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ABSTRACT

Hidden hunger, characterized by a deficiency in essential micronutrients, persists as a critical global
issue, undermining human health and well-being. Despite advancements in food production,
millions suffer from the consequences of inadequate access to vital nutrients. To address this
multifaceted challenge and fortify nutritional security, millets have emerged as a compelling
solution. These small-seeded grains, known for their climate resilience, offer a potent means to
mitigate hidden hunger while ensuring sustainable food systems. Millets have garnered attention for
their exceptional adaptability to adverse environmental conditions, including drought and high
temperatures. Their deep root systems enable them to thrive even in water-stressed regions,
making them a reliable source of sustenance in a changing climate. As global temperatures rise
and extreme weather events become more frequent, the ability of millets to maintain food
production under challenging conditions is of paramount importance. Beyond their adaptability,
millets are nutritional powerhouses. They are replete with essential nutrients, including protein,
dietary fiber, B-complex vitamins, and crucial minerals such as iron and zinc. This nutritional profile
positions millets as a valuable resource in addressing malnutrition and hidden hunger, which plague
populations across the globe. Moreover, millets are gluten-free, offering an inclusive dietary option
for individuals with celiac disease or gluten sensitivities. This aspect contributes to their
accessibility and relevance in diverse dietary regimes, aligning with the principles of equitable food
security.

The cultivation of millets is also aligned with broader sustainability goals. Millet farming practices
encourage biodiversity conservation, reduce the reliance on chemical pesticides and synthetic
fertilizers, and protect fragile ecosystems. Additionally, the economic and social benefits of millet
production are significant, providing diversified income sources for smallholder farmers and
rejuvenating rural communities. Governments and policymakers worldwide are increasingly
recognizing the potential of millets in sustainable agriculture. Policies, subsidies, and initiatives are
being introduced to support millet production, market development, and nutritional programs,
fostering food security, climate resilience, and improved livelihoods. As the global community seeks
sustainable solutions to hidden hunger and nutritional insecurity, millets stand as a resilient and
nourishing ally. Harnessing their potential, along with continued research, investment, policy
support, and heightened consumer awareness, is pivotal to securing a sustainable, nourished, and
equitable future for all. In conclusion, the integration of millets into global food systems offers a
pathway to enhance nutritional security, combat hidden hunger, and advance broader sustainability
objectives.

Keywords: Hidden hunger; millets; nutritional security; sustainability; climate resilience; biodiversity;

conservation.

1. INTRODUCTION

Hidden hunger and malnutrition are persistent
global challenges that undermine human health,
well-being, and development. Despite significant
advancements in  food production and
distribution, millions of individuals across the
world suffer from the consequences of
inadequate access to vital nutrients [1]. This
review article delves into the multifaceted issue
of hidden hunger and malnutrition, providing a
comprehensive analysis of the problem and
introducing  climate-resilient millets as a
promising solution. Millets, a group of small-
seeded grains, have gained prominence for their
ability to address hidden hunger and ensure
nutritional  security while offering climate
resilience.  Hidden hunger, also known as

micronutrient deficiency, is a pervasive problem
that plagues populations across the globe. It
refers to a chronic lack of essential vitamins and
minerals in the diet, even when there may be an
adequate caloric intake. These micronutrients,
which include vitamins and minerals like iron,
zinc, vitamin A, and folate, are essential for the
proper functioning of the human body. When
people do not receive these vital nutrients in
sufficient quantities, they can experience a range
of health problems, including impaired physical
and cognitive development, weakened immune
systems, and increased susceptibility to diseases

2].

The consequences of hidden hunger extend
beyond individual health issues. At the societal
level, hidden hunger can lead to reduced work
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productivity, increased healthcare costs, and a
burden on public health systems. Economically,
the impact is significant, with diminished labor
force productivity and higher healthcare
expenditures diverting resources away from
other critical areas. Additionally, hidden hunger
exacerbates existing inequalities, as the most
vulnerable, such as children and pregnant
women, are at the highest risk [3]. Malnutrition,
which encompasses both undernutrition and
overnutrition, is a broader problem that includes
hidden hunger. While hidden hunger represents
the deficiency of vital nutrients, undernutrition is
characterized by insufficient overall food intake,
leading to stunting, wasting, and underweight
conditions. Overnutrition, on the other hand,
results from excessive food consumption and
often leads to obesity and diet-related non-
communicable diseases (NCDs) like diabetes
and heart disease. Thus, addressing malnutrition
necessitates not only increasing access to
nutritious foods but also optimizing dietary
choices and food quality [4].

