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Abstract

Arid agriculture otherwise known as dry land
agriculture can be precisely defined as raising
food crops in areas devoid of irrigation
facilities, where soil moisture evaporation rate
exceeds rainfall. Though characterized by
highly fluctuating climatic conditions, scarce
water resource as well as poor soil for crop
cultivation, the arid regions of world still
account for 46% of the global land coverage
accommodating nearly 2 billion of population.
As the present-day arid lands are on a verge of
deterioration owing to the population invasion,
urbanization as well as industrialization, there is
a need for introduction of new innovative
methodologies and novel paradigms to boost the
crop production, amidst the stressful
environment under arid ecosystem, to meet food
demand of exploding population all the while
considering sustainability and restoration into
account. One of such innovations is vertical
farming, where plants are cultivated in stacked
layers under enclosed environment ensuring
resource optimization. Hydroponics, on the
other hand, represents another highly acclaimed
achievement in the sector of soilless cultivation,
offering significant water savings of up to 90%.
This technology has proven to be a remarkable
boon for arid farming regions. Through the use
of a nutrient-rich water solution, crops are
grown in a closed-loop system that minimizes
both surface runoff and evaporative water loss,
ensuring more efficient use of water resources.
This innovative approach has been widely
recognized and praised for its potential to
revolutionize agricultural practices in water-
scarce areas, providing a sustainable solution to
traditional soil-based farming challenges. A set
of revolutionary smart farming practices such as
precision technology, development of tolerant
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cultivars, automation and mechanization etc.
have been discussed in this chapter to augment
the crop productivity, which in turn will aid in
enhancing economic status and livelihood
security of the farmers in arid zones.

Keywords: Arid agriculture, innovation,
vertical farming, hydroponics

I. INTRODUCTION

The global population is evolving and it is predicted to surpass 9.7 billion by the end of 2050
[1]. It would necessitate an increase in provision of food by 50% in 2030, and by 70% in the
coming 40 years in order to meet the soaring demand for food [2]. However, the cultivable
land for producing food is being invaded by the growing population, urbanization as well as
industrialization, and is expected to reduce one-third of its current availability [3]. Arid
agriculture, in general, encounters several challenges concerning degradation of arable land,
desertification, pest incidence, and climatic adversity together resulting in lower production
of food crops [4, 5]. A frequent use of high dose synthetic fertilizers for augmenting crop
yield and pesticides for protecting the crop from detrimental pest and pathogens has been
observed in arid agriculture [6]. Extension of urbanization and industrialization is
contributing towards aggravated emission of greenhouse gases ultimately leading to the
present day climate crisis. Arid agriculture requires a climate smart crop production
technology that proficiently makes use of land, water, fertilizer, plant protection chemicals as
well as other essential farm inputs to augment the crop harvest [7, 8]. The modern faming era
is bestowed with many efficient technologies that not only save valuable time but also help in
optimization of limited agricultural resources [9]. Keeping the sustainability in mind, the
newly emerging food production technologies should be designed in such a way that they will
be able to transform agriculture in response to rising population, limited available resources,
and climatic variability [10, 11].

According to United Nations Convention to Combat Desertification (UNCCD, 1994),
drylands are defined as area with aridity index below than 0.65. The global coverage of
dryland accounts 46% of the total land surfaces available [12] accommodating about 2 billion
people (1/3" of world population), 90% of which is confined in developing countries.
Globally, dryland constitutes hyper arid, arid, semi-arid and dry sub humid regions [13],
whereas in India, mostly arid, semi-arid, and dry-subhumid areas are reported (Figure 1).
Dryland are contemplated to be highly wvulnerable towards change in environment,
particularly desertification which ultimately leads to degradation of arable land [14]. The
climatic aberration is causing an extension in global dryland area, the recorded data depicting
already 4% increase in dryland area since 1948—1962. It has also been estimated that a spatial
increase in dryland area by 11-23% is likely to occur by 2100 that will comprise a coverage
of 56% of the world terrestrial surface as arid regions [15]. A significant portion of the planet
being arid or semi-arid, faces a variety of challenges such as extended periods of drought,
inconsistent and low rainfall, significant wind and water erosion, intense heat waves and
frequent droughts, exposed and deteriorated soil, and salinity issues in some low-lying areas
[16].

Page 73



Advancements in Arid Agriculture for the 21% Century:

Emerging Paradigms, Innovations, and Future Prospects

E-ISBN: 978-93-7020-232-0

IIP Series, Chapter 5

FUTURISTIC INNOVATIONS AND PARADIGMS IN ARID
AGRICULTURE: VERTICAL FARMING, HYDROPONICS, AND BEYOND

66.00 72.00 78.00 84.00 90.00 96.00

42.00
42.00

DRYLAND MAPPING OF INDIA

36.00
36.00

30.00

30.00

24.00
24.00

18.00
18.00

LEGEND

12.00
12.00

mm ARID
COSEMIARID
= SUBHUMID
< 0 125 250 375km ©
I .
g 66.00 72.00 78.00 84.00 90.00 96.00 S

Figure 1: Dryland mapping of India depicting the spatial distribution of arid,
semi-arid and sub-humid regions

Climate change poses a potential threat exacerbating not only the extent and severity of land
deterioration but also diminishing the efficiency and sustainability of restoration operations.
As arid farming in India constitutes 45% of the total agriculture, it is a high time for adoption
of technological innovations, opening new opportunities to boost the crop productivity in this
sector [17]. The majority of people in these arid regions who depend on agriculture for a
living are unable to handle these issues due to a lack of resources, low production, and a
variety of unfavourable social and economic conditions [16]. The agriculture production
system in arid and semi-arid regions must reduce these issues while raising the income,
boosting productivity, lowering risk, conserving and using resources effectively and
mitigating and adapting to climate change. Addressing the various climatic and
environmental issues in these arid regions, researchers have developed a variety of
agricultural systems and management options. The following chapter explores the various
approaches to farming in arid zones. It will cover a range of innovative and futuristic
technologies that have been developed and adapted to cope with the challenges posed by the
arid environments.
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II. CHALLENGES FACED IN ARID AGRICULTURE

The long term change in the day to day weather parameters lead to changes in climate.
Significant temperature fluctuations, patterns of rainfall, frequency of occurrence of cyclones,
droughts are some of the indicators of climate change [18]. Deforestation, burning of fossil
fuels, different industrial processes is some of the factors that have enhanced climate change
during the past decade. Since the start of the Industrial Revolution, human activities have
pumped a lot of chlorofluorocarbons into the air, like CO2, CHs, and NO». Up to 2011, about
2040 billion tons of carbon dioxide was released into the atmosphere, and around 40% of that
has stayed there, heating up the planet [19]. The rest got absorbed by plants, soil, and the
oceans. The oceans took in about 30% of that carbon dioxide, which made them more acidic.
Almost half of all the carbon dioxide released happened just in the last 40 years. Recent
extreme weather events like scorching heat waves, devastating droughts, rampant floods,
powerful cyclones, and raging wildfires are showcasing just how vulnerable both ecosystems
and human societies are to the unpredictable twists of today's climate (Figure 2). In many
places around the world, heavy rainstorms are becoming more common, causing floods in
more areas than before. A trend has been observed of more intense downpours and higher
water levels in certain river areas, which means there's a growing risk of flooding in those
regions. Since the IPCC's Fourth Assessment Report (AR4), more evidences have been
gathered pointing to human activities affecting the climate. It's now very likely that over half
of the rise in the average temperature of Earth’s surface between 1951 and 2010 was due to
humans increasing greenhouse gas levels and other human-induced factors [20].
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Figure 2: Climate change and its effects on society and economy (Source:
www.encompasshk.com/climatechange/, Accessed on 26™ May, 2024)
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Climate changes have varied effects on social and economic sectors. Disruption in the
patterns of rainfall leads to less agricultural production which in turn gives rise to food
shortages. Less availability of fresh drinking water, water for irrigation is some of the major
problems due to water scarcity. Human health also gets affected due to climate change.
Prolonged exposure to sun and heat waves cause heat related illness. Productivity and
capacity of human also gets affected.

Every year, the average global temperature keeps going up. According to Statista's August
2023 report (Figure 3), August marked the highest temperature increase compared to the base
period of 1880. The increase in greenhouse gases is directly linked to the rising atmospheric
temperature. These gases, like oxides of carbon, ozone (O3), and water vapour (H20), trap the
heat radiated by the atmosphere and surface of earth, causing the planet to warm up.

Climate change has huge impacts on arid land resources. The impacts are as follows:

1. Increased Aridity: In the 21% entury, the probability of occurrence of droughts will
become more widespread globally, leading to severe mega-droughts. This shift in climate
from the previous millennium poses a significant challenge for adaptation. In the future,
droughts will occur in much warmer places with higher temperatures compared to recent
data, which will greatly stress natural ecosystems and agriculture. Additionally, recent
years have seen a widespread depletion of non-renewable groundwater reserves, which is
crucial for adaptation [21].

Earth Is Heating Up
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Figure 3: Rise in monthly average temperature in the selected years (Source:
https://www.statista.com/chart/19048/global-warming-monthly-divergence, Accessed on 26™
May, 2024)
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2. Desertification: Desertification characterised by land use change and soil degradation in
arid, semiarid, and dry sub humid regions that occurs by multiple factors, inclusive of
climatic fluctuations and human activities according to United Nation Convention to
Combat Desertification (1994). It has been a key topic in global discussions on nature’s
sustainability. An estimated 6 to 12 million square kilometres of land worldwide are
affected by desertification, posing serious risks to the environment, societies, and
livelihoods [22]. The combined effect of technology and human has made land
degradation and desertification a serious issue. Desertification occurs when there's a
chronic imbalance between the needs of people and livestock in dry areas and the ability
of ecosystems to provide essential services. Dryland ecosystems face growing demands
for services like food, water, fuel, construction materials, and sanitation, placing
increasing strain on these environments [23]. The rise in desertification is the result of
both human-induced and climate-related factors. Human factors include population
growth, socioeconomic influences, policy decisions, and global phenomena such as
disruptions in international food markets. Additionally, direct human activities like land
use practices contribute to desertification [24]. Climate-related factors, such as droughts
and the anticipated decrease in freshwater resources due to global warming are also
significant concerns.

3. Water Scarcity: The rapid increase in water demand for both agricultural and non-
agricultural purposes, coupled with inadequate water infrastructure and climate change
impacts, leads to water scarcity [19]. When water becomes scarce, its impact is primarily
felt in agriculture, which is the biggest consumer of water in India. Nationally, the overall
requirement for water, including both agricultural as well as non-agricultural sectors, rises
by around 0.4%, equivalent to approximately 2.3 billion cubic meters, referred to the base
year. This increase accounts to switch in the productivity of rain-fed as well as irrigated
crops triggered by climatic changes. Consequently, the combined effects of climate
change and water scarcity result in a decrease in food production output in India by
$2,132 million in 2030 referred to the base year [25].

