soil to a greater depth, removing standing vegetation and its soil binding roots,
greatly increases wind erosion. The number of tractors has increased from just 698 in 1956 to
160,000 as of now. This has adversely affected also the agroforestry system. Shrubs, like
Zizyphus which is hardy and produces feed of outstanding quality, were numerous in
agricultural fields in the past. Tractor cultivation has hugely damaged such shrubs and their
present productivity is just 10 to 25% of the past (Dhir et al., 2018). The dominance of the
multipurpose tree, “khejri” (Prosopis cineraria), in agricultural fields was an outcome of a
conscious, selective management. Despite this, its stand has suffered a great deal all over,
partly because of insect pests/disease and inadequate replacement of the aging trees. The
accelerated wind erosion generates masses of drift sands that pile up against obstacles and
field boundary or create shrub-coppice dunes or hummocks, disturbing the level of the land
and necessitating a leveling operation (Fig. 2). Furthermore, the loose sand comes in the way
of obtaining a uniform and adequate crop plant population.

Figure 1. Satellite imagery of an area in ~250 mm Figure 2. Overview of agricultural lands severely
rainfall tract in Thar Desert showing that even the eroded by erosion. This necessitates land leveling
dunes flank with highly erodible soils are under
cultivation right up to the crest. This has been a cause
of accelerated wind erosion.

every 3-4 years



The grazing lands have been the main plank of animal husbandry in the past and these also
provided fuel, thatch and other useful biomass, including medicinal plants. But during the last
5-6 decades the area has shrunk because of expansion of cropping. Even more grievous has
been the depletion of useful vegetation cover because of persistent overgrazing (Suresh
Kumar, 1997). Perennial, high yielding grasses have suffered the most. They have virtually
disappeared, replaced by low yielding, short-lived annual grasses and herbs (Saxena, 1977,
Shankarnarayan, 1988) and the of unpalatable invasive shrubs such as Calotropis, Aerva and
Haloxylon. As a consequence, the quantity of grazable biomass is decreasing (Saxena, 1977,
1993; Shankar and Kumar, 1988). Major degradation of vegetation occurs during the drought
period when over-grazing greatly intensifies and the clumps of grasses are grazed to the
ground level (Saxena, 1993). The young sprouts that appear after any rainfall are also grazed
to the ruin of the vitality of surviving perennial grasses. For people, drought means personal
misery, death or distress sale of livestock, increased debt and migration.

Severity, extent and consequences of the problem of land degradation

The assessment of desertification in arid Rajasthan has been an ongoing activity at the
Central Arid Zone Research Institute (CAZRI) adopting various methodologies. As per the
latest information, the area affected by wind erosion is 76%, 18% being severely affected
(Kar et al., 2009). Water erosion, water logging in irrigated areas, and salinization together
form 8%. However, this does not include the degradation of grazing lands of various revenue
categories, which constitute ~26% of the region. Over 95% of these common access lands are
severely degraded.

An estimate of enhancement of management costs and reduction of output of useful services
is a promising method of assessing the impact of land degradation. Wind erosion reduces
land productivity through impoverishment of soil. Sandy soils, upon erosion by an
extraordinary dust storm, lose their productivity by ~25% (Dhir, 1995). This loss is, however,
not permanent and land is able to recover in 2-3 years period. The disturbance of land level is
a more serious problem and calls for control effort, although costly. However, this potential
damage from wind erosion is far more grievous in canal command area in the south-west.

The grazing lands are a different case as they have got seriously depleted over the past 4-5
decades. In the western drier part, where the coverage of grazing lands is also much larger,
the degradation process started later but today over 90% of these lands are severely degraded
also. Though, the problem is indeed serious and the same is manifest in the large decline of
cattle as per cent of livestock and an increase in that of goat, a state of crisis in animal
husbandry has not happened because alternate sources have become available to supplement
needed biomass. Goat is far more versatile and can freely browse on thorny and other shrubs
not suitable for cattle and sheep. Besides, irrigated farms generate a lot of by-produce, which
finds its way to the market for animal holdings of pastoralists and rainfed farmers.

Though waterlogging and soil salinization was becoming a menace in the canal irrigated
areas in the past, control on water supplies, de-watering and change in cropping pattern has
been able to contain the problem. However, dwindling of ground water resources that sustain
the vitally important irrigation is indeed serious. Aquifers with acceptable quality of water are



few and these are undergoing decline in water table by 1-3 meters annually, in some areas
already exhausted. The irrigated area has, however, not suffered a setback because of shifting
to under-exploited sites or by adoption of sprinkler irrigation system. This situation will,
however, sustain for another 5-10 years only, after which irrigated agriculture will start
dwindling considerably.

Desertification control effort and its analysis

The Government of India, concerned with the plight of farmers in climatically disadvantaged
regions of the country, launched a nationwide “Drought Prone Area Program” (DPAP) in
1974-75. Little later (in 1977-78), “Desert Development Program” (DDP)” was started,
exclusively for desert region. For some time both operated concurrently in Thar Desert, but
from early 1980’s only the DDP has continued. The coverage has been expanded to arid areas
in the southern part and to cold desert area in the north. Besides, the technical content of the
activity has also been broadened. Some non-governmental organizations (NGOs) are
undertaking natural resource regeneration activities as part of their rural development
activity. In the initial stages of the program, development of surface water resources through
construction of small to medium sized reservoirs and drinking water supply sectors were also
components of this activity. Over time, main focus has been on desert afforestation, sand
dune stabilization, pasture land improvement and soil and water conservation.

Afforestation was one of the major areas of activity and it covered the canal irrigated areas
also, where protective of vegetation was critical to the successful functioning of the
infrastructure. The total area so afforested is 0.35 mha. A technology was developed quite
early for stabilization of sand dunes, using Acacia tortilis, which is fast growing yet hardy
plant. As of now an area of 0.33 mha has been treated, much of it in IGNP command and
along its water distribution system. However, this activity expanded only to some extent in
other parts because the local people did not want exclusion of the land from their use.

Pasture development has been another major activity. A technology for rehabilitation based
on fencing to prevent damage during establishment period, land preparation and reseeding
with appropriate perennial grasses with an element of shrubs and trees already existed with
CAZRI. The grasses are hardy, efficient utilizers of moisture in terms of biomass production
and are highly palatable. The same applies to chosen shrubs and trees. The technology had
also been demonstrated successfully for varied ecological settings in the Thar Desert. As of
now this development has taken place over ~0.20 mha.