Hidden hunger is driven by a combination of
factors, including dietary habits, limited access to
diverse and nutritious foods, poor sanitation and
hygiene, and health issues that impede nutrient
absorption. Some of the primary causes include
[5]. Many individuals subsist on monotonous
diets based on staples like rice, wheat, and
maize, which lack the essential micronutrients
required for optimal health. Limited access to a
variety of nutritious foods due to factors such as
poverty, food price fluctuations, and market
availability can lead to dietary inadequacies.
Depleted and nutrient-poor soils, coupled with
the cultivation of staple crops with limited
nutritional content, contribute to low nutrient
levels in the food supply. way food is processed
and prepared can lead to nutrient losses.
Overcooking, boiling, and inappropriate storage
methods can degrade nutrient content Health
conditions, such as parasitic infections and
diseases that affect the gastrointestinal tract, can
impair nutrient absorption and utilization in the
body. The inability to afford or access a diverse
and balanced diet can perpetuate hidden hunger.
Cultural beliefs and practices may discourage the
consumption of nutrient-rich foods, or traditional
food preparation methods may result in nutrient
loss [6].

In the face of these formidable challenges related
to hidden hunger and malnutrition, climate-
resilient millets emerge as a compelling solution.
Millets are a diverse group of small-seeded
grains, including species like pearl millet, finger

millet, sorghum, and foxtail millet, that have been
cultivated for thousands of years. They possess
unique characteristics that make them an
invaluable resource in the quest for nutritional
security and sustainable food systems. Millets
are renowned for their climate resilience,
particularly their ability to thrive in adverse
environmental conditions. Millets are well-suited
to water-stressed environments, as they have
deep root systems that enable them to access
moisture from deeper soil layers. This
characteristic allows them to withstand drought
conditions and continue to grow and produce
grain. Millets are highly adaptable to a range of
agroecological zones, including arid and semi-
arid regions. They can be grown in diverse soil
types and are less demanding in terms of
irrigation and soil fertility compared to major
cereal crops like wheat and rice. Millets exhibit
resilience to high temperatures and are suited for
regions experiencing elevated heat stress,
making them a valuable crop in a changing
climate [7].

Beyond their climate resilience, millets are
nutritionally rich, offering a balanced array of
essential nutrients that are often lacking in
monotonous diets based on staples like rice and
wheat. The nutritional profile of millets includes:
Millets are a source of plant-based protein,
offering an essential building block for human
health. Their protein content varies among
species, with some types like finger millet and
pearl millet having higher protein levels than
others. Millets are rich in dietary fiber, which
supports healthy digestion and can contribute to
a feeling of fullness, potentially reducing
overconsumption of high-calorie, low-nutrient
foods. Millets, particularly pearl millet, are a
source of B-complex vitamins, including niacin,
riboflavin, and thiamine. These vitamins are
essential for energy metabolism and overall well-
bein: Millets contain vital minerals such as iron
and zinc, which are essential for cognitive
development, immune function, and overall
health. The presence of these minerals in millets
makes them an important tool in addressing
nutrient deficiencies.Millets are naturally gluten-
free, making them an inclusive dietary option for
individuals with celiac disease or gluten
sensitivities. This characteristic expands their
accessibility in diverse dietary regimes[8].

Millet farming practices align with sustainability
goals, contributing to environmental and
economic well-being. Millets require significantly
less water compared to major cereal crops,
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making them well-suited for regions with limited
water resources. The deep root systems of
millets enable them to efficiently utilize available
moisture. Millet cultivation practices, such as
crop rotation, mixed cropping, and organic
farming, promote biodiversity in agricultural
systems. These practices reduce the reliance on
chemical pesticides and synthetic fertilizers,
enhancing the overall health of agricultural
ecosystems. The low nutrient requirements of
millets reduce the need for synthetic fertilizers,

curbing nutrient runoff and water pollution. These
resource-efficient farming practices support
responsible resource usage and contribute to
sustainable agriculture. The cultivation of millets
fosters  diversified income  sources  for
smallholder farmers. Additionally, the
development of millet-based products, such as
flours, porridge, and snacks, offers market
opportunities, increasing farmers' income and
revitalizing rural communities [9].