4. Loss of Bio Diversity: Increase in atmospheric concentrations of CO2 and use of
chlorofluorocarbons have added to climate change which in turn have caused in
biodiversity losses. Alterations in land use, such as converting temperate grasslands to
croplands or tropical forests to grasslands, lead to the disappearance of many plant
species and the animals that depend on them for habitat. Land-use changes also have a
significant impact on below-ground organisms [26]. The FAO predicts a roughly 70%
surge in worldwide food demand between 2000 and 2050, potentially resulting in more
habitat destruction to accommodate expanded cropland. Apart from deforestation for
agriculture and pasture, commercial exploitation of forests poses an additional threat to
biodiversity, particularly in tropical regions [27].

5. Increased Wildfire Risk: Climate change is behind the surge in wildfires, fuelled by
fluctuating moisture levels that alternate between wet and dry conditions, promoting the
growth of biomass which then catch fire [28]. Rising drought occurrences, along with
warmer temperatures, further aggravate the situation, intensifying wildfire activity. The
impact of climate on wildfire risks grounds largely upon moisture availability. A wet
growing season encourages the lush growth of vegetation, particularly fine fuels, while
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dry conditions expand the flammability of both living and dead vegetation, serving as fuel
for wildfires during fire seasons [29].

6. Impact on Agriculture: A temperature increase of 1.5°C would lead to a 13% decrease
in crop net revenues, equivalent to a loss of US$93 billion annually. Doubling that
temperature rise to 3°C would result in a 28% reduction in net revenues, totalling a yearly
loss of US$195 billion [30]. The connections among climate change, agriculture and food
production is deeply interconnected, with rapid shifts in climatic conditions posing a
significant warning to world food security. World Food Programme (WFP) report of 2018
highlighted that the growth in per hectare crop yield is considerably lagging behind as the
rate of population increases. In 2016 Food and Agriculture Organization (FAO) published
data that suggests , if current trends of not only greenhouse gas emissions but also climate
change persists, a decrease in the production of key cereal crops will be seen by the year
2100. This decline could be for maize yields ranging from 20% to 45%, for wheat 5% to
50%, and 20% to 30% for rice.

III. ADAPTION MEASURES TO COMBAT CLIMATIC ADVERSITY OVER ARID
AGRICULTURE

Climate change is a key global concern that affects water supply worldwide. Only 0.5% of
Earth's water is useable freshwater, and its availability is being impacted by climate change.
Over the last two decades, terrestrial water storage has dropped by 1 cm per year, mainly
affecting dry and semi-arid regions. This loss exacerbates already challenging water
management issues, particularly in the Middle East, North Africa, and portions of Asia and
the Americas. Furthermore, climate change-induced changes in precipitation patterns, such as
lower rainfall frequency but increased intensity, are projected to result in more frequent
droughts and floods. These changes will influence not just local economies, but also related
areas, increasing overall water stress.

1. Management of Water Resources: Water resource management is the complete
planning, development, and conservation of water supplies, addressing both quantity and
quality concerns in various sectors including agriculture, industry, and residential usage.
It involves the construction of organisations, infrastructure, and laws to optimise water
use while protecting against dangers such as floods, drought, and contaminants.
Achieving water security is critical in the face of rising water shortages, climate change
effects, and aquatic ecosystem degradation. Water's interaction with socioeconomic
variables and ecological health requires integrated water management techniques.

2. Initiatives such as Rajasthan's 'Mukhya Mantri Jal Swavlamban Abhiyan' focus on the
grassroots adoption of water conservation and harvesting practices in rural regions to
improve water supply. Similarly, Maharashtra's 'Jalyukt-Shivar' initiative aims to alleviate
water scarcity by introducing watershed management methods in hundreds of
communities every year. In Telangana, the 'Mission Kakatiya' effort seeks to increase
agricultural output and revenue for small and marginal farmers. It accomplishes this by
upgrading minor irrigation infrastructure, encouraging community-based water resource
management, and implementing extensive tank repair programmes.
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These efforts highlight the significance of using localised, community-driven approaches
to successfully manage water concerns. Water management activities may be integrated
with wider development goals to improve resilience to climate change, promote
sustainable water usage, and provide equitable access to this crucial resource for all.

Crop and Biodiversity Conservation: Arid areas, with their scarce rainfall and severe
climatic conditions, provide distinct challenges to agricultural techniques and biodiversity
protection. Striking a balance between crop production and the preservation of vulnerable
ecosystems in these locations is critical to ensuring food security and environmental
sustainability. Agroecosystem management in dry places can play an important role in
sustaining global biodiversity levels [31]. Diversification strategies that combine
components of biodiversity have been proposed as a way to lessen agricultural
production's environmental effect while maintaining output. A few methods for
biodiversity conservation are mentioned below:

Methods of Biodiversity Conservation

e In-Situ Conservation: This strategy is primarily concerned with the protection and
preservation of natural habitats and ecosystems in their original condition. It entails
the creation and maintenance of protected places including national parks, animal
reserves, marine sanctuaries, and biodiversity hotspots. These regions act as refuges
for a wide variety of species, providing critical habitat for animals to thrive. In situ
conservation initiatives seek to sustain ecosystem integrity and function by protecting
essential habitats, biological processes, and biodiversity hotspots. In situ conservation
includes not just protected areas, but also habitat restoration, sustainable land
management, and community-based conservation projects [32]. Conservation
biologists and land managers collaborate to determine conservation priorities based on
species richness, habitat diversity, and ecosystem services. Habitat restoration
programmes may rehabilitate and restore damaged habitats to their natural state,
improving biodiversity and ecosystem resilience.

e Ex-Situ Conservation: Ex-situ conservation refers to the protection of species
outside of their natural environments. This strategy is especially crucial for species
that are highly endangered, extinct in the wild, or under urgent threat in their natural
habitats. Ex situ conservation approaches include captive breeding, botanical gardens,
zoos, seed banks, and germplasm repositories. Captive breeding programmes are
critical for keeping endangered species alive and averting extinction. Botanical
gardens and seed banks protect plant species by collecting and storing seeds, tissues,
or live specimens for later use in restoration and reintroduction efforts. Zoos and
aquariums educate the public while also helping to conserve animals via research,
breeding programmes, and conservation education projects.

e Restoration Ecology: Restoration ecology is a multidisciplinary field that focuses on
repairing and restoring damaged ecosystems to their original or close-to-natural form.
Human actions such as deforestation, habitat fragmentation, pollution, and invasive
species have all contributed to ecosystem degradation, resulting in the loss of
biodiversity and ecosystem services. Restoration initiatives seek to reverse these
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trends and strengthen ecosystem resilience by restoring ecological processes, habitats,
and species diversity.

Restoration initiatives may include reforestation, wetland restoration, riparian buffer
establishment, and habitat rehabilitation. These initiatives frequently need meticulous
planning, monitoring, and adaptive management to achieve success. Restoration
ecology also includes ecological succession, habitat construction, and ecosystem
engineering strategies to speed up the recovery of damaged ecosystems and conserve
biodiversity [33].

Sustainable Use Practices: Sustainable use techniques involve managing natural
resources in such a manner that they remain viable in the long run while serving the
demands of current and future generations. This approach acknowledges the intrinsic
importance of biodiversity and seeks to strike a balance between conservation
objectives and socioeconomic development goals. Sustainable use techniques cover a
wide range of activities, including sustainable agriculture, forestry, fishery, tourism,
and hunting. Agroforestry, organic farming, integrated pest control, and sustainable
land management techniques are examples of sustainable agricultural systems that
help to conserve biodiversity while improving food security and livelihoods [33].
Sustainable forestry strategies, such as selective logging, reduced-impact logging, and
forest certification systems, seek to preserve forest biodiversity and ecosystem
services while also promoting timber production and forest-based enterprises.

Legislation and Policy: Legislation and policy frameworks play an important role in
biodiversity conservation because they provide a legal and regulatory framework for
preserving species, habitats, and ecosystems. Governments, international
organisations, and non-governmental organisations (NGOs) pass legislation, rules,
and policies to protect biodiversity, control land use, and manage natural resources
sustainably. Protected area designations, wildlife protection legislation, environmental
impact assessments, land-use planning restrictions, and biodiversity conservation
programmes are examples of legal and policy tools used to safeguard biodiversity.
International agreements such as the Convention on Biological Diversity (CBD),
and the Convention on International Trade in Endangered Species of Wild Fauna and
Flora (CITES) serve as foundations for international cooperation for biodiversity
protection [34].

Community Engagement and Education: Community participation and education
are critical components of any biodiversity protection program. Engaging local
communities in conservation initiatives and creating knowledge about the value of
biodiversity fosters stewardship and ownership among local stakeholders.
Community-based conservation initiatives enable local people to engage in decision-
making, share traditional knowledge, and carry out culturally and socially acceptable
conservation actions.

Education and outreach programmes assist in raising knowledge of biodiversity
conservation challenges, encourage sustainable behaviour change, and create capacity
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in local communities, schools, and institutions. These programmes may involve
environmental education, participatory workshops, community-based monitoring, and
ecotourism activities that benefit residents while supporting conservation objectives
[34].

e Combatting Invasive Species: Invasive species are non-native organisms that can
grow quickly, outcompete native species, interfere with ecosystems, and cause
environmental and economic damage. Invasive species pose a severe danger to
biodiversity and ecosystem function globally, particularly on islands and in vulnerable
ecosystems with high endemism. To mitigate the effects of invasive species and
conserve native biodiversity, it is critical to prevent their introduction, detect them
early, respond quickly, and apply control measures. Integrated management
techniques include prevention, eradication, containment, and control strategies
adapted to the unique characteristics of invasive species and ecosystems. Biosecurity
measures, quarantine rules, invasive species risk assessments, and public awareness
campaigns are critical components of invasive species control measures.

e Ecological Networks and Corridors: Ecological networks and corridors are
essential for sustaining landscape connection and promoting species migration across
fragmented habitats. Human activities such as urbanisation, infrastructure
development, and agriculture cause habitat fragmentation, which poses a danger to
biodiversity by separating populations, limiting genetic diversity, and impeding
species dispersion and migration [35].

Ecological networks are created by connecting protected areas, wildlife corridors,
greenways, and habitat patches to form contiguous habitat networks that allow
animals to migrate across landscapes. These networks improve ecosystem resilience,
encourage gene flow, and aid in adaptation to environmental change by allowing
species to move, disperse, and colonise new habitats. Ecological corridors also
provide valuable ecological services such as pollination, seed dissemination, and
natural pest control, benefiting wildlife and human settlements.

e Research and monitoring: Research and monitoring are critical to biodiversity
conservation because they provide scientific knowledge and evidence-based
information to help guide decision-making and adaptive management practices.
Conservationists can use monitoring programmes to track changes in species
populations, habitats, and ecosystems across time.