Desertification and development

Desertification in Rajasthan in 1970’°s and 1980’°s was considered as a problem that had all
the potential to turn the lands barren and devastate the settled populations therein. But today,
the human population, which is ~2.5 times more than that existed then, is not only surviving
but has a higher human development index, about 2 times higher life expectancy, low infant
and maternal death rate, and enjoying a distinctly better quality of life. This is only partly due
to desertification control efforts as several other activities have played significant role. Most
important amongst these has been the development of irrigation. Today, this 26% of the



irrigated area in the total cropped area is contributing 180 billion rupees worth of crops,
which account for 62% of all agricultural produce of the region. Other socio-economic
benefits of irrigation are rural employment generation, enterprise diversification, and growth
of agro-based industries. Rural drinking water supplies, infrastructure, service sector,
urbanization and industry have grown considerably (Dhir, 2003). In fact, labour wages, both
in urban and rural areas, in Thar Desert are much higher than the State and national-average.
However, the smooth running of canal system has been possible only by protective
afforestation that was carried out with considerable zeal and efforts.

Severity of erosion-causing wind has come down greatly in recent years for reasons as yet
poorly understood. However, deterioration of grazing lands remains as serious as in the past.
The efforts made to rehabilitate these lands failed not because of lack of the technology but
due to difficulty in regulating grazing that is so critical for their upkeep. Neither the
government nor the people’s self-governance institutions could remedy the situation.
However, the impact has been moderate so far due to biomass available from irrigated areas.
Of course during famines, the relief provided by State agencies in the form of fodder imports
from outside the region helps avert crisis (Dhir, 2003). As the wages in Thar Desert today are
higher than those in other parts of Rajasthan, the region is attracting labor from outside. The
stress due to drought has got greatly reduced due to the ability of the State to provide
necessary relief. A very significant development has been interest in renewable sources of
energy. Abundant land at affordable cost and promotional efforts of the Government has
made the region a hub of solar power plants in the country.

Global warming has added a new dimension in the destiny of environmentally marginal
areas. Most studies conclude that rainfall may not decrease but it is certainly going to get
more erratic and torrential in character. Further, rise in potential evapo-transpiration of crops
is going to increase their water requirement. This, along with rise in temperature, is going to
reduce the length of growing season during winter and thus adversely affect the yield
potential of winter season crops, which are a major contributor to economy of the region.

Conclusions

Despite the availability of appropriate technologies, progress in control of desertification has
been low. Harshness of climate with high incidence of droughts, less than satisfactory
societal organization and lack of co-operation with the proposed exclusion of lands from
traditional user rights, and high costs are some of the major constraints. Best results have
been obtained in situations where the people’s livelihoods and welfare are taken care of in the
process of desertification control; and in situations where such lands form a part of bigger
economy that can afford alternate enterprises and job-absorbing infrastructure and service
sector. Solar power generation is one such activity. Renewed commitment in the form of
UNCCD-promoted ‘land degradation neutrality’ program lends a hope in this direction.
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Abstract

A major proportion of the Horn of Africa is dryland. Though the population of this area has
the highest growth in Africa, the traditional, low yield, rain-fed agriculture is unable to meet
a constantly growing demand of primary goods. In this insecure situation, climate variability
plays an important role, resulting in a worsening of land degradation and flood hazard.
Analysis of the main climatic parameters over 1901-2015, using gridded data, showed the
most striking change is temperature, it increased, particularly after the 1960s, in all the
studied countries, i.e. Eritrea, Djibouti and Somalia. By contrast, rainfall trends were not so
evident. Rainfall erosivity, expressed through the R-factor of the USLE, showed a moderate
decrease in Eritrea, stability in Djibouti and a slight increase in Somalia. Aridity is a
common condition in all the three countries. The De Martonne aridity index values indicate
irrigation as indispensable for all the three, but particularly in Eritrea. The Horn of Africa is
affected by several climate-related disasters, such as droughts and floods, whose frequency
and effect on people have remarkably increased in the last two decades. Though the recent
climate variations are evident, it seems they are not the only reason for the onset of such
worrying situations, which are analysed with a focus on the Wabe Shebelle river for the
flooding hazards.

Introduction

Climate change is occurring globally and some of the observed changes have established new
records in recent years (EEA, 2012). Climate change has already led to a wide range of
impacts on environmental systems and society and further impacts are expected in the future.
Climate related natural disasters have increased and damage costs are expected to increase, as
well. Climate change can exacerbate the socio-economic imbalances of communities,
especially in highly vulnerable areas such as drylands, in developing countries that already
find major constraints to their development in land degradation (ELD Initiative and UNEP,
2015), recurrent droughts and devastating floods (Billi et al,, 2015: Tadesse et al., 2018).
According to the current projections of climate change in African drylands, also agriculture
will be severely affected. Yields from rain-fed crops could be halved by 2020 insome
countries, leading to a worsening food security and increase in the number of people at risk
from hunger (UNFCCC, 2007). The drylands of the Horn of Africa (Eritrea, Djibouti and
Somalia) do not escape and are even more vulnerable to such negative impact and hazards.
An insight into the climate variability throughout the last century can provide basic
information to enhance the knowledge base for adaptation and to design scientifically based
mitigation strategies in these countries. That is the main aim of this study.



Study area and data

The countries considered in this study are Eritrea, Djibouti and Somalia. They were selected
because the majority of their territory is subjected to arid and semi-arid climatic conditions
and they are already experiencing severe land degradation (ELD Initiative and UNEP, 2015).
For this study, gridded country averaged mean monthly temperature and precipitation data
were used. Data were obtained from the Climate Change Knowledge Portal of the World
Bank Group (https://climateknowledgeportal.worldbank.org/), which are based on Gridded
data by the Climatic Research Unit (CRU) of University of East Anglia (UEA), UK, and
cover a long interval from 1901 to 2015. These data were also processed to obtain time series
of the USLE rainfall erosivity R-factor by means of the Renard and Freimund (1994) relation:

R=0.0483P1.61 [1]
in which P is annual rainfall (in mm) and the units of R is MJ mm ha-1 h-1 yr-1.
In order to check about trend in aridity, the De Martonne (1925) aridity index was used:

la = P/(T+10) [2]
in which P is annual precipitation in mm and T is mean annual air temperature in °C. This
aridity index is very old but it was selected because it requires only temperature and
precipitation data, whereas other more accurate and popular methods, such as the UNEP
(1992) aridity index, need detailed data that are not available for the study area. Moreover,

the specific values of the Aridity Index are related to the specific needs for irrigation (Baltas,
2008; ARPAYV, 2019) as shown in Table 1.