Fig. 2. Millet farming practices
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Governments and policymakers around the world
are recognizing the potential of millets in
sustainable agriculture and as a solution to
hidden hunger. A range of policies and initiatives
have been introduced to support millet
production, market development, and nutritional
programs. The purpose of this review article is to
provide a comprehensive exploration of the role
of climate-resilient millets in enhancing nutritional
security and combating hidden hunger. It
presents a holistic view of the global challenges
related to hidden hunger and malnutrition,
introduces millets as a solution, and highlights
the multifaceted contributions of millets to
sustainable agriculture, food security, and
nutritional well-being [10].

2. STATUS OF MILLET PRODUCTION IN
WORLD

India, Nigeria and China are the largest
producers of millets in the world, accounting for
more than 55% of the global production. or
many Yyears, India was a major producer of
millets. However, in recent years, millet
production has increased dramatically in Africa.
Millets, crucial staples in developing regions of
Africa and Asia, boast an indigenous origin in
Africa and have subsequently spread to various
parts of the world. Their cultivation spans 93
countries globally, with merely seven countries
accounting for over 1 million hectares of millet
acreage. Predominantly, more than 97% of millet
production and consumption occurs in
developing nations. Over the years, there has
been a noticeable shift in millet cultivation trends.
From 1961 to 2018, the global area under millet
cultivation dwindled by approximately 25.71%
across continents. In contrast, global millet
productivity has shown an upward trajectory,
surging by 36% from 1961 (575 kg/ha) to 2018
(900 kg/ha).

An analysis of the past 58 years reveals a
decline in millet production across most parts of
the world, with Africa being a notable exception.
West Africa, in particular, experienced a
substantial increase in millet production, nearly
doubling its output compared to the 1960s. In
Asia, although the area dedicated to millet
cultivation has waned, a consistent rise in
production has been observed, contributing to
overall increased productivity. In the context of
India, millet production reached its zenith in the
1980s but has since gradually declined due to a
sharp reduction in cultivated acreage. India

stands out as the world's largest millet producer,
accounting for 37.5% of the total global output,
with Sudan and Nigeria following suit. Turning to
international trade, the years 2011 to 2017
marked the zenith of global millet import and
export values, totaling 155.26 and 127.60 million
US dollars, respectively. The persistent reduction
in the global area allocated to millet cultivation
can be attributed to several factors, including
shifts towards other crops, evolving dietary
preferences, increased access to irrigation
facilities, and the promise of higher returns from
major commercial crops.

3. STATUS OF MILLET PRODUCTION IN
INDIA

India holds the distinction of being the world's
foremost producer of millets, boasting a
commanding global share of approximately 41%,
closely trailed by Africa. However, despite India's
impressive millet production, global millet
consumption experienced a decline of nearly one
percent. Yet, there is optimism on the horizon,
with expectations of a positive shift in
consumption trends during the period spanning
2019 to 2024, as indicated by Anbukkani et al. in
2017[11].

Over the past two decades, the significance of
millets as dietary staples, both in India (as
highlighted by Michaelraj and Shanmugam in
2013) [11] and worldwide, has waned. This
decline can be attributed to a complex interplay
of demand and supply factors, including the
influences of rising incomes, urbanization, and
governmental policies, as noted [12]. A
noteworthy transformation is that more than half
of the millet production is currently diverted
towards alternative uses rather than being
exclusively consumed as a dietary staple, a
phenomenon well-documented by Uma Gowri
and Chandrasekaran in 2011.