4. Rehabilitation of Marginal Lands: Marginal lands, which are frequently marked by low
soil quality, limited water supplies, and harsh environmental circumstances, have long
been disregarded in the quest for agricultural output. However, as the need to address
climate change concerns grows, these ignored regions have emerged as critical
components in the struggle to reduce its consequences. The restoration of marginal areas
provides a diverse strategy to mitigate the effects of climate change. These areas can be
turned into resilient and productive ecosystems by using sustainable land management
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strategies like agroforestry, which integrates agricultural, animal, and tree production
systems.

Restoring deteriorated farmlands, which are often abandoned worldwide, can play a
significant role in combating climate change. These areas spontaneously restore flora and
soil carbon by absorbing CO» from the atmosphere. However, active restoration efforts
can improve this process by sequestering carbon through measures such as plant diversity
promotion, renewable energy use, and biochar use [36]. Rehabilitating marginal lands
helps to minimise climate change while also addressing land degradation and promoting
sustainable land management practices. To properly restore these areas, a variety of
strategies have been proposed and applied, including restoring plant diversity and using
biochar. These activities provide a critical opportunity to improve environmental
sustainability while combating climate change. A few methods are:

o Agroforestry Systems: Agroforestry is the integration of trees or shrubs into
agricultural systems, which provides several benefits such as carbon sequestration,
improved soil health, biodiversity protection, and climate change adaptation.
Agroforestry, which combines tree planting with farming or grazing, increases land
productivity while sequestering carbon in biomass and soil. It combats climate change
by lowering and storing carbon dioxide emissions, as well as improving adaptation
via ecosystem variety and resistance to harsh weather. Agroforestry also improves soil
quality, lowers erosion, and promotes nutrient cycling, all of which contribute to more
sustainable agriculture. Overall, it provides several benefits, including habitat
extension, clean water, biodiversity support, and agricultural genetic variability,
making it an important strategy for climate change mitigation and adaptation.

e Restoration of Afforestation: Restoration afforestation is an integrated approach that
involves re-establishing forests in deforested or degraded areas to restore ecosystem
functioning, increase biodiversity, reduce climate change, and give socioeconomic
advantages. It starts with site selection and preparation, followed by the selection and
multiplication of appropriate tree species in nurseries. Planting and establishment use
a variety of strategies customised to site circumstances and species
characteristics. Restoration afforestation offers critical ecological services such as
carbon sequestration, soil erosion management, and habitat supply while also
benefiting local populations through livelihood possibilities and cultural values.
Furthermore, regenerated forests contribute to climate resilience by concealing carbon
[33].

e Soil Amendment Techniques: Soil amendment procedures, such as
biochar application, composting, and mulching, are critical for improving soil fertility,
structure, and carbon storage. Biochar enhances soil health by boosting nutrient
retention and microbial activity, whereas composting enriches soil organic matter and
increases nutrient availability for plants. Mulching retains soil moisture and controls
temperature, boosting plant development while reducing weeds. These measures not
only increase agricultural output but also trap carbon in soils, therefore reducing
climate change by storing atmospheric CO». They also increase soil resistance to
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environmental pressures like drought and erosion, which promotes sustainable land
management and ecosystem health.

¢ Grassland Restoration: Grassland restoration involves reviving degraded grasslands
or turning croplands back to natural perennial grasses, which provides several benefits
to ecosystems and communities. It focuses on native grass species to increase
biodiversity and ecological resilience. Restored grasslands trap carbon, improve soil
fertility, and retain moisture, contributing to climate change mitigation and
sustainable land management. They offer critical habitat for native plants and animals,
promoting biodiversity and ecological services such as pollination. Grassland
restoration also decreases soil erosion, enhances water infiltration, and helps to buffer
droughts and floods, so increasing landscape resilience. Additionally, it generates
socio-economic opportunities through sustainable grazing, ecotourism, and cultural
preservation. Overall, grassland restoration combines environmental protection,
climate action, and community well-being to create resilient and sustainable
landscapes for future generations [32].

e Integrated Landscape Management (ILM): Integrated Landscape Management
(ILM) is a comprehensive approach to land management that balances ecological,
social, and economic goals across connected landscapes, making it an effective tool
for combating climate change. It addresses the complex relationships of land users,
ecosystems, and stakeholders, emphasising collaborative decision-making and
adaptive management. ILM optimises resource usage, reduces disputes, and
maximises ecosystem benefits by combining various activities such as agriculture,
forestry, conservation, and urban development. It discovers climate change
possibilities by utilising natural processes like reforestation and sustainable
agriculture to increase carbon sequestration and resilience [35]. Stakeholder
participation ensures that multiple viewpoints are considered, promoting inclusive
planning and execution. Adaptive management constantly modifies tactics to reflect
landscape dynamics and stakeholder demands, fostering resilience and sustainability.

The Western Ghats environment in India is an example of integrated landscape
management (ILM), since it is a UNESCO World Heritage Site and one of the world's
eight hottest biological diversity hotspots. The Western Ghats region is a mosaic of
habitats that include tropical rainforests, grasslands, wetlands, and agricultural
landscapes, all of which support a diverse range of flora and wildlife. However, this
biodiversity hotspot is experiencing several difficulties, including deforestation,
habitat fragmentation, land degradation, and climate change effects. In response to
these challenges, a variety of stakeholders, including government agencies, non-
governmental organisations (NGOs), local communities, and private sector actors,
have collaborated to implement integrated landscape management approaches aimed
at preserving biodiversity, promoting sustainable land use practices, and improving
climate resilience.

5. Role of Science and Technology: According to the UN Under-Secretary-General for

Economic and Social Affairs, Liu Zhenmin, science and technology are critical in
solving climate change. Renewable energy, carbon capture, and innovative farming
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techniques have enormous potential for lowering greenhouse gas emissions and
increasing climate resilience. When combined with scientific research, such measures
give comprehensive insights and practical answers across several industries. Science and
technology provide a variety of techniques for combating climate change and promoting
global collaboration, ranging from the use of renewable energy to enhanced monitoring
systems [36]. By combining these tools, society can manage climate difficulties and work
towards a more sustainable and resilient future for everyone.

e Renewable Energy Technologies: Solar photovoltaic (PV) systems are an excellent
illustration of how technology is accelerating the shift to sustainable energy.
Advances in PV technology have resulted in higher efficiency and lower prices,
making solar energy more affordable and competitive with fossil fuels. Integrated
systems, such as solar microgrids, provide dependable power to isolated populations
while reducing reliance on polluting energy sources. Furthermore, grid-scale solar
farms add considerable amounts of renewable energy to national electrical networks,
replacing emissions from coal and natural gas power plants. For example, arid places
have plenty of sunshine, making them excellent for solar power generation. Solar PV
systems can be installed in these regions to convert solar energy into electricity. These
solar projects not only cut greenhouse gas emissions by replacing fossil fuel-based
electricity generation, but they also help to provide energy security and economic
growth in dry regions [32].

e Carbon Capture and Storage (CCS): CCS systems capture and store CO; emissions
from industrial processes and power plants, keeping them from entering the
environment. One example is the Sleipner Project in Norway, which captures CO>
from natural gas production and injects it into subterranean geological formations for
long-term storage [34]. CCS can drastically cut emissions from big industrial sources,
allowing for a smoother transition to a low-carbon economy and reducing climate
change.

e Climate Modelling and Predictive Analytics: Advanced climate models simulate
future climate scenarios using various emission trajectories, assisting policymakers
and stakeholders in understanding possible consequences and developing adaption
measures. High-resolution weather forecasting models provide early warnings for
extreme weather occurrences, lowering the danger to people and property. For
example, the European Centre for Medium-Range Weather Forecasts (ECMWF)
delivers accurate hurricane, typhoon, and other severe weather forecasts, allowing
authorities to adopt appropriate evacuation and disaster response plans. Advanced
climate monitoring technologies, such as remote sensing, satellite images, and
weather forecasting models, provide useful information for analysing climate change
consequences and implementing adaptation strategies. Early warning systems for
extreme weather events, such as droughts, floods, and heatwaves, help communities
plan and respond efficiently to climate-related risks, lowering catastrophe risk and
saving lives [31]. For example, Bangladesh's Integrated Flood Management System
(IFMS) is an excellent climate monitoring and early warning system. It uses a
network of monitoring stations to gather real-time information on weather patterns,
river levels, and rainfall intensity. This data is used to anticipate flood risks, and early
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warnings are distributed to communities via a variety of communication methods. The
method encourages community involvement and stakeholder collaboration to ensure
prompt reaction and adaptation actions. Post-event evaluations guide adjustments to
increase resilience and lessen the effects of climate-related catastrophes. Overall, the
IFMS illustrates how climate monitoring and early warning systems may successfully
reduce risks and protect populations vulnerable to climate change-related catastrophes
such as floods [33].

IV. VERTICAL FARMING

The rapid population growth along with the shift to urbanization is already exerting an
immense pressure on the food production systems [37]. Moreover, it has been projected that
the global population will peak to 9.7 and 10.4 billion by 2050 and 2100, respectively [38,
39] and it became crucial to increase the food production by 50 % [40]. Cultivable regions
take up of about 41 % of the global landmass [41] and semi-arid and arid regions have
always been considered marginal for any agriculture related activities. These regions have
had long term significant challenges in acquiring food security and agricultural sustainability
[42]. However, with the increasing food demand, it has become imperative to intensify
agriculture efforts by using these arid regions for farming. Vertical farming is one of the
technological approaches for bridging the gap between these arid regions and food demand
[43].
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Figure 4: Estimated population by 2050 (Source: FAO, 2011)

Vertical farming is a system of crop production in which the plants are cultivated by
artificially stacking them vertically above one another, thereby, maximizing the utilization of
land [44]. Vertical farming typically relies on soil-less growing methods like hydroponics or
aeroponics, which are dependent on water and air to produce an artificial environment
conducive to plant growth and development. These indoor production procedures use
Controlled Environment Agriculture (CEA) technology, allowing year-round cultivation.
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Vertical farming uses advanced techniques to create controlled environments in which many
elements are carefully regulated to optimize plant development. This accuracy enables crops
to thrive more efficiently than traditional soil-based agricultural approaches and it can assist
in addressing wide range of social and environmental problems, such as food security, water
scarcity and climate change.

Out of the many benefits of using vertical farming over the conventional methods of farming,
mentioned may be made of the increased crop yield due to the precise control over the
growing condition, reduced land use, less water consumption of about 95 % lesser than the
conventional method, higher nutrient use efficiency, all year round crop production, reduced
use of pesticides, herbicides and agricultural pollution and lesser cost of transportation [45,
46 & 47] (Table 1). Additionally, because plants grow on soilless media, this method
produces less waste and recycles and reuses other natural resources like water and nutrients.
Vertical farming thus, results in a lower carbon footprint and significantly less environmental
impact. According to [48], the adoption of vertical farming around the world is limited to a
small but gradually growing numbers.