Table 1. Relationship between the De Martonne (1925) Aridity Index and irrigation requirement
(Baltas, 2008; ARPAV, 2019)

Ia Condition Irrigation

<5 Arid Indispensable
5-10 Semi-arid Indispensable
10-20 Dry sub-humid Very useful
20-30 Sub-humid Often useful
30-50 Humid Not required

Data about natural disasters in the study countries were obtained from the EM-DAT, the
International Disaster Database, managed by the Centre for Research on the Epidemiology of
Disasters (CRED, 2019).

Results

Temperature

The time series of mean temperature in Figure 1 shows a marked temperature increase,
especially after 1965, in Djibouti and Somalia with an increase of about 1°C in the last 50
years. The situation of Eritrea is more complex; there is a clear increase in temperature but
the time series is broken into two portions (Fig. 1a), both showing a marked increasing
trends, but between 1940 and 1943 there is a sharp drop of 2°C that cannot be interpreted as a
natural phenomenon.
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Figure 1. Variation of mean temperature in the study countries.

The most likely explanations can be a change of position of the reference meteorological
stations or a change of the measuring devices. Nevertheless, both portions of the time series
indicate a marked increasing trend, the one after 1942 shows a higher rate of change of about
2°C in the last seven decades. This pattern is comparable with that of Djibouti, whereas in
Somalia the 1901-1940 period is characterized by an increasing trend, followed by a
decreasing trend from 1940 to 1965 (Fig 1c).

An average temperature time series was constructed for the studied countries and the
distribution of temperature anomalies was compared with those of the whole planet across the
1901-2015 interval (Fig. 2). The two curves have a similar general pattern, though the inter-



annual variability in the studied countries is higher, as it would be expected given the
influence of local factors such as the strength of the ENSO and the position of the ITCZ. Also
in the world curve there is a substantial increase starting around the early 1960s and after this
date the interpolating trending lines are almost parallel. They are parallel also in the 1901-
1940 interval, but the rate of increase is half of that after 1965. From 1940 to 1964, both

series show a decreasing trend, which is more marked in the studied countries.
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Figure 2. Temperature anomalies recorded in the entire planet and in the Horn of Africa Eastern Countries.

Precipitation

Unlike temperature, annual rainfall time series shows different trends for the three countries
(Fig. 3). In Eritrea there is a substantial decrease of about 0.3 mm yr-1, leading to an average
reduction in annual rainfall of about 37 mm over the period 1901-2015 (Fig. 1a), about 13%
of mean annual precipitation (287.2). In Djibouti there is no change over the same time
interval (Fig. 1b), but this country experienced the largest inter-annual variability with a
coefficient of variation of 0.40 (mean annual precipitation is 246.1 mm) compared to 0.24
and 0.20 of Eritrea and Somalia, respectively. By contrast, the long-term trend of Somalia
annual rainfall shows a moderate increase (Fig. 1¢), an increase of about 13 mm over the
period 1901-2015 (about 5% of mean annual precipitation 270.1 mm). Unlike temperature, in
the three countries there is no evidence of any particular pattern, other than wavy, non-cyclic,
patterns as pointed out by the 10-year mobile average of Fig. 3.

Rainfall erosivity

Though the long term trends and the inter-annual variations of rainfall are important
parameters in water resources, soil moisture and agriculture productivity, rainfall intensity

and erosivity are a crucial factor in soil erosion and, hence, in determining crop yield.
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Figure 3. Variation of annual precipitation and trend lines. The dotted line is the 10 year moving average.

Unfortunately, no generalized information of rainfall intensity is available for these countries,
but the USLE R-factor can be calculated for each year using Eq. 1 and its variability
throughout the 1901-2015 period can be analysed. Since this parameter is calculated by
means of a power equation based on annual precipitation, the results obtained and their trends
and inter-annual variations follow a pattern similar to that of precipitation. In fact, in Eritrea
erosivity tends to decrease, in Djibouti there is no evidence of a clear trend, whereas in
Somalia the R-factor tends to increase (Fig. 4).
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Figure 4. Erosivity R-factor variation through time. Trend lines indicated by dotted lines.

Average values of R-factor are 434, 395 and 419 MJ mm ha-1 h-1 yr-1 for Eritrea, Djibouti and
Somalia, respectively. These values are comparable with those measured for north-western
drylands of China (Yin ef al,, 2013 in Yin ef al., 2017), but they are four time smaller than
those observed in the semi-arid/sub-humid southern Italy (Yin ef al., 2017). In southern Italy,
in fact, annual rainfall is twice that in the studied countries. In the countries under study,
though the rainfall is lesser than in Italy, it is likely to be more intense, and with the poorly



developed soils and cultivation practices, even a small increase in erosivity may exacerbate
land degradation.

Aridity
Aridity is an important factor in sustainable agriculture. An increase of aridity, especially in
drylands, may lead to a decrease in soil moisture, soil quality degradation, diminished soil

fertility and less opportunities for irrigation. Aiming to shed some light on aridity trends, time
series of the De Martonne aridity index (/«) were constructed using Eq. 2 (Fig. 5).
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Figure 5. Time variation of the De Martonne (1925) aridity index. The dashed lines indicate the range of aridity
values for which irrigation is indispensable (see text for explanation and Table 1). Trend is indicated by the
solid lines.

In the three countries, the aridity index ranged between 5 and 10 (in Fig. 5, this range is
marked with two dashed lines), confirming that irrigation is indispensable here for
agriculture. In Eritrea, the index shows a decreasing trend, in Djibout no detectable change
and in Somalia an increasing trend, although the rate of increase is very low and, at the
current rate, it would be virtually possible to go beyond the critical irrigation conditions (i.e.
1a>10) only after one thousand years. Eritrea has distinct annual precipitation according to
elevation. In the highland, the annual rainfall is around 500 mm, whereas on the coast and in
the Danakil lowlands it reduces to 170 and 50 mm, respectively.