In India, millet cultivation is most concentrated in
states such as Karnataka, Andhra Pradesh, Tamil
Nadu, Maharashtra, Odisha, Madhya Pradesh,
Rajasthan, and Uttarakhand. Rajasthan leads the
way, contributing to 87% of the Cumbu (pearl
millet) cultivation area, followed by Maharashtra
with 75% of the sorghum area, and Karnataka,
which accounts for 54% of Ragi (finger millet)
and 32% of Cumbu cultivation. These states play
a pivotal role in millet production, as
extensively detailed by Stanly and Shanmugam
in 2013.
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Table 1. Trend in area production and yield of millets in India (1950-51 to 2018-19)

Year Area (‘000 ha) Production (‘000 tn) Productivity (Kg/ha)
1950-51 to 1954-55 5144 2113 409
1955-56 to 1959-60 5098 1987 389
1960-61 to 1964-65 4755 1960 413
1960-61 to 1969-70 4697 1697 361
1970-71 to 1974-75 4512 1758 389
1975-76 to 1979-80 4465 1813 405
1980-81 to 1984-85 3623 1462 403
1985-86 to 1989-90 2895 1204 417
1990-91 to 1994-95 2040 931 456
1995-96 to 1999-2000 1540 688 447
2001-05 to 2004-05 1246 533 428
2005-06 to 2009-10 970 466 480
2011-12 to 2014-15 725 429 596
2015-16 to 2018-19 623 401 655
CGR -16.21 -13.58 3.23

A heartening development is the recent surge in
millet  productivity, thanks to innovative
technologies and the adoption of high-yielding
millet varieties. While millet cultivation has
experienced a decrease in land area over the
past six decades, shrinking from 8 million
hectares in 1949-50 to 1.8 million hectares in
2017-18, there's been a noticeable parallel trend
in the production of small millets. Unfortunately,
this trend has been less favorable, with
production levels dropping from 4 million tons to
2.44 million tons in the corresponding years. The
losses in production have been predominantly
observed in small millets other than finger millet,
an observation elucidated by Shadang and
Jaganathan in 2014.

A similar trend can be observed in millet
production in India. Over the same timeframe,
millet production has seen a substantial
reduction, with figures dropping from 21.13 lakh
tons to 4.01 thousand tons. The annual loss rate
in millet production is estimated at about 13.58%,
signifying a notable decline.

However, when it comes to millet productivity in
India, the scenario is slightly different. Until 2005,
millet productivity was also on a declining
trajectory. After that turning point, there has been
an upward trend in millet productivity, indicating a
potential shift in agricultural practices and
strategies. The Table 1 provides a
comprehensive overview of the trends in millet

area, production, and yield in India during the
period from 1950-51 to 2018-19:

4. STATUS OF SMALL MILLETS IN INDIA

The status of small millets in India reveals
specific patterns of cultivation and distribution. As
of the most recent data available, small millets
are cultivated over an area of approximately 6.19
lakh hectares in the country, resulting in a total
production of 4.41 lakh hectares. The average
productivity level for small millets stands at 714
kg per hectare. Small millet cultivation in India is
concentrated in eleven states, with specific
regions displaying significant contributions to
both area under cultivation and production.
Among these states, Madhya Pradesh emerges
as a prominent player, accounting for nearly 30%
of the total area dedicated to small millet
cultivation. It is followed by Chhattisgarh, which
contributes 14.41%, and Maharashtra,
representing 13.52% of the area.

When it comes to production, Madhya Pradesh
continues to lead the way with a substantial
share of 25.57%. Uttarakhand is the second-
highest contributor to small millet production, with
a share of 19.23%, followed by Maharashtra at
10.12%.Interestingly, the productivity level for
small millets is notably high in Arunachal
Pradesh, underlining the variations in productivity
across different regions within India.These
statistics provide insights into the distribution and
significance of small millet cultivation in India,
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with certain states taking the lead in both area
and production, and others demonstrating higher
productivity levels.

6. REDUCED WATER USAGE

One of the key attributes that position millets as
champions of sustainable agriculture is their
ability to thrive in water-stressed environments.
Millets are known for their drought tolerance,
which makes them well-suited for regions with
limited access to water resources. This
characteristic is particularly significant in the face
of climate change and the increasing frequency
of water scarcity [20].