1. Types of Vertical Farming: Vertical farming in arid zones aims to maximize the
production of food crops with the limited amount of resources available in the regions
such as utilization of the vast non-arable land, increase water and nutrient use efficiency
while reducing the infestation of pests and maximizing the quality of food production
[49]. With the advent of population explosion, various types of vertical farming have
been introduced based on the types of systems used and processes adopted [50].

The Systems: According to the system adopted, vertical farming has been classified such
as 1. Despommier Skyscrapers, ii. Mixed Use Skycrapers and iii. Stackable Shipping
Containers.

e Despommier Skyscrapers: These are structures in which the shelves are stacked
vertically and the crops are produced in large quantity in controlled environments,
unaffected by weather conditions. Consequently, these skyscrapers can be constructed
anyplace, despite the various agrnonomic constraints. It may also be mentioned that
vertical farming utilizes less energy while producing less pollution than other
traditional agricultural methods as it also has the provision of integrating renewable
energy technologies. Various renewable energy devices as solar panels, wind
turbines, and hydroelectric power are used, either individually or in combination, so
as to meet the energy requirements of these skyscrapers. Moreover, it has the
potential to provide numerous jobs to local residents [50, 51]. Cities such as Dubai
and Abu Dhabi are epitomized as the future of food production with their towering
skyscrapers that seem a bit distant from the image of rural life and open fields. The
tall skyscrapers are envisioned to house not only people and offices but also diverse
crops such as date palms, tomatoes peaches, etc. Vertical farming with Despommier
system involves high-rise urban greenhouses powered by solar energy and urban
sewage. The Gulf region has been identified as a prime candidate for the initial
implementation of vertical farming. The region's year-round sunshine and rapidly
urbanizing population make it an ideal location for such system [52].
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All the proposed ideas based on this concept will function only when the enthusiasts
follow the process of recycling everything organic including water, human and
animal waste efficiently. It is also crucial that this concept be backed by the
government with fully funded economic incentives to the universities, institutes and
private sectors, thereby, supporting the research and development on this concept
[53].
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Figure 5: Reduction of water wastage with vertical farming

(Source: https://www.igrow.news/igrownews/how-vertical-farming-helps-save-water,

Accessed on 15 May, 2024)

Mixed-use Skyscrapers: Introduced by an architect named Ken Yeang, these
structures integrate conventional agricultural practices with the concept of vertical
farming. In these, crops are cultivated under the sunlight, such as on the topmost
floors of a building that receives ample natural light, rather than in a highly regulated
and enclosed environment [54, 50]. High density hydroponics or aeroponics modules
are used to cultivate a variety of plants all year-round by utilizing controlled weather
and lighting conditions and hence, optimizing plant growth, productivity, and quality.
While taking into account the integration of complete design, operation, cost and
infrastructure for homes and ecological balance, a systematic approach is required to
comprehend and streamline the intricate system. This type of skyscraper is designed
to provide a high end solution for regions that struggle with water scarcity, a severe
lack of arable land and a demand for reasonably priced agricultural products [55].
Mixed-use skyscrapers offer an advantage over Despommier skyscrapers due to their
lower initial costs. Conversely, Despommier skyscrapers necessitate the microclimate
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within the structure to be regulated and monitored according to the requirements of
the crops [54].

Stackable Shipping Containers: As hydroponics and Controlled Environment
Agriculture (CEA) gain popularity, stackable shippable container farms are emerging
as a new technological advancement that makes hydroponics more convenient and
easier to manage. This system has been consistently enhanced to maximize efficiency
and effectiveness in crop production. Ongoing research continues to focus on
identifying optimal metrics for crop production and improving labour and energy
efficiency [56]. In vertical farming system, shipping containers can be refurbished
and arranged in stacked configurations to be utilized for cultivating lush green
vegetables, luxury mushrooms, and berries. The shipping containers are furnished
with hydroponic setups, LED grow lights, control systems for temperature, heating
and ventilation, and monitors for the environmental conditions within these stackable
containers, which are specially provided by specialized companies [57]. Regardless of
the external weather conditions, the interior environment is optimized for food
cultivation using advanced climate controls. As a result, shipping container farms can
produce food throughout the year, with crops shielded from the effects of extreme
weather and sub-optimal growing conditions.

The Processes: As per the processes used for regulating the nutrient solutions, vertical
farming have been categorized into three types and they are elucidated as below:

Hydroponics: Hydroponics, the method of growing plants without soil by using
mineral nutrient solutions in an aqueous solvent, is revolutionizing the field of
agriculture [58]. This innovative approach has numerous advantages over the
conventional soil-based agriculture, including increased yield, rapid growth rates with
higher efficient use of resources. As the global population continues to rise and arable
land becomes scarcer, hydroponics has become a viable and sustainable solution to
meet the growing demand for food [59, 44]. Hydroponics consume 60-70% less
water than any of the traditional farming methods [60]. These pose as an admirable
solution for areas impacted by drought or arid weather conditions.

There are several methods for creating hydroponic systems. Nonetheless, commercial
techniques for recirculating nutrient solutions include aeroponics, deep water culture
(DWC) and the nutrient-film technique (NFT). According to [61], DWC ensures that
exposed roots on a slightly sloped bed receive continuous nourishment by
recirculating the nutrient solution dependent on the water level. Similar to ebb and
flow systems, the NFT and the modified deep flow technique (DFT) are widely used
in vertical farming [62]. Hydroponics saves a lot of water and minimizes evaporation;
yet, even with automated watering, system failures can still impact results. The
nutrients added in a hydroponic system are Ca(NOs3)2, K2SOs, KNO;, KH2PO4 and
MgSOs. Micronutrient used include boron, chlorine, copper, iron, manganese,
sodium, zinc, molybdenum, nickel, cobalt and silicon. By minimizing water usage
and eliminating the dependency on soil, hydroponics plays a crucial role by providing
a viable agricultural method for arid areas, ensuring food security and resilience
against harsh climatic conditions. The intricate details of hydroponic systems and the
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impact in arid zones will be explored thoroughly in the subsequent sections of this
chapter.

Aeroponics: Aeroponics represents an innovative approach to plant cultivation,
where plants are nurtured in a misty environment devoid of soil or any solid substrate.
The core principle underlying aeroponic techniques revolves around the suspension of
plants within an enclosed or partially enclosed space. In this setup, the dangling roots
and lower stems of the plants are meticulously nourished by being intermittently
sprayed or misted with a solution infused with essential nutrients. This method not
only facilitates the efficient absorption of nutrients by the plants but also promotes
optimal growth conditions by ensuring that the roots are adequately hydrated and
supplied with vital nutrients. Aeroponic is the most effective vertical farming system
as it uses 90% lesser water than other hydroponics [50].

Plants cultivated within aeroponic systems have demonstrated an enhanced capacity
to absorb minerals and vitamins, contributing to their overall health and potential
nutritional value. Within these suspended environments, acroponic plants benefit
from a full supply of oxygen and carbon dioxide, reaching the entire portions of the
plants without hindrance. This unimpeded access accelerates biomass growth and
reduces the time required for rooting. Moreover, the elevated biomass yield observed
in aerial plant parts under aeroponic conditions suggests that this cultivation method
holds promise not only for root crops but also for a wide array of other plant varieties.
Additionally, aeroponic systems enable higher planting densities since competition
among plants for nutrients and water is effectively mitigated. The versatility of true
aeroponic systems allows for the cultivation of virtually any plant species, facilitated
by the precise control over the micro-environment within these setups [63].
Aeroponic has been classified into three categories [63] as follows.

Low Pressure Aquaponic Systems: In low-pressure aeroponic systems, plant roots
are dangled above a nutrient tank or a connected conduit. The nutrient solution are
delivered through jets or ultrasonic transducers powered by a low pressure pump,
which then trickles back into the tank. However, as plants mature, dry root sections
may impede the uptake of these nutrients. These units often lack purification features
due to cost and are primarily used for small-scale benchtop growing and educational
demonstrations of aeroponics.

High Pressure Aquaponic Systems: High-pressure aeroponic systems generate mist
using high-pressure pumps and are commonly employed for cultivating high-value
crops. This method incorporates technologies that purify air and water, sterilize
nutrients and polymers.

Commercial Units: The biological systems and high-pressure device hardware are

features of the commercial system and thesel systems matrix ensures the
improvement with longer plant life and crop maturation.
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Aquaponics: A production system involving aquatic organisms and plants in which
over 50% of the nutrients necessary for optimal plant growth come from the waste
produced by feeding the aquatic organisms [64]. In this method, both the aquatic
organisms and plants get mutual benefits. Plants derive their nutrients from the
aquaculture effluents that have been processed through microbial transformation
while purifying the water simultaneously [65]. In aquaponics, minerals or fertilizers
are not utilized as fish feed provides primary mineral sources. A stable pH and
adequate iron content in the solvents are maintained by using minimal alkaline salts
and ferrous salts respectively. Aquaponic production minimizes land footprints
required for commercial units and eliminates the necessity for arable land. Water
consumption is much lesser than the normal production system, and coupling with the
recently introduced water recirculation technology, it has become more convenient
and cost efficient to use the aquaponic system.

Aquaponic innovations have the potential to boost food security and sustainable
development in hot arid regions. They capitalize on efficient water usage, high
productivity, and minimal environmental impact. Solar energy can power essential
equipment, reducing costs and supporting the growth of aquaponic enterprises, from
small ventures to large commercial operations. These techniques can be applied in
arid regions where groundwater salinity hampers traditional farming. Many fish
species tolerate low to medium salinities, allowing their production alongside salt-
tolerant crops or edible halophytes [66].

2. Technological Components of Vertical Farming

Controlled Environment Agriculture (CEA): Vertical farming often incorporates
Controlled Environment Agriculture (CEA), a method utilizing various technologies
to create optimal growing conditions for plants. CEA manages factors such as
temperature, lighting, and humidity, enabling the cultivation of crops that would not
thrive in the local climate. Vertical farms use sensors, automation, and monitoring
systems to control the air and root environments at all cultivation stages. Wireless
communication and IoT connect these systems with users. Data is collected by
computer controllers, which activate lighting, cooling, ventilation, recirculating fans,
dehumidification, nutrient solution controllers, pumps, and CO; suppliers as needed
[67, 68]. The irrigation system 1is vital for CEA systems, supplying plants with
nutrients and water, and increasing indoor humidity. Poor management can spread
crop infections, waste water and nutrients, and contaminate the environment.
Hydroponics grows plants on non-soil substrates or in water-nutrient solutions.
Common substrates, like rock wool, perlite, peat, coir, and zeolite, retain water and
nutrients while enhancing root oxygen availability [69, 70]

These systems allow year-round cultivation, regardless of external weather
conditions. By controlling the environment, vertical farming can prevent crop loss
due to adverse weather, pests, and diseases, which are common in traditional farming,
especially in arid regions [71]. CEA offers numerous advantages. It reduces the
occupational risks found in traditional farming. Indoor farming excludes wildlife,
preventing conflicts between farmers and native species. It also protects farmers from
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dangers like malaria, toxic chemicals, and other life-threatening challenges.
Additionally, the absence of hazardous chemical runoff ensures the safety of nearby
communities.