Climate change and natural disasters

It is well known that climate change is propelling a substantial increase in frequency and
intensity of natural disasters all over the world, and the studied countries are not an
exception. The number of events and of affected people for the two major climate-related
disaster, floods and droughts, in the studied countries between 1960 and 2016 is shown in
Fig. 6. Both numbers have substantially increased in the last two-three decades. This reflects
the intrinsic vulnerability of drylands to natural disasters, the lack of warning systems and the
inability (for many and varied reasons and constraints) of the local land managers to deploy
effective mitigation measures.
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Figure 6. Total number of disasters and people affected in the Horn of Africa Eastern countries. A marked
increase is evident in the last five decades.

In the Horn of Africa Eastern Countries, floods are the most frequent disaster, whereas
droughts are affecting the largest proportion of people. Floods are more common in Somalia
whereas the frequency of droughts is higher in Somalia and Djibouti and their occurrence has
become a serious menace also in Eritrea after the early 1990s. Somalia is the country where
the largest number of people has been affected by both floods and droughts. In many cases,
however, the negative impacts of climate change are exacerbated by human activities, such as
land use change (Billi et al, 2015), land mismanagement, inappropriate design of
infrastructures (Demissie et al, 2016) or overgrazing (Gabriels and Cornelis, 2019). An
interesting example of that is given by the Wabe Shebelle river (Fig. 7) daily discharge and
floods frequency intensity of which has markedly increased in the last two-three decades.

In the previous section, it has been pointed out that Somalia is characterized by an increasing
trend in the annual precipitation (Fig. 3). The rainfall time series maps for the 2000-2017
interval of FSNAU-FAO (2017) also indicate that, in the last two decades, a substantial
rainfall increase occurred, with an increased frequency of heavy rains on the lower reaches of
Juba and Shebelle river, that often are associated with devastating floods. Though in this flat
area drainage is poor, such high floods cannot be accounted for only by the increase in local
rainfall.

Suspended sediment transport measurements on the Wabe Shebelle river (Omuto ez al., 2009)
revealed that during floods the sediment concentration could reach as high as 30-40 mgl-1,
whereas during lower flows normal values are in the 10-20 mgl-1 range, which are still
notable.
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Figure 7. The drainage basins of the Wabe Shebelle-Juba river system.

A peculiar characteristic of the Wabe Shebelle river is that from Beled Weyne, near the
Somalia-Ethiopia border, to Afgoye (a small town near Mogadishu) its runoff and mean
discharge decrease substantially from 2580 x106 m3 to 126 x106 m3 and from 83 m3s-1 to 47
m3s-1, respectively, within a river length of about 500 km (Fig. 8). Such a loss of water is due
to many factors, including a natural infiltration through the stream bed to the water table.
However, in the whole river reach between Beled Weyne and Afgoye many water diversions
schemes (official and unofficial) for irrigation are present. They substantially contribute to
decrease in the runoff along the river, mainly during intermediate or lower than bankfull
flows.

Though during high floods, a decrease in peak discharge due to water withdrawal by
diversion schemes may be not so evident, it would be useful to reduce the flood risk in the
downstream lowland. During lower than bankfull flows, however, a downstream decrease in
stream power may result in high sedimentation rates, which, given the high sediment
concentration, may be a main cause of streambed aggradation. Using the field data measured
by Omuto er al. (2009) it was possible to calculate in Afgoye an average streambed
aggradation ranging from 1 to 13 cm yr-1. This high rate of aggradation, combined with an
increase of local rainfall, may account for the increased frequency of devastating floods in the
lower reaches of the Wabe Shebelle river and points out the role of human impact in
exacerbating the risk of climate-related disasters.
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Figure 8. Downstream decrease in (a) runoff and (b) mean discharge of the Wabe Shebelle river.

Conclusions

In the Horn of Africa Eastern Countries, there is an increasing trend in the temperature in the
period 1900-2015. The rate is comparable with the global rate. Annual precipitation does not
show a clear trend, but there is a small decreasing trend in Eritrea, no trend in Djibouti and an
increasing trend in Somalia. The USLE erosivity factor (Renard and Freimund, 1994) shows
similar patterns as precipitation since it is based on a power function of annual rain. The De
Martonne aridity index shows worsening conditions in the investigated period, with irrigation
becoming increasingly indispensable, particularly for Eritrea. The frequency of climate-
related disasters, such as droughts, famine and flooding, have remarkably increased in the last
few decades, but the local human impact factor is often accelerating this process.

References
ARPAV. 2019. http://www.arpa.veneto.it/temi-ambientali/agrometeo/dati/cartografia/de-
martonne

Baltas, E.A. 2008. Climatic conditions and availability of water resources in Greece.
International Journal of Water Resources Development 24(4): 635-649

Billi, P., Y. Alemu and R. Ciampalini. 2015. Increased frequency of flash floods in Dire
Dawa, Ethiopia: change in rainfall intensity or human impact? Natural Hazards 76(2):
1373-1394.

CRED. 2019. International Disaster Database. https://www.emdat.be/emdat_db/.

De Martonne, E. 1925. Traitede Geographie Physique. A. Colin, Paris. 1519 p.



Demissie, B., P. Billi, A. Frankl, M. Haile and J. Nyssen. 2016. Excess river sedimentation at
bridges in the Raya Graben (Northern Ethiopia). Land Degradation and Development
28: 946-958.

EEA. 2012. Climate change, impacts and vulnerability. /n Europe 2012. An indicator-based
report. Report No 12/2012, European Environment Agency, Copenhagen. 300 p.

ELD Initiative and UNEP. 2015. The Economics of Land Degradation in Africa: Benefits of
Action Outweigh the Costs. ELD Initiative, Bonn. 155 p.

FSNAU-FAO. 2017. Somalia rainfall performance, 2000-2017: Deviation from long term
mean. https://reliefweb.int/sites/reliefweb.int/files/resources/Somalia-Rainfall-Time-
Series-for-2000-2017.pdf

Gabriels, D. and W.M. Cornelis. 2019. Human-induced land degradation. /n Land Use, Land
Cover and Soil Sciences - Vol. III (W.H. Verheye, ed.). Encyclopedia of Life Support
Systems, UNESCO-EOLSS,

Omuto, C.T., R.R. Vargas and P. Paron. 2009. Soil erosion and sedimentation modelling and
monitoring framework of the areas between rivers Juba and Shabelle in southern
Somalia. FAO-SWALIM Technical Report No. L-16. Nairobi, Kenya.