. Deep Root Systems: Millets possess
deep root systems that allow them to
access moisture from deeper soil layers.
This unigque adaptation enables them to
withstand periods of drought and continue
to grow and produce grain even when
water is limited.

e Water-Use Efficiency: Millets exhibit a
high degree of water-use efficiency, using
available  moisture resources more
effectively than many other crops. This
efficiency not only reduces the water
demand but also minimizes water
wastage.

. Suitability for Arid and Semi-Arid
Regions: Millets are highly adaptable to
arid  and semi-arid agroecological
zones. They can thrive in areas
where water is scarce, making them a
valuable crop for regions prone to water
stress.

7. LOWER CHEMICAL INPUTS

Sustainable agriculture often involves minimizing
the use of synthetic pesticides and fertilizers to
reduce the environmental impact of farming.
Millets align with this goal by requiring fewer
chemical inputs compared to some major cereal
crops [21].

. Pest and Disease Resistance: Millets
are known for their natural resistance to
certain pests and diseases, reducing the
need for chemical treatments. For
example, pearl millet is less susceptible
to the attack of insect pests like the
shoot fly.

. Minimal  Fertilizer = Requirements:
Millets are relatively efficient at nutrient
utilization and have lower nutrient
requirements compared to crops like rice

and wheat. This reduces the
dependence on synthetic fertilizers and
mitigates nutrient runoff into water
bodies.

. Organic Farming Practices: Millets are
often cultivated using organic and
low-input farming practices. These
methods promote soil health and
reduce the environmental impact of
agriculture.

8. ROLE IN BIODIVERSITY
CONSERVATION AND ECOSYSTEM
SERVICES

Biodiversity conservation is a fundamental
component of sustainable agriculture. Millet
cultivation  practices  contribute to the
preservation of biodiversity and provide
ecosystem services [22].

e Crop Rotation and Mixed Cropping:
Many smallholder farmers integrate millets
into their crop rotation and mixed cropping
systems. This diversification of crops
enhances agro-biodiversity and reduces
the risk of pest and disease outbreaks.

e Pollinator Attraction: Millets produce
flowers that attract pollinators, contributing
to the health of pollinator populations and,
in turn, benefiting the biodiversity of the
agricultural ecosystem.

e Reduced Pesticide Dependency: The
natural resistance of millets to certain
pests reduces the need for
synthetic pesticides, benefiting non-
target organisms and overall ecosystem
health.

5. NUTRITIONAL PROFILING OF MILLETS

Millets are nutritional powerhouses, offering a
diverse range of essential nutrients. They are
notably rich in protein, making them a valuable
source of plant-based protein for consumers.
Additionally, millets are high in dietary fiber,
which supports digestive health and helps control
blood sugar levels. These grains are a good
source of B-complex vitamins, including
niacin, riboflavin, and thiamine, which are crucial
for energy metabolism and overall well-being.
Millets also contain essential minerals like iron
and zinc, which play vital roles in cognitive
development, immune function, and overall
health. Their impressive nutritional
profile makes millets a key contributor to
balanced and healthy diets (Table 2 and 3)
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5.1 Millets in the Context of Sustainable
Agriculture

Sustainable agriculture is at the forefront of
global efforts to ensure food security, protect the
environment, and promote economic
development. In this context, millets, a group of
small-seeded grains, have gained increasing
recognition for their potential role in sustainable
agriculture. Millets offer a unique set of
characteristics that align with sustainability goals,
such as reduced water usage, lower chemical
inputs, and the promotion of biodiversity and
ecosystem services. Additionally, millet
cultivation holds promise in generating economic
and social benefits for smallholder farmers and
rural communities. This comprehensive
exploration delves into the multifaceted
relationship between millets and sustainable
agriculture, shedding light on the contributions of
these grains to a more sustainable food future
[19].

9. ECONOMIC AND SOCIAL BENEFITS
FOR SMALLHOLDER FARMERS AND
RURAL COMMUNITIES

The cultivation of millets carries economic
and social advantages for smallholder
farmers and rural communities, making
them important contributors to rural livelihoods
[23].