Light Emitting Diodes (LED): Lighting is the main issue in any crop growing
endeavours. For ensuring a good and quality production, it is necessary to use both
natural and artificial light. However, with crops being grown in stacked structures in
vertical farming, it is crucial to use more of efficient artificial lighting system. Grow
light is the light that supplements the growth of plants by either providing a light
spectrum that is similar to that of the sun or by providing that is tailored to the
requirements of the plants being cultivated. Supplementing of light to the plants by
grow light depends on the type of plant, stage of cultivation whether it’s at
germination, vegetative or flowering/fruiting phase. In addition to the
abovementioned conditions, the photoperiod, specific spectrum, luminous efficacy
and color temperature required by the plants are some desired conditions [72].

LED grow-lights are luminaires that uses LED chips in a more proficient way to
provide light to the growing plants. They come in many shapes and sizes and the
chips have the most of the effect on the quality of spectrum and brightness of light
emitted. It is evidently different from the traditional light sources as incandescent,
fluorescent and gas discharge lamps. An LED does not use mercury, lead, gas or
filament and no fragile glass bulb is used with failure prone moving parts. The diodes
used in LED grow lights are manufactured according to the specific and accurate
descriptions to emit the required wavelength and maintain its integrity over time.
They are made from exotic semi-conductor compounds such as GaAs, GaP, GaAsP
and SiC or GalnN, all combined together at different ratios to produce a specific
wavelength of colour. One of the advantages of LED grow light over those traditional
lights is the ability to match the light to the needs of plants. LED grow lights deliver
lights that are photosynthetically valuable to the plants and are known for its energy
efficiency since electricity is not used for light that has no benefits to the plants.
These lights may be relatively dim when perceived by the eyes.

IoT: The Internet of Things (IoT) connects physical devices via sensors and software
to exchange data over the internet. It enables remote control, data collection, and
monitoring across industries like agriculture, healthcare, manufacturing, and smart
home. The synergy between the Internet of Things (IoT) and vertical farming has
revolutionized modern agriculture, more or less in the arid zones too. IoT allows
vertical farming to overcome traditional limitations, enhancing efficiency,
sustainability, and crop yield. Sensors and cameras monitor parameters like
temperature, humidity, light, CO levels, and nutrients, providing real-time data for
optimal growing conditions. Automated systems adjust lighting, irrigation, and
nutrient delivery based on this data, improving crop quality and yield. Advanced
analytics and machine learning analyze the data, helping farmers make decisions on
crop management and disease detection. Predictive analytics anticipate issues,
enabling proactive interventions to prevent crop loss. IoT also allows remote
monitoring and control of farms via smartphones or computers, beneficial for urban
farming. This integration promotes sustainable practices by reducing water usage,
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transportation needs, and chemical use, thus lowering the ecological footprint of food
production [73].

Robotics: The incorporation of robotics in vertical farming has become immensely
vital due to the restrictions and shortcomings of human labour and the efficiency
provided by technologies utilizing sensors, big data, robotics, and Al Cultivation of
high-density crops coupled with the physical constraints of vertical structures render
human labour inefficient. Robotics excel in complicated tasks such as precise
harvesting, maintaining controlled environments, reducing human error, and ensuring
consistent crop quality and yield. Automation in vertical farming ranges from manual
to advanced systems while affecting the labour and energy efficiency. With increase
costs for human labour, which remains significant (25-30%), these robots emerge as
efficient tools for mitigating the operational and fixed cost. Efficient and consistent
environmental control by robots enhances overall performance and reduces costs.
Incorporating smart technologies improves crop productivity and resource efficiency

as well maintains sustainability through CEA [61].

3. Advantages of Vertical Farming: Vertical farming offers a wide range of benefits of
giving space efficiency without compromising with the crop yields (Table 1 and Figure
6). It ensures year round production with consistent harvests regardless of the weather
and season, efficient use and recycling of water. It reduces the adverse effects of
pesticides and herbicides residues on environment, minimizes soil erosion and carbon
footprints. Vertical farming also ensures that it decreases the dependency on external
sources whilst producing higher quality produce and increased harvests. Additionally,
because plants grow on soilless media, this method produces less waste while recycling
and reusing other natural resources like water and nutrients. Thus, vertical farming results
in a lower carbon footprint and significantly less environmental impact.

Table 1: Benefits of Vertical farming [74, 75]

SL1.No. | Benefits Environmental | Social Economic
1. Reduction in Lessening of air | Increase in the Reduction in
traveling distance | pollution level | health condition of | energy use for
human due to packaging and fuel
improved quality of | for transporting
air
2. Reduction in Reduction of Availability of Reduction in the
wastage of water | wastage of more potable water | cost due to
with more water due to limitation of water
efficiency putin | surface run-off wastage
crop production
3. Management of | Lowering of the | Beneficial to the Conversion of
organic waste requirement of | consumers’ health waste into assets
landfill for their | due to improved
management quality of food
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4. Job opportunities | Lowering of Building of social Financial stability
for local people commuting network among the | for the local people
time workers
5. Decrease in the Revamping the | Production of Reduction of cost
use of pesticides | ecological quality food and of production
herbicides and niche improvement in the
fertilisers human health
6. Increase in the Lowering of Creation of interest | Increase of yield
crop productivity | space among the workers | and hence higher
utilisation for in the working earnings for the
cultivation space locals
7. Minimization of | Aid damage Food security Prevention of
crop loss due to control after the economic lost
natural and disasters
unexpected
calamities
8. Possibility of All year round | Better response to Possibility of
crop production | production public food demand | earning all year
in all seasons round
9. Employment of | Reduction of Improvement in the | Reduction of cost
reusable energy environmental | quality of life
destruction due
to less
dependency on
fossil fuels
10. | Closer to nature Creation of Mental health More employment
biodiversity improvement opportunities
thereby, improving
the quality of life
dear bye
11. | Possibility of Lowering the Generation of Research and
high-tech harm caused to | skilled workforce development based
agriculture the workers benefits
environment
12. | Sustainable Preservation of | Improvement of Saving of money
farming ecosystem for overall health for damage control
future condition of the environment
generation
13. | Using of No harm to the | Broadening of Re-invigorating of
abandoned ecosystem social network the economy
buildings
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Figure 6: Benefits of Vertical Farming

4. SWOT Analysis of Vertical Farming

/ Strength Weaknesses \
Less water wastage Narrow range of produce
High food safety Costly produce
Higher yield and quality High building cost
Technological innovations High cost of LED lights
Higher customer satisfaction
{ SWOT ANALYSIS }
Opportunities Threats
Niche Market Urbanization
Helping the community Competition from greenhouses
Funding Social Barriers
Circular economy Nanotechnology
Energy efficiency Selling difficulty
K Circular economy Opposition from conventional farmers /

Figure 7: SWOT Analysis of Vertical Farming
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5. Challenges in Vertical Farming: Even though vertical farming provides numerous
opportunities for non-arable arid zones, it also faces various technological challenges.
The constant dependent on energy sources has important implications for the economic
feasibility and sustainability, especially in regions with less electricity production and
high price. Precise control over water and nutrient delivery as well as any leaks is
necessary for the intricate integration of growth systems in small areas. It's critical to
maintain consistent irrigation throughout several layers, which calls for sophisticated
sensor networks and efficient automation. Advanced technology and skilled labour must
work together harmoniously, yet there is a dearth of workers with the necessary training
[61]. The initial expense is high, and the challenges lie in modifying automation and
robotics to work with sensitive crops while preserving reliability [76]. It's also difficult to
control lighting systems so that plants develop to their full potential without suffering
harm. Moreover, combining several sensor data streams necessitates precise calibration
and quick adaptive responses, both of which present formidable obstacles [77, 78].

V. HYDROPONICS

The word Hydroponic is derived from two Greek words; "hydro" meaning water and "ponos"
meaning labour that together imply "working water" [79]. It rightfully means raising plants
without soil but with an aid of nutrient rich solutions enriched with all sorts of nutrient
elements in desirable concentrations to meet the plants’ nutritional demand, which is why it
is commonly referred as soilless culture. Hydroponics can precisely manage the present day
climate change concerns as the plants are raised under protection and also reported in
promoting productivity as the inherent demand of crop can be successfully met with. For the
first time, an English scientist namely W. J. Shalto Duglas introduced Hydroponics in India
during 1946.

Growing hydroponic and aeroponic crop has caught a lot of attention lately, as it helps in
maintaining and improving the quality of environment including enhanced crop yield and
profitability over the time. Sustainability constitutes three basic aspects namely
environmental health, economic viability, and social equity. The prerequisites of
sustainability in dryland agriculture can be efficiently accomplished by hydroponics owing to
its ability to control erosion, restriction upon chemical usage and water conserving potential
up to 70% - 90%. It can be treated as a climate smart adaptable agricultural system, the
adoption of which is encourage to mitigate climate change and to impose zero harm on the
ecosystem unlikely the conventional intensive farming system. In addition to this, it offers
effective use of scanty water resource, which is a key to success of hydroponics in arid
agriculture.

1. Existing Growing Methods: Hydroponics, the soilless cultivation of crops can be
classified into two broad categories i.e.

¢ Solution/Liquid Culture: This method is also referred as "true Hydroponics" as the
nutritional requirement of the plant is provided in form of solution in a continual
cycle, where all other requisites like provision of aeration and necessary adjustment
in parameters like pH, EC, as well as concentration of the nutrient are maintained
[80].
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Aggregate Culture: In this category, plants are supported with the help of an organic
or inert media viz. rock wool, perlite, pumice, cocopeat etc and nourished with
nutrient rich solution through a specific mode of irrigation. The system can either be
of an open type, where the unconsumed solution is let out as waste or a closed type,
where the solution is again re-circulated for further plant uptake [80].

2. Different Hydroponics Techniques in Use: On the basis of adopted techniques dispense
liquid nutrients to the root systems, the existing hydroponic system for cultivating crops
can be further divided into following types;

Wick Technique: In this system (Figure 8), the nutrient rich solution is stored in a
reservoir, where the level of oxygen is maintained with the help of an air stone kept at
the bottom of the reservoir. A plastic tubing, often termed as wick is employed for
drawing the liquid nutrients into the growing media, where the plant roots are
embedded facilitating nutrient uptake by the plants [81].