Tadesse, Y., A. Amsalu, P. Bill and M. Fazzini. 2018. Drought magnitude and frequency in
the region of Dire Dawa, eastern Ethiopia. Journal of Water and Climatic Change
9(3): 624-630.

UNEP. 1992. World Atlas of Desertification. Edward Arnold, London, UK.

UNFCCC. 2007. Climate change: impacts, vulnerabilities and adaptation in developing
countries. United Nations Framework Convention on Climate Change. Bonn. 60 p.

Yin, S., M.A. Nearing, P. Borrelli and X. Xue. 2017. Rainfall erosivity: An overview of
methodologies and applications. Vadose Zone Journal 16(12). DOI: 10.2136/
vzj2017.06.0131



Innovative ‘Green Grassroots Plantation Technique’ for combating
desertification
Satya Singhi, Hardev Choudhary:* and Sundaram Verma>
1National Innovation Foundation, Grambharti, Amrapur, Gandhinagar, Gujarat, INDIA

2Farmer & Breeder, Village Danta, Sikar, Rajasthan, INDIA
*email: hardev@nifindia.org

Abstract

Drylands are an important resource for sustaining the livelihoods of millions of people the
world over. However, they are being degraded, even desertified, by anthropological
pressures and climate change. Afforestration of degraded drylands and introduction of
agroforestry in the water scarce areas, based on the traditional knowledge wedded to modern
scientific practices, can be a potential solution to enhance the resilience of dryland people
against the adverse impact of above changes. This paper presents a novel technique for
establishing trees for agroforestry systems in very dry areas where the vegetation essentially
thrives on moisture conserved in the soil from the scanty rainfall events in western Rajasthan.
The technique is called ‘One Litre Water Technique of Agroforestry’, developed by one of the
Grassroots Progressive Farmers from Rajasthan. It has been used extensively for planting
trees under the ‘Greening the Desert’ initiative. The technique utilizes only one litre of water
at the time of transplanting the tree saplings, which then survive and grow on the conserved
moisture from the preceeding monsoon rains. Conserving water in the active root zone of the
developing trees, through suitable tillage and other agronomic operations, is the key factor in
the success of this method of agroforestry in the arid and semi-arid regions of western
Rajasthan. Using this technique, over 50,000 trees have been planted in the districts of Sikar
and Jodhpur. Apart from local plants and trees of desert region like Prosopis cineraria
(Khejri), Tecomella undulata (Rohida) and Ziziphus jujuba (Ber), several shrubs and trees of
medicinal and therapeutic value like Azadirachta indica, Ailanthus exelsa, Phyllanthus
emblica, Moringa, and Eucalyptus have been planted through this technique at various
locations of Rajasthan that have provided the people with fuel, fodder and timber and helped
them in increasing their incomes.

Introduction

Drylands are home to nearly one-third of the world population, mainly in the developing
world, and are the center of origin of many cultivated plants and livestock. Their rich
biodiversity provides high-value niche-specific products that are of immense economic
importance to the local communities. Drylands are also endowed with rich heritage of
traditional knowledge and culture (Ben-Gal et al., 2006; Barakat, 2009) that have contributed
to the resilience of the communities to harsh environments. However, the drylands are under
threat due to anthropological pressures (urbanization, over exploitation of natural resources,
intensive monoculture of a few selected crops, etc.) and climate change. These changes are
leading to wide-scale loss of biodiversity and desertification in the harsher parts of drylands,
where there is scarcity of water and the soils are marginal. Tailored policy and conservation



strategies for combating desertification are needed that benefit from the traditional
knowledge.

Arid drylands are the regions of prolonged dryness where evaporation is higher than
precipitation and the production of agricultural crops is limited. Little water that is available
from rainfall in the arid zones may not be available to crop plants as the amount may be too
small to penetrate soil sufficiently, or it may run off too quickly. Furthermore, weedy species
may be so adept at utilizing scarce water that they rob the water from crops (Creswell and
Martin, 1998). Water management in the arid regions can effectively be achieved by the
combined use of indigenous knowledge systems (IKS) and modern scientific technologies,
opening opportunities for enhancing the use efficiency of the scanty rainfall in an eco-
friendly manner and protecting soil from damage.

We describe here a unique technique for establishing the plantation of trees for agroforestry
system in the arid zone of Rajasthan, India, which combines the modern scientific theory and
farmer’s knowledge in conserving moisture by reducing evaporative and other losses of water
received from rains. This technique has been utilized for the last two decades for agroforestry
and is creating an impact, with the plantation success rate of over 80%.

The “One litre water plantation technique” and its implementation

For combating the livelihood problems of the dryland communities due to scarce rains and
high evapotranspiration, the technique was developed and standardized by one of the authors
(Sundaram Verma) through efforts spanning over a period of 10 years, tackling two major
problems of moisture conservation:

e Preventing the capillary rise of water in the soil to prevent loss of moisture due to
evaporation, and

e Contolling weeds that rob the trees of their moisture supply conserved in the root zone
in the rainy season.

The technique involves breaking of capillaries to prevent soil water loss due to evaporation
and conserving groundwater in the root zone and removal of weeds to prevent water loss due
to transpiration (Fig. 1). First, the selected site of the plantation is levelled before monsoon,
to prevent rainwater run-off, followed by one or two deep ploughings to facilitate percolation
of water and removal of weeds a fortnight after rains. A deep ploughing is then repeated just
before the end of monsoon. This operation also creates a dust mulch on the surface and
breaks the capillary connection between the subsurface and surface, preventing further loss of
conserved moisture by surfave evaporation. On the hilly or slopy lands, manual digging of
the soil up to 60-90 cm is required.

Pits of about 15 cm diameter and 45 cm deep are prepared on the marked sites at the end of
monsoon. The tree saplings are planted in the pits such that all the roots remain in the soil at
20-30 cm below the surface and the surface is further covered with soil up to about 5-10 cm
with the remaing top space of about 10-15 cm left empty for watering. Immediately after
planting the saplings each pit is irrigated with one litre of water once. The sapling is then left
to grow with out any additional irrigation. The complete procedure is completed within a few



minutes to minimize the moisture loss. Post planting operation comprises creating the dust
mulch and weed control through appropriate tillage (harrowing by tractor or manually).
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Figure 1. The one litre water plantation technique.