Drip Technique: This technique has turned out to be the most efficient of all the
other hydroponic systems (Figure 8). It performs as a clear - a clock controlling a
submersed water pump that provides the liquid nutrient by means of trickle lines
erected through the plant base over the growing medium. It is also called Trickle or
Micro-irrigation system as equipped with small emitters to drip nutrient solution
directly to plants by using a network of feeder lines. The surplus nutrient solution is
again diverted back into the reservoir where that can be used again [81].

Deep Water Culture Technique (DWC): Technically all the hydroponics systems
are believed to be evolved from this deep flow technique [82]. This simplified system
consists of a reservoir, an air stone placed at the bottom for maintaining oxygen
saturation, a timer for automated operation, tubing for nutrient solution circulation, an
air pump facilitating air flow and a suspended platform containing plants (Figure 8)
[83]. The water culture system strategizes continual air movement to keep up the
disintegrated oxygen, as plants are cultivated in the suspended platform holding the
nutrient solution of 4-6 cm height flowing continuously, where the plant roots are
constantly submerged in the nutrient solution. In order to obtain optimal growth and
development, it is essential to keep a track on the level of oxygen, nutrient
concentration, salinity as well as pH record [30].

Ebb and Flow Technique: This technique is otherwise termed as “flood and drain”
(Figure ) technique owing to its continuous and orbital rotation for pumping the liquid
nutrient mixture from the reservoir into the tray accommodating plants and draining
the surplus back to the tank [82]. The framework is quite simple constituting a tray
containing the growing medium, where the plants are housed and the entire set up is
placed over the tank of nutrient solution (Figure 8). It is also fitted with a timer to
operate the submerged pump, where the nutrient solution is forced to tickle into the
tray housing plants and recycling back again to the tank. The timer also ensures
repetition of the process continuously at regulated time intervals [84].
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Nutrient Film Technique (NFT): This technique was introduced for the first time in
1960 and still maintains its dignity for being universally accepted and preferred
hydroponic system among the commercial growers and plant lovers as well. The
system comprises of series parallel troughs laid on a slanting position (1-2% slope)
facilitating constant flow of a shallow stream of nutrient solution passed through the
bare plant roots (Figure 8). The nutrient solution stored in the catchment tank is
drawn with the help of a pump and circulated around the plant root system. The
solution is delivered through the delivery pipe and the surplus portion is collected by
the return pipe back to the catchment tank facilitating further use of the solution. The
only risk with this system is high susceptibility towards fungal incidence as the plant
root system is constantly in contact with water [7].

Aeroponic: This technology is one of the most prominent and sustainable soilless
cultivation practices that conserve up to 90% of the water in comparison to the
convention hydroponic systems. In this system, plants are grown in specialized
containers in a closed or semi-closed environment and their roots are suspended in the
air [7]. The nutrient rich water solution is applied in form of fine spray to the
dangling roots and the application of liquid nutrient is regulated by a timer connected
to the water pump for lifting the solution. A control system is also operated to
maintain the light, temperature and humidity level as per the requirement of the crop
in the zone where the roots are suspended (Figure 8). In 1990, aecroponic was inspired
by the initiative of the National Aeronautical and Space Administration (NASA) for
discovering an effective mean for raising crops in space.
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Figure 8: Different techniques of hydroponic based plant culture
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Table 2: Crops suitable for growing under hydroponic system [85, 86]

SI. | Hydroponic | Cereal Fruits Vegetables Flowers and
No. | Techniques | crops Herbs
1. | Wick Not Not suitable Lettuce, Peace lily, Petunia,
technique suitable | for any fruit Watercress and majority of the
crops herbs
2. | Drip Oats, Melon, and Cucumber, Bean, | Marigold, Oregano,
technique and Strawberry Pea, Pepper, Basil, Rosemary,
Maize Pumpkin, Lemon balm, and
Squashes, Chive
Zucchini, Radish,
Onion, Lettuce,
Leek, Leafy
greens and
Tomato
3. | Deep water | Rice, Watermelon Cabbage, Lettuce, | Saffron, Lavender,
culture and Oat | with provision | Radish, Broccoli, | and other bulbous
technique of proper Okra, Peppers, ornamentals, Mint,
support, and Kale Basil, Parsley, and
Raspberry, Cliantro
and Cranberry
4. | Ebb and Rice, Strawberry, Tomato, Eggplant, | Phlox, Orchid,
flow Soybean, | Grape, and Spinach, Dahlia,
technique and Cantaloupe Cucumber, Chrysanthemum,
Maize Peppers, Peas, Dill, Lavender,
Lettuce, Beet, Basil, Sage, Anise,
Chicory, Celery, Tarragon,
Watercress, and Chamonmile,
Swisschard Coriander, Chive,
Thyme, Fennel,
Mint, Rosemary,
and Oregano
5. | Nutrient Rice, Strawberry, Lettuce, Spinach, Sunflower, Rose,
film Wheat, Blackberry Tomato, Kale, Petunia, Marigold,
technique Soybean | and Blueberry | Broccoli, Gerbera, Lavender,
and Oat Cauliflower and Carnation, Sage,
Bell Peppers and Basil
6. | Aeroponics | Not Watermelon, Potato, Tomato, Orchid, Rose,
suitable | and Squashes | Ginger, Pumpkin, | Tulip, Hibiscus,
Cucumber, and Lavender, Mint,
Leafy greens Mustard greens,
Thyme, and
Rosemarry
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3. Advantages of Hydroponics in Arid Agriculture

Water use Efficiency and Control: In order to obtain a bountiful crop harvest, water
is considered as one of the most crucial input. Growing crop under protected
condition necessitate a plenty usage of water for irrigation in absence of optimum
precipitation for obtaining quality plant performance. In the hot, arid and semi-arid
climatic regions of the world, water has been observed as a major limiting factor for
crop cultivation concerning its availability, quality and so also the cost [5].

Hydroponics offers a quite convenient and economic irrigation facility, where the
crop roots come in direct contact with the nutrient solution like NFT and other
associated systems augmenting the water as well as nutrient use efficiency as
compared to conventional agronomic practices. However, some other techniques of
hydroponic utilize organic and inorganic growing media that may not serve the cause,
as most of the growing media do not hold water as good as soil. Taking the water use
efficiency (WUE) into consideration, the closed type hydroponic systems such as
NFT ensure constant re-circulation of nutrient solution and make WUE undisputedly
high by checking the drainage and evaporation loss, depending on the operational
method and system design.

Elimination of Unproductive Soil Usage: Hydroponic provides a better substitute
by facilitating soilless crop cultivation particularly in those conditions, where the soil
quality is a limiting factor for successful crop growth. The soil found in arid lands is
detected not to be fertile enough to favour growing crops due to the poor aeration
capability, salinity and often observed to be accumulated with heavy metals such as
mercury, lead, cadmium etc. as well as heavily infested with a variety of soil borne
pathogens. As hydroponic cuts off soil usage and use nutrient rich water solution
instead for plant culture, can be rightfully considered as effective alternative paving a
way towards futuristic farming under arid ecosystem.

Maximization in Crop Yield: Hydroponic is bestowed with modern technologies
that make it a new venture of precision farming (Table 3). In hydroponic systems, the
inherent need of the crop can be successfully met, ultimately resulting in rapid plant
growth and profuse yield. The controlled environmental condition also checks the
application of pesticides and herbicides, as plants are protected from external adverse
factors.

It also ensures plants to be carefully monitored, so that their full potential can be
harnessed. Hydroponic is an essential cultivation alternative for arid regions, where the
environmental conditions makes the conventional farming quite a challenging and
difficult job. The alteration in microclimate enables to take up intensive and
productive cropping under hydroponic, that boosts the profitability at farmer’s end
[87].

Environmental Conservation and Sustainability: Hydroponic can efficiently meet

the requirements of sustainable agriculture. As saving water is the one of the primary
motto for sustainable dryland agriculture, this technique is reported to conserve water
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way up to 70 - 80%, thereby enabling more efficient water usage in regions with
limited water resource availability. Hydroponic is an intelligent farming system that
offers flexibility to combat climatic vagaries and also considerably reduce the
environmental destruction through conventional intensive farming. It is also noted to
play a very potential role in minimizing erosion, bringing down the use of
agrochemicals and conserving germplasm and base materials.

Table 3: Comparative Yield difference between Hydroponics versus Conventional farming

[88, 85]
Serial Name of Average yield per acre | Average yield per | % boost
Number | the crop under conventional acre under in yield
plant farming (kg) hydroponics (kg)
Cereal crops
1. Rice 454 2268 399
2. Wheat 272 1860 583
3. Maize 680 3629 433
4. Oat 385 1361 253
5 Soybean 272 680 150
Vegetable crops
1. Potato 7257 63503 775
2. Tomato 9072 163293 1700
3. Okra 3628 8618 137
4. French 5443 19051 250
bean
5. Peas 907 6350 600
6. Cabbage 5897 8165 39
7. Cauliflower | 6804 13608 100
8. Cucumber | 3175 12700 300
9. Beetroot 4082 9072 122
10. Lettuce 4083 9525 133

4. Challenges Faced In Hydroponic in Arid Agriculture: The major challenge faced by
hydroponic is its lesser adoption and acceptance rate among commercial growers owing
to the high installation, and maintenance cost, as it requires automated and computerized
control system for regulating artificial illumination, irrigation, fertilization as well as
application of plant protectants besides skilled manpower [5]. The choice of crop is also
limited in hydroponics and unlike conventional soilbased cultivation, diverse crops can’t
be taken up at a time in the similar place as the inherent requirement varies from crop to
crop. For instance, a particular nutrient solution fed to a group of plants can’t be supplied
to another group of plants, if they are non-related. Soilless farming necessitates modern
infrastructure, hefty initial investment cost, and fair level of technical and scientific
know-how for smooth conduction [89]. It also demands ample of energy for operating
water pumps, heating as well as cooling loads, and supplementary artificial lighting
arrangements that has been reported to use an average estimated energy of 90,000 klJ/kg
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under soilless farming [90, 89 & 91]. As a result, it has become a challenge to introduce
hydroponics to the farmers’ livelihood in substandard condition.

5. The Way Forward: In developing nations, hydroponic has become a powerful tool to
fight against the soaring hunger of the growing population especially under arid and
semi-arid climatic condition, keeping its profitability and feasibility in view. Application
of herbicides and pesticides under conventional agriculture might bring alarming effect
on people health as well as environmental stability. Instances of pesticides eliminating
beneficial soil microbes and polluting ground water resource can’t be ignored. However,
in hydroponics, the recycling of water restricts fertilizer or pesticide run off and as a
result, imposes no adverse effect upon the environment and natural resources as well.