(Source: www.gian.org/north/files/Dry%20Land%20Agro%20Forestry-Case%20Study.pdyf)
Based upon the technique, plantation of over 50,000 trees was undertaken in the region. The
trees planted included species well adapted to the arid regions of western Rajasthan, namely
Holoptelea integrifolia, Prosopis cineraria, Tecomella undulata, Azadirachta indica, Acacia
tortilis, Eucalyptus globulus, Ziziphus mauritiana/jujuba, Vachellia nilotica, Leucaena
leucocephala, Adhatoda vasica, Dalbergia sissoo, Jatropha curcas, Moringa oleifera and
Phyllanthus emblica. These trees are not only the source of food, fiber, fodder, fuel, timber,
medicines, shade and shelter but also promising for desert afforestation. With the combined
efforts of the innovator, state and central government agencies, including the forest
department, and the local people, the planting was done on the deforested areas, community
lands and on-field bunds.
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Figure 2. Pilot projects during 1983-2018 on plantation of different trees and
their survival rates using one litre water technique.
The technique was found to be very successful and the survival rate of plants ranged between
75-90% (Fig. 2), as compared to less than 50% in the general methods adopted for agro-
forestry in arid lands. The technique is more productive, low cost and sustainable with higher
survival rates of planted saplings and can be used for planting all types of trees. During the
trials it was also observed that even if the sapling shoot was damaged by frost, the new shoot



germinated from the stumps and roots present in the soil. This technique not only provides
opportunities for better income generation from the produce of different trees for the people
inhabiting these arid areas, whose incomes from agricultural activities are very low as
compared to their counterparts living in other zones, but also ensures environmental
sustainability by combating desertification.

Conclusions

The one litre water plantation technique provided the farmers and other stakeholders of arid
regions low-cost tool to fight the climate change and desertification but with the prospects of
generating incomes through planting trees for food, fodder, fuel, timber, medicines etc. on the
arable lands, fallow lands and community pastures, and degraded lands. Despite being a
frugal and beneficial method capable of combating deforestation and providing sustainable
livelihood, the mass dissemination and adoption of this technique could not be achieved due
to lack of awareness and limited resources and support for popularization. There is a need
fora policy level intervention that encourages the adoption ofthis techniques in the
afforestation and other land management schemes in the arid zones.
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Extended Summary

Soil degradation is a major global concern and it results in impaired soil health. Poor soil
health leads to low input use efficiency and decreasing factor productivity. Continuous
reduction in soil organic matter levels is the principal cause of poor soil health and
diminished biodiversity in agricultural soils. This sets up a cascade of events - poor soil
biology in turn leads to low ability to build soil organic matter and sequester carbon, loss of
soil structure, hard-setting of soils, poor water holding capacity and poor aeration, all of
which then feedback into creating further adverse conditions for soil organisms and soil
biodiversity. Imbalanced fertilizer usage, intensive tillage, no return of organic materials to
soil etc., further accentuate these effects, which all finally lead to loss of soil resilience and
soil degradation. Thus, reversing soil biological degradation requires improving the soil’s
biology. The most important drivers of soil biology are those imposed by climate
(temperature, moisture), soil conditions (pH, habitat structure) and resource quality (type of
vegetation/management practice).

Knowledge of the modern concepts of soil organic matter formation and the underlying soil
biochemistry are important for a critical appreciation of their linkages to soil biological health
and its degradation. A major portion of soil organic matter (SOM) is aliphatic in source and
largely attributed to root input. Most soil N is composed of proteinaceous-tissue derived
materials and cell wall constituents. Amino sugars are important C and N constituents of
SOM and comprise 20-35% of soil organic carbon (SOC). A significant proportion of organic
nitrogen in soils arises from dead or living soil microbes. In undisturbed soils, 82 biochemical
compounds were identified in soil organic matter (Kallenbach et al., 2016); the principal ones
were protein and polysaccharides that made up half of the composition of SOM. The most
currently accepted pathway is that soil microbes are the principal agents of SOM formation
(Cotrufo et al., 2015) because microbial-derived carbon compounds are the primary
constituents of stable, long-term organic matter store.

Soil microbes consist mainly of proteins and homo-and hetero-polysaccharides (e.g. chitin,
peptidoglycan and lipopolysaccharides). Peptidoglycan accounts for 90% of the weight of
gram positive bacteria, is resistant to many chemical and biological processes and is found in
the most refractory components of SOM. Lipids are hydrophobic and stabilized considerably
in non-living SOM. So, SOM should actually be considered a synonym for all the various
forms of microbial biomass in soil (smaller active live portion to greater amounts of
necromass). SOM chemical heterogeneity is attributed to microbial metabolism of relatively
simple C components (Kallenbach et al, 2016); variations in SOM chemistry, hitherto
attributed to soil mineralogy, may also arise due to divergent microbial communities and their
metabolic products. Soil microbial biomass is the "eye of the needle" since all plant and



animal carbon inputs compounds are processed through them. Microbial physiological
processes that regulate microbial biomass production and turnover strongly relate to SOM
accumulation. Organic cropping has been reported to have higher organic carbon, microbial
biomass and microbial community, with higher metabolic growth rates, which lead to more
rapid incorporation of new carbon inputs into microbial biomass (higher carbon utilization
efficiency) and to greater retention of C inputs in the clay fraction of soil, than in the
conventional cropping (Kallenbach et al., 2015). So, biologically active and fertile soils will
continue to have a high production of microbial biomass and its turnover, leading ultimately
to improved SOM content (and greater soil carbon sequestration) since the latter arises from
the activity of the former.

A large, diverse, and active population of soil organisms is the most important indicator of a
"healthy" soil. Soil microbiome (the entire array of microorganisms in a particular
environment) is a sensitive indicator of soil health as it provides an indication of the direction
and magnitude of the changes in ecosystem structure and function, earlier and better than
other indicators. The ability of organic biodynamic fertilizers to improve soil quality was
evaluated in arid loamy sand soils in farmers’ fields in Rajasthan, India in cowpea cropping
and citrus orchards. Water holding capacity, organic carbon and ammoniacal nitrogen
improved significantly in organic farming. Microbial community was evaluated using both a
culture dependent and independent approach. Actinomycetes increased significantly in
organic cropping and in orchard by 92 and 100%, respectively, compared to conventional
management. Bacterial populations increased significantly on nutritionally diverse media in
organic farm soils over conventional, both copiotrophs (+52-119%) as well as oligotrophs
(+25-79%). The arbuscular mycorrhizal protein, glomalin increased by 56-82% in organic
farms. Nitrogen fixers, ammonifiers, nitrifiers and sulfur oxidizers did not show significant
differences. There was a consistent increase in soil enzymatic activities in organic farms -
acid phosphatase (1.5% in cropping; 3% in orchard), fluorescein diacetate hydrolysis (1.8%;
3.3%), dehydrogenase (2.4%; 3.5%) and B-glucosidase (2.2%; 6.3%). Quantification of 16S
rDNA abundance in soil using qPCR showed a clear 1.8 fold increase in both organic
cropping and organic orchard soils. The abundance of amoA gene decreased by 22 and 11
folds in organic cropping and orchards. The culture independent analysis of eubacterial 16S
rRNA gene showed that organically cropped farms and orchards had more diverse bacterial
community compared to the conventional.