VI. PRECISION FARMING IN ARID AGRICULTURE

Precision agriculture defined as the site specific management of resources such as land,
water, radiation etc. over spatio-temporally and economically to assist the farm producer by
adopting advance geo-spatial technology such as Remote Sensing, Global Positioning
Systems (GPS) and Geographic Information Systems (GIS) in a comprehensive approach
towards economical optimization of crop production. GIS integrates this remote sensing data
with other spatial information to take decision regarding the management strategies of pest,
irrigation and fertilization in dry land areas. It is a matter of concerned that dryland
agriculture often involves heterogeneous landscapes with varying soil types, topography, and
microclimates. Remote sensing and GIS enable site-specific management practices, such as
variable rate irrigation and precision fertilization, tailored to the unique conditions of
different areas within a field. These are essential tools for enhancing productivity,
sustainability, and resilience in dryland agriculture. By providing timely and accurate spatial
information, they enable farmers, policymakers, and stakeholders to build appropriate
decisions and enforce productive management practices to address the challenges of dryland
farming.

Principles and Technologies of Precision Agriculture

Technology in agriculture, encompasses a wide range of innovations aimed to bring
transformational changes towards increasing efficiency, productivity, and sustainability in
farming practices. With the progress in different modern technology such as Remote Sensing,
Global Positioning System (GPS), Internet of Things (IoT), Nano technology and Aerial
photography, it become much easier and precise to monitor the health condition of crops,
identify nutrient status of soil, manage proper irrigation system and other factors responsible
for crop stress and reduction of yield [92]. Precision agriculture is a technology and
information based three tier system. It uses different sources of data like soil parameter, pest,
crop, yields, humidity, nutrients, moisture and temperature as input and analyzed in an
advanced computerized programmer via data analysis and finally the decision making
process which includes specialized equipment for assessment and evaluation for
sustainability, profitability, production of crops and environmental protection. It also
explains how these technologies can be tailored to suit the unique conditions of arid lands
and improve resource management efficiency.
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1. Remote Sensing: Remote sensing provides a bird's eye view of large agricultural
landscapes, which enable to monitor the health status of crop, moisture levels, nutrients
content and types of soil, and other environmental factors efficiently. Satellite imagery,
drones, and other remote sensing technologies are used to monitor crop health, soil
moisture levels, and other important parameters over large areas. This real time data
helps farmers to take instant and informed decisions about scheduling irrigation,
fertilization, and pest management.

Remote sensing in Crop Health Monitoring and Assessment: Remote sensing
data, obtained through satellite imagery or drones which are equipped with
hyperspectral or multispectral sensors, used to capture the data at different wave
length of light. Further these data used to monitor indirectly the health status of crop
and different stress factors such as water scarcity, nutrient deficiencies and pest
infestations by analyzing through different indices. NDVI (Normalized Difference
Vegetation Index) is one of the most frequently used indices to check the crop
condition instantaneously based on reflectance values of different bands over
vegetation [93, 94]. This index is calculated as the ratio of reflectance in the near
infra-red (NIR) and red wave length (visible spectrum) [95]. The range of NDVI lies
from -1 to 1. If the value is positive, it indicates the healthy condition of crops as
there will be high reflectance in NIR band due to healthy stomata and for negative
values indicate the crop in stress [96, 97].

Remote Sensing Application in Soil Moisture Monitoring: Remote sensing
techniques, including microwave and thermal infrared sensors, can be used to
estimate soil moisture levels across agricultural landscapes even in cloudy condition
[98]. This information is crucial for optimizing irrigation scheduling, especially in
dryland areas where water is scarce [99]. By monitoring changes in soil moisture over
time, farmers can adjust the time of irrigation to ensure the adequacy of water
received by crop without any wastage. Different indices are used for soil moisture
status in root zone for arid and semi-arid region such as PDSI (Palmer Drought
Severity Index), Drought Severity Index (DSI), Evapotranspiration Deficit Index
(ETDI), Standardized Precipitation and Evaporation Index (SPEI) and NDWI
(Normalized Difference Water Index) [100, 101, 102, 103 & 104]

Land Use/Land Cover Mapping: For proper planning and management of resources
in drylands mapping is necessary. To map a large area with different time period
remote sensing data can be used to classify the land used and the resources covers
pattern including cropland, forest land, and barren land [105]. Spatio-temporal
changes of land utilization over a large area can provide valuable information for land
management planning, allocation of resource and environmental monitoring. For
example, they can help identify areas suitable for agricultural expansion or
conservation efforts [106].

Drought Monitoring and Early Warning: Remote sensing data can be used to
monitor drought conditions in dryland areas by tracking changes in the dynamics of
vegetation, soil moisture status and other indicators of drought stress [107]. By

Page 102



Advancements in Arid Agriculture for the 21% Century:

Emerging Paradigms, Innovations, and Future Prospects

E-ISBN: 978-93-7020-232-0

IIP Series, Chapter 5

FUTURISTIC INNOVATIONS AND PARADIGMS IN ARID
AGRICULTURE: VERTICAL FARMING, HYDROPONICS, AND BEYOND

combining satellite imagery with meteorological data and ground-based observations,
authorities can provide early warning of impending droughts and implement
appropriate mitigation measures to minimize the impacts on agriculture and water
resources [108].

¢ Yield Prediction and Crop Insurance: Remote sensing data, along with crop
modeling techniques, were applicable to predict the status of yield loss in dryland
areas. By scrutinizing the historical trends in vegetation growth and environmental
conditions, farmers and insurers can estimate potential crop yields and assess the risk
of yield losses due to factors such as drought, pests, or diseases. This information is
valuable for crop insurance programs and financial planning purposes [109].

e Erosion and Land Degradation Monitoring: Soil erosion and land degradation in
dryland areas are vital. To monitor the changes in land surface characteristics over
time a high-resolution hyperspectral satellite imagery data is required. Application of
Remote sensing data can be used to assess the erosion status over large areas [110].
Hence LiDAR (Light Detection and Ranging) data can be used to identify areas prone
to erosion, quantify soil loss rates, and evaluate the effectiveness of erosion control
measures such as terracing or contour ploughing [111].

Geographic Information Systems (GIS): GIS technology is used to analyze the data
related to soil types, topography, and weather patterns. By integrating this information
with data collected from remote sensing, farmers can create detailed maps that guide site-
specific management decisions [112]. VRT (Variable Rate Technology) helps farmers to
alter the rate of inputs such as water, pesticides and fertilizer within a field based on
specific needs identified through GIS data analysis. This targeted approach helps to
optimize the usages of resource and improve crop yields. GIS technology provides
information for mapping of as soil and nutrient status to monitor and enhance soil health
and fertility in arid lands [113].

GPS (Global Positioning Systems): Global Positioning System (GPS) is highly
advanced networking system in which satellites and computers used to gives the exact
position in 24hr a day anywhere on the earth. This system constitutes in to three parts
namely the space, user and control segment [114]. This technology has become
increasingly vital in dry land agriculture due to its ability to enhance precision,
efficiency, and productivity. Now a day’s modern farmers use GPS in precision farming
which enables to map their fields precisely and track the inter-cultural activities such as
planting, fertilizing, and harvesting. This precision allows for optimal allocation of
resource, reducing waste and maximizing yields [115]. In essence, GPS technology
revolutionizes dry land farming by providing precise positioning and data collection
capabilities, empowering farmers to make instant decisions that enhance production and
productivity with optimization of resources in order to minimize environmental impact
[116].

e VRT: With GPS, farmers can implement VRT, which adjusts inputs like water,
fertilizers, and pesticides according to specific locations within the field. This ensures
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that resources are used efficiently, tailored to the needs of different soil types and
crop zones [117].

e Autonomous Machinery: GPS-guided tractors and other agricultural machinery can
operate autonomously, following predefined paths with high accuracy. This reduces
labor requirements and allows for round-the-clock operations, particularly useful in
large-scale dry land farming. Yield Monitoring: GPS facilitates precise yield
monitoring by geo-referencing data collected from harvesters. Farmers can then
analyze this data to identify areas of the field with varying productivity levels and
make informed decisions for future planning.

e Boundary Mapping and Land Surveying: GPS is used to accurately map field
boundaries and determine property lines. This aids in land management, legal
delineation, and compliance with regulations.

e Weather Monitoring and Forecasting: GPS-based weather stations provide real-
time meteorological data specific to the farm's location. This information helps
farmers make timely decisions regarding irrigation, pest control, and other
management practices [118].

e Soil Sampling and Analysis: GPS assists in systematic soil sampling across the
field, ensuring representative samples are collected from different locations. These
samples can then be analyzed for nutrient levels, pH, and other soil properties,
guiding fertilization strategies.

e Crop Monitoring and Scouting: Drones equipped with GPS technology can fly over
fields, capturing high-resolution images for crop monitoring and pest scouting. This
allows for early detection of issues such as disease outbreaks or nutrient deficiencies,
enabling prompt intervention.

IoT (Internet of Things): The Internet of Things (IoT) refers to the interconnected
network of physical devices immersed with multiple sensors, software, and other
technologies that connect and exchange data with other devices and systems over the
internet. These "things" range from ordinary household objects to sophisticated industrial
tools, and they are designed to collect and share data to mechanize processes, improve
efficiency, and enhance user experiences. Application of this technology in agriculture is
very recent. It is applicable in Precision farming to monitor the soil conditions, control
irrigation, and manage crop health. Application of IoT for smart farming trigger a new
era of farming system in India [119].

Nano Technology: Nanotechnology is an important aspect of precision agriculture that
offers numerous applications like nano sensor fabrication in order to protect the crop
from various insect pests and pathogens and to identify the insect pests and pathogens
and their control measures, whose occurrence and extension of biodiversity is favored by
climate change. Nanotechnology also serves as a novel device for molecular and cell
biology involving modern techniques for gene delivery in genetic engineering
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programme, developing molecular Nano machines and tools. As per the recent report,
Norwegian scientists have been adopting nano-technological approaches for stabilizing
sand dunes [120]. In various parts of the globe, application of nanotechnology for
improvisation in dryland agriculture has been brought to notice, which will assist the
scientists to design strong framework for augmenting resilience among people to cope up
with the climatic adversity. This will also strengthen the food production system to
efficiently meet the global hunger ensuring nutritional security.

Precision Irrigation Systems: Advances in technologies like micro-Irrigation which
includes both micro-sprinklers and drip irrigation which deliver water directly to the
crop’s root zone in order to reduce wastage of water which may be loss through
evaporation and runoff and to improve the water use efficiency in dry land areas [121]. In
India the potential of sprinkler irrigation has been increased to 1.63 mha, whereas drip
irrigation has been rose to 5.0 mha. The farmers of the five states like Andhra Pradesh &
Telangana, Maharashtra, Gujarat, Karnataka covered more than 80% of the total area by
drip irrigation systems to produced horticultural crops viz. mango, pomegranates, banana,
grapes etc. Whereas, the farmers of Rajasthan and Haryana adopt sprinkler sprinkler
irrigation methods to produced field crops such as sorghum, wheat, mustard, peas etc.
[121]. These systems can be automated and controlled remotely, allowing for precise
water management on need based to the different areas within a field.