The distribution of bacterial species observed in organic cropping is more even.
Representation of Proteobacteria among the eubacterial species was 20% lesser in organic as
compared to conventional cropping. Good soil biological health is thus directly reflected in
high numbers and activity of Actinobacteria, which were higher by 10% in organic cropping.
Overall, the results demonstrated unequivocally that organic amendments improved the
biological quality through an alteration of the microbial community structure and function.
We concluded that organic manures selectively modify the environment and make soil



ecosystems more sustainable and have thus designated organic amendments as ‘ecosystems
engineers’ (Aparna et al., 2014).

Ecological and agricultural interventions like residue addition, mulching, minimum or no-
tillage agriculture, organic farming, integrated nutrient management, agro-forestry practices
improve soil biological activity and promote production of microbial biomass and soil
organic matter. This implies that soils with the high microbial activity not only give a good
indication of its soil biological health but also its long-term potential to sequester carbon. In
further work, selected microbial consortia (Arthrobacter sp., Streptomyces sp., and Bacillus
sp.) were inoculated in a Bhopal Vertisol (pH: 8.15; EC: 0.26 mS cm-1, organic carbon
0.72%) to assess the formation of SOM in the presence of added organic materials (cereal
straw and legume residues) and N fertilizer. Results showed (Table 1) that carbon
mineralization (Cmin) from added residues increased from 19.6% in uninoculated unfertilized
soil to 22.4% in treatment where mixture of inoculants was used (a 14.3% increase). Due to
addition of N, Cmin increased from 19.6% to 27.5% (a 40.3% increase). Microbial inoculation
did not increase Cmin further in the N amended soil. Further, Cmin from FYM amended soils
increased by 120% whereas in unamended soils it increased by 260% owing to priming effect
of added N. The SOC content at 3 and 6 months of incubation showed progressive decrease
due to microbial activity. However at 6 months, among the various treatments, SOC was built
up over unamended control (0.63%) by crop residues (0.71%), FYM (0.82%) and
vermicompost (0.79%) amendments (Rao et al., 2019). Microbial inoculation increased the
organic C in crop residue amended soils to 0.83%. The organic carbon and labile carbon
content were highest in soils inoculated with microbial consortium. Other soil properties like
carbohydrate and extracellular protein content and soil dehydrogenase activity also indicated
improvement of soil biological health by microbial inoculation. Amendment with farm yard
manure (FYM) was at par with microbial inoculants in improving the soil biological
properties. The effects of inoculation tapered off at 9 months. Results pointed to the value of
mixed microbial inoculation in promoting carbon mineralization, SOM formation (soil C
sequestration) and biological activity.
Table 1. Carbon mineralization from added organic materials in a Vertisol at 120 days and

soil properties at 180 days of incubation as affected by inoculation with a selected
microbial consortium (MC)

Treatment Cum. CO2-C % added pH oC Labile C  Labile Carbo- Extra- DHA
evolved Chmin (%) (mgkgi1) C/OC hydrate cellular (ng TPF

(mg 100g-1 (120 d) (%) content protein g-1 24h-1)
soil) (120 d) (mg g-1s0il)  (mg g-1 soil)

Control 9.7 0 8.10 0.63 303 4.85 1.77 0.18 21.4

Cereal residue 85.7 12.6 8.10 0.76 477 6.24 2.29 0.20 43.6

Legume residue 98.0 21.9 8.00 0.71 378 5.31 2.86 0.24 35.1

C + Lresidues 110.8 19.6 8.06 0.71 385 5.41 2.73 0.20 31.9

FYM 34.6 12.2 8.03 0.82 497 6.02 291 0.28 25.8

Vermicompost 18.2 8.6 815 0.79 437 5.53 2.83 0.23 20.3

C+L+MC 126.6 22.4 776 0.83 841 9.88 2.93 0.27 325

inoculum




SOM is the main stay of soil health and the studies all over India have shown that integrated
nutrient management systems involving a combination of chemical fertilizers and organic
manures are the best for nutrient supply and for building up SOM and maintaining soil health
in the long run. Aparna et. al. (2016), in a study in semi-arid zone vertisols in Guntur, India,
showed that cultivation of legumes improved soil biological health and protected the soils
from adverse effects of very high chemical inputs. There was a dramatic increase in -
glucosidase activity (325%), alkaline and acid phosphatase activities (27% and 105%) and
decrease in labile carbon mineralization quotient (QMLC) by 37%, indicative of the beneficial
effect of legume cultivation even under intensive chemical farming. The deterioration of soil
health was obvious in chilli cultivation under intensive chemical farming, where qMLC
increased by 49%.

In a long-term experiment on pearl millet conducted for 21 years at Central Arid Zone
Research Institute, Jodhpur, India (Saxena et al., 2018), the highest yield sustainability was
obtained with combined application of 2.5 t ha-1 organic manure and 20 kg urea-N ha-1.
However, highest yield and buildup of organic carbon (2.9 g kg-1) and microbial biomass
(67.2 ng g-1) as well as dehydrogenase activity were observed when 5 t ha-1 manure + 40 kg
urea-N ha-1 were applied. The labile and highly labile fractions of SOM (due to high
microbial activity) as also the least labile fraction (implying more C sequestration) were also
highest with 5 t manure + 40N.

Based on a review of global and Indian literature, Rao (2013) concluded that easy-to-measure
soil biological parameters that give a good idea of soil health include 1) organic C and labile
C, ii1) soil respiration, iii) population of diazotrophs (N fixers), iv) soil dehydrogenase
activity, v) soil enzymes viz., B-glucosidase and acid phosphatase, and vi) glomalin content.
All these are inter-related and are of the ‘more is better’ type. Parameters like microbial
biomass carbon, dehydrogenase activity and potentially mineralizable N (PMN) are very
important soil biological indicators but their measurements are time consuming. Soil organic
C has a high relationship with biological quality parameters like microbial biomass and soil
enzymes. Microbial quotient, i.e. the ratio of microbial C to organic C (Cmic/Corg ratio),
gives a good indication of ecosystem efficiency i.e., how efficiently the microbes are in
breaking down the available carbon to build up their population and biomass.

The proportion of microbial biomass carbon to total organic carbon varies from 2-4% in
agricultural soils. A decrease of this proportion over time or with a particular treatment
implies a reduction in microbial transformation and intensity. Microbial metabolic quotient
(qCO2) or biomass specific respiration (CO2-C evolved/Cmic) gives an excellent indication
of the eco-physiology of the microbes with lower values indicative of ecosystem equilibrium
or maturity. Based on our previous experimental work (Aparna et al., 2014, 2016; Malhotra
et al., 2015) and the currently on-going work, it is felt that many of the parameters are well
correlated to each other and are good surrogates. Soil enzyme activities are often well
correlated to each other, especially as all the four are hydrolases.

A summary of the most important parameters that reflect soil health is shown in Table 2.
They constitute a good minimum data set for research laboratories.



Table 2. Minimum data set for soil biological quality

#  Function Attribute Notes

Organic matter SOC Compound indicator of soil health; Microbially derived product of organic
matter breakdown and formation of biomolecules. Well correlated with
other indices

2 Microbial biomass  Labile C Easily available carbon source for microbes; good indicator of soil C
sequestration; well correlated to microbial biomass

3 Microbial activity ~ CO2 evolution Best indicator of overall soil biological activity; well correlated to soil
microbial biomass and N mineralization

B-glucosidase Significant correlations between soil enzymes and soil microbial biomass,
soil bulk density and soil aggregation. Most sensitive indicator of SOM
dynamics, biogeochemical cycling and management influence on soil
health

4 Available Nitrogen  Soil protein Largest source of organic N derived from plant roots, animals and
microbes; key source of N for mineralization and driver of the growth of
microbes

Conclusion

Soils with the high microbial activity not only indicate good soil health but also their
longterm ability to sequester carbon. Microorganisms are the principal agents for the
formation of the mixture of organic molecules that is soil organic matter (SOM). Any
agricultural intervention that improves microbial biomass formation and provides conditions
for its rapid turnover, translates into higher amounts of soil organic matter. Microbial
inoculation promotes carbon mineralization, soil organic matter formation and biological
activity. Microbial inoculants thus have a high potential to induce carbon sequestration in
soils. Soil microbial biomass (active as well as necromass) and SOM are thus two sides of the
same coin and represent a continuum. SOM is well correlated to all the crucial soil quality
indices. The active fraction of SOM that is easily decomposable, viz. labile C, is well
correlated to microbial biomass. The soil organic matter content and labile C as quantitative
parameters and soil respiration as an activity parameter are the best integrated indices of soil
health that are easy to determine and can be adopted on a large scale for routine use in soil
testing laboratories.
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Extended Summary

South Asia, particularly its agriculture, is highly vulnerable to climate change and has
emerged as Global Hotspot. Among the world’s nearly seven billion people, 1.7 billion live
in South Asia. By 2050, that number is expected to rise to 2.4 billion people. Having
predominantly smallholder systems, the farming in the region is challenged with mounting
pressure on natural resources compounded with growing uncertainties and risks of global
climate change. Hence, ‘business as usual farming practices’ will not be able to help us
attaining Sustainable Development Goals (SDGs).

Climate change is real and increasing climatic variability affects most of the biological,
physical and chemical processes that drive productivity of agricultural systems. Moreover,
since most of arable land in the region is already under cultivation, there is no scope left for
horizontal expansion of farming; yet we need to produce 70% more food to feed the projected
population by 2050. Nonetheless, having high risks of climate change induced extreme
weather events, the crop yields in the region are predicted to decrease from 10 to 40% by
2050, with risks of crop failure in several highly vulnerable areas. Increase in mean
temperature, increased variability both in temperature and rainfall patterns, changes in water
availability, shift in growing season, rising frequency of extreme events such as terminal heat,
floods, storms, droughts, sea level rise, salinization and perturbations in ecosystems have
already affected the livelihood of millions of people.

Studies show that there would be at least 10% increase in irrigation water demand in arid and
semi-arid region of Asia with a 1°C rise in temperature. Thus, climate change could result in
the increased demand for water, further aggravating resource scarcity. Moreover, climate
change can intensify the degradation process of natural resources, which are central to meet
the increased food demand. On the other hand, changing land use pattern, natural resource
degradation (especially land and water), urbanization and increasing pollution could affect
the ecosystem in this region directly and also indirectly through their impacts on climatic
variables (Lal, 2016).

For example, the research has revealed that by 2050 about 51% of the Indo-Gangetic Plains
may become unsuitable for wheat crop, a major food security crop of region, because of
increased heat-stress (Lobell et al., 2012). Therefore, adaptation to climate change is no
longer an option but a compulsion to minimize the loss due to adverse impacts of climate
change and reduce vulnerability (Jat ez al., 2016). Moreover, while maintaining a steady pace
of development, the region would also need to reduce its environmental footprint from
agriculture to meet the Paris Agreement commitments.



This warrants a paradigm shifts in agronomic management optimization not only to produce
more but with higher efficiency of production inputs while sustaining natural resource base
and reducing environmental footprints of food production. Conscious efforts are, therefore,
needed to shuffle the unsustainable elements of conventional tillage based monoculture
production paradigm with temporally and spatially more productive, profitable and adapted
sustainable production farming. Conservation Agriculture (CA) - based management system,
with elements of site-specificity of component technologies that aim to achieve production
intensification, same/higher yields and high profitability, while improving the efficiency of
external production inputs and natural resource base, is one of the ways for attaining
sustainable intensification and continued food and livelihood security. With local adaptations
and situation-specific refinements, the CA-based practices have shown tremendous potential
to attain sustainable intensification across the ecologies, production systems, soil types and
farm typologies around the world. No wonder, the global adoption of CA systems has now
passed 180 mha mark (Kassam et al., 2018).

In South Asia, CA technologies have been developed, adapted and promoted since past 2
decades primarily to increase farm incom