Crop Modelling: Crop models use mathematical algorithms to simulate the crop growth
and development based on soil characteristics, environmental conditions and
management practices. These models help farmers predict crop yields, optimize planting
dates, and assess the potential impacts of different management strategies [122].

Data Analytics and Decision Support Systems: Advanced analytics and decision
support systems is to integrate data from different sources and provide the information to
farmers with actionable visual aids and chart of recommendations. These systems
combine the digital platform and software tools that enable real-time monitoring,
analysis, and optimization of agricultural package of practices in order to cope with the
challenges faced due to anomalies of climatic conditions and help farmers to take tactile
and informed decisions regarding resource allocation, crop management and risk
mitigation strategies [123, 124].

Robotics in Precision Farming: This leverages technology is used to improve crop
yields and efficiency in farming practices. Robotics plays a significant role in this field,
enhancing various agricultural processes through automation, data collection, and precise
interventions. It includes autonomous tractors, robotic planters and machinery as farm
equipment equipped with multiple sensors like GPS for networking and Al to perform
task such as ploughing, seeding and harvesting precisely with minimum errors. Apart
from intercultural operation this technology also used to monitor and control the
infestation of weeds and pest.
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Challenges and Opportunities

Challenges and barriers to the widespread adoption of precision agriculture in arid lands,
such as high initial investment costs, technical complexity, and limited access to information
and resources. The challenges may be overcome by identifying opportunities through policy
support, capacity building, and knowledge sharing initiatives.

Future Directions

Explore emerging trends and innovations in precision agriculture that hold promise for
further enhancing resilience and sustainability in arid land agriculture. Suggest avenues for
future research and development to advance the adoption of precision agriculture as a key
strategy for adapting to arid regions. Emphasize the importance of integrating precision
agriculture approaches into broader climate change adaptation and mitigation efforts in arid
lands to ensure food security, environmental sustainability, and livelihood resilience for local
communities.

VII. BIOTECHNOLOGICAL APPROACHES FOR ENHANCING PRODUCTIVITY
OF ARID REGIONS

Arid agriculture, often practiced in arid and semi-arid regions, faces numerous challenges
such as water scarcity, soil degradation, and climate variability. Biotechnological approaches
involve utilizing biological systems, processes, or organisms to enhance the resilience,
productivity, and sustainability of crops and offer promising solutions to mitigate these
challenges and improve agricultural productivity in arid regions. However, it's crucial to
consider the socio-economic and ethical implications of deploying such technologies to
ensure their equitable and sustainable implementation.

1. Drought-Tolerant Crop Varieties: Water is the major limiting factor for crop growth
and yield under arid ecosystem. Augmenting the ability of crops to tolerate osmotic stress
under these conditions could be a viable solution. Biotechnologists are able to develop
genetically modified (GM) crops with enhanced drought tolerance. This involves
identifying and transferring genes responsible for drought, salt and other environmental
stress resistance from extremophiles or other stress-tolerant organisms into commercial
crops like maize, wheat, or rice. Biotechnological tools such as CRISPR-Cas9 can
precisely edit the genome of crops to improve their water-use efficiency and stress
response mechanisms [120]. Genetic engineering techniques can introduce genes to
enhance their resilience towards drought, salinity, or other environmental stresses.

2. Water-Efficient Irrigation Systems: Biotechnological advancements can improve the
efficiency of irrigation systems in dryland agriculture. For instance, researchers can
develop genetically engineered crops with reduced water requirements. Additionally,
biopolymers or hydrogels derived from biotechnology can be used to improve soil water
retention, reducing water loss through evaporation [5]. Besides, acceptance and adoption
of micro-irrigation systems is now-a-days commonly observed among the arid land
farmers.
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3. Soil Bioremediation: Biotechnological approaches can be employed to enhance soil
health and fertility in dryland areas. Bio-fertilizers containing beneficial microbes can
improve soil structure, nutrient availability, and water retention capacity. These microbes
can also degrade organic pollutants, detoxify soil, and promote plant growth in harsh
environments. Certain soil bacteria and fungi can form symbiotic relationships with
plants, promoting their growth and stress tolerance. Biotechnologists can develop
microbial inoculants containing these beneficial microorganisms for application in
dryland soils to improve nutrient uptake and water use efficiency in crops. It has been
reported that certain plant growth promoting rhizobacteria (PGPR) namely Azosprrillum
spp., Bacillus spp., Flavobacterium spp., Providencia spp., Pseudomonas spp.,
Azotobacter spp. etc. assist in synthesis of phytohormones, secondary metabolites, ROS-
scavenging (Reactive Oxygen Species) enzymes as well as modification of root
morphology and formation of soil aggregates [125, 126].

4. Desert Farming Techniques: Biotechnologists can design innovative farming systems
suitable for arid regions. This includes developing salt-tolerant crops through genetic
engineering or conventional breeding methods. Additionally, researchers can explore the
use of halophytes (salt-tolerant plants) for cultivation in saline soils, leveraging their
ability to thrive in high-salt environments.

5. Biological Pest Control: Integrated pest management (IPM) strategies can be enhanced
using biotechnological approaches. This involves the use of biopesticides derived from
naturally occurring organisms such as bacteria, fungi, or viruses to control pests and
diseases in dryland crops. Application of biopesticides as plant protection tool can
significantly cut off harmful chemical pesticide usage upon plants and thereby helps in
preserving the arid ecosystem from getting endangered. For an instance, arid crops are
majorly infested with various sucking pests like aphids, jassids, white flies etc. which can
be efficiently managed by employing bio-control agents such as Beauveria bassiyana,
Verticilium lecani, and Metarhizium anisopliae [127]. Biotechnologists can also develop
genetically modified crops resistant to specific pests or diseases prevalent in arid regions.

6. Genetic Engineering and Tissue Culture: Biotechnologists can develop crops resilient
to multiple environmental stresses, including drought, heat, and salinity. By
understanding the genetic mechanisms underlying stress tolerance in plants, researchers
can breed or engineer crops with improved adaptability to changing climatic conditions,
ensuring food security in dryland regions amidst climate change. Crop genetic
engineering emphasizes on the introduction of novel foreign genes and moderation of
endogenous gene expression in relation to stress so as to transform the plants by
improvising the stress resisting potential. Advancement in genome editing tools provides
new opportunities for genetic editing using targeted genes for specialise plant traits. Zinc
Finger Nucleases (ZFN), Transcription Activator-like Effector Nucleases (TALEN),
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) are the examples
of genome editing tools used for developing stress resistance crops [128]. Tissue culture
is an advanced biotechnological tool having huge demand in agriculture sector. It has got
wide applications in crop genetic modification by means of introgression of stress
resistance genes and thereby selecting resistant plants through in-vitro selection.
Application of in-vitro mutagenesis is also reported to serve the similar goal.
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VIII. EXPLORATION OF FUTURE POTENTIAL

Conservation and restoration of arid ecosystem can be achieved by genetic modulation,
physiological regulation as well as crop adaptation towards environmental extremities,
together can be termed as bio-water-saving approach [129]. Apart from the innovations and
paradigms discussed in this chapter, there is a huge scope to breed new cultivars and
phenotypes featured with draught tolerance and water saving mechanism, achieved through
genome editing should be considered as a core objective for bringing evolution in arid
agriculture sector. Novel technologies like genome-wide tools and thermal or fluorescence
imaging may assist in bridging the gap between genotype and phenotype that is regarded
quite essential for promoting high WUE research programmes. The progress can be fastened
by combining comparatively target strain environment with stable interaction between
genotype and environment [120]. For this, a thorough knowledge regarding crop genetics and
physiology in response to moisture stress and their interaction is a prerequisite. The
technology of remote sensing can be made to use for land mapping in arid regions and the
portions with severity seeking immediate attention can be prioritized. Furthermore,
precedence may be given to integration of rainwater harvesting and gray water recycling to
further reduce water usage Using bioinformatics to understand plant responses to the dry
environmental conditions and optimization of growth protocols may be given emphasis
[125].

Exploration can be taken up in enhancing the integration of various technologies, such as
combining Al with vertical farming to optimize growth conditions in automated way may be
proven beneficial. Development of more sophisticated robots for planting, tending, and
harvesting crops and fully integrated systems that automate climate control, irrigation, and
nutrient delivery, ensuring optimal growing conditions at all times are some key components
of enhancing the food security in the future. Continued research in biotechnology can be
encouraged to develop crops that are more resilient to arid conditions, with faster growth
rates and higher yields, even in challenging arid environments. There is a scope to develop
scalable and affordable solutions for small and large-scale farmers. This includes creating
modular vertical farming units and low-cost hydroponic systems that can be easily adopted
[58, 74]. It is a high time to establish supportive policies and community-based management
systems to promote the adoption of innovative agricultural practices. This includes providing
training, subsidies, and incentives for farmers to transition to these new methods. Developing
curricula and training programmes in schools and universities to educate future generations
about the various futuristic technologies as a viable alternatives to traditional agriculture. In
urban areas, the implementation of vertical farming and hydroponics can be scaled up to
enhance food security, reduce transportation costs, and provide fresh produce locally. These
areas can be specifically focused to build a more resilient and sustainable future of arid
agriculture, which is capable of meeting the food demands of growing populations in water-
scarce regions.

IX. CONCLUSION
Arid agriculture has always been through various biotic and abiotic stresses, besides the ever-

facing threat of deterioration of arable land for growing food crops in drylands [129]. The
situation is further aggravated by ignorance of land users, as the dryland seeks more attention
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keeping the alarming climatic adversity into consideration. As water is scarce in arid regions,
it should be utilized judiciously for obtaining maximum yield. The desirable transformation
and revolution in arid agriculture can be brought by introduction and popularization of
soilless cultivation practices viz. vertical faming, hydroponic etc. that play a very potent role
in resource optimization [5]. Soilless culture is a promising innovation in arid agriculture, as
it not only enhance sustainable crop yield from marginal land but also ensures food security
for the expanding global population, besides generating huge scope of employment
opportunity. It also enables exploration of substandard space for maximizing crop
production. In vertical farming, crop plants are grown in stacked layers under controlled
environment, reducing the dependency on land and boosting the crop productivity year
round. Whereas, hydroponic concerns raising crops in nutrient supplemented water solution
without soil significantly minimizing water usage upto 70-90% in comparison to the
conventional soil based farming [58]. This chapter dealt with the multidisciplinary and
integrated paradigms and futuristic innovations to convert the challenges into opportunities in
dryland areas. Precision farming technologies featuring sensors and IoTs promote zero waste
inputs, adoption of which can be of great use for arid environment [76]. Incorporation of
biochar and hydrogels in improving soil water retention quality and fertility may serve quite
crucial. Developing drought-resistant and salt-tolerant crops through genetic modification to
enhance crop resilience towards climatic variability can open a new door for augmenting
agricultural production. Remote sensing, drones, Al, and big data analytics are developed to
monitor and manage agricultural resources efficiently, ensuring optimal crop growth and
resource utilization [104].
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