. Diversified Income Sources: Millets
offer smallholder farmers the opportunity
to diversify their income sources. This is
particularly significant in regions where
mono-cropping systems are prevalent,
as it reduces the risk associated with
relying on a single crop.

. Market Opportunities: The
development of millet-based products,
including flours, porridge, and snhacks,
offers market opportunities for farmers.
These products cater to consumer
preferences for healthier and gluten-free
alternatives.

. Increased Resilience: Millets contribute
to the resilience of smallholder farmers
by offering a crop that can withstand
adverse climatic  conditions.  This
resilience safeguards farmers' incomes
in the face of climate variability.

o Revitalization of Rural Communities:
The promotion of millet cultivation
revitalizes  rural ~communities by
providing employment opportunities and

enhancing local food security. It
also helps retain traditional knowledge
and practices, preserving cultural
heritage.

10. GOVERNMENT AND NGO INITIATIVES

Various governments and non-governmental
organizations (NGOs) have recognized the
potential of millets in sustainable agriculture and
are actively promoting their cultivation.

e Subsidies: Governments often offer
subsidies on millet seeds and farming
inputs, reducing the cost of cultivation for
farmers and making millets economically
viable.

e Market Development: Initiatives are
underway to establish millet processing
units and value addition enterprises,
creating market opportunities for millet-
based products.

e Extension Services: Government-backed
extension services educate farmers
about the benefits of millet cultivation,
best practices, and pest management,
promoting successful millet production.

e National Millet Promotion Programs:
Several countries have launched
National Millet Promotion Programs,

emphasizing the increased production and
promotion of millets in their agricultural

systems.

e School Feeding Programs: Millets
are integrated into school feeding
programs, ensuring that children have

access to nutritious millet-based meals.

This not only improves nutrition but
also creates a demand for millet
production.

Government policies and initiatives play a crucial
role in shaping the landscape of millet cultivation,
market development, and nutritional programs.
Millets are gaining recognition as key crops for
addressing food security, nutrition, and
sustainability, prompting governments worldwide
to implement a range of measures to support
their  production and consumption. This
comprehensive exploration delves into case
studies and examples of government policies
and initiatives that promote millet cultivation,
foster market development, and enhance
nutritional programs. It also highlights the impact
of such policies on food security and economic
well-being.
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11. CASE STUDIES AND EXAMPLES

11.1 India's National Food Security Act
(NFSA)

e Overview: The NFSA, enacted in 2013,
is a pivotal government initiative aimed
at ensuring food security for India's vast
population. It recognizes the significance
of millets by including them in the Public
Distribution System (PDS) to provide
subsidized grains to eligible
beneficiaries.

e Impact: The inclusion of millets in the
PDS has not only diversified the food
basket for beneficiaries but also
stimulated millet production. This policy
shift aligns with the goal of enhancing
food security and promoting the
cultivation of climate-resilient crops.

11.2 Promotion of Millets in Andhra

Pradesh, India

e Overview: The government of Andhra
Pradesh has been proactive in promoting
millet cultivation. It initiated a program
called the "Smart Food Initiative,"
encouraging farmers to grow millets and
enhancing the value chain for millet-
based products.

e Impact: The program has led to
increased millet cultivation in the state,
benefiting both farmers and consumers.
It has contributed to improved nutrition
and diversified income sources for
smallholder farmers.

11.3 Millet Promotion in Niger

e Overview: The government of Niger has
introduced various policies to promote
millet  production, recognizing the
importance of these grains for food
security in the region.

e Impact: These policies have led to
increased millet cultivation, contributing
to enhanced food security and rural
livelihoods. Niger has become a
prominent example of millets playing a
vital role in addressing hunger and
malnutrition.

11.4 Millet Promotion in Burkina Faso

e Overview: Burkina Faso has initiated the
"National Program for the Promotion of
Small Millets" to boost millet production
and consumption.

e Impact: The program has stimulated
millet production, increased dietary
diversity, and enhanced food security in
the country. It has also created
opportunities for smallholder farmers to
generate income from millet cultivation.

11.5 Millets in School Feeding Programs
(Multiple Countries)

e Overview: Several countries, including
India, Mali, and Kenya, have integrated
millets into school feeding programs,
ensuring that children have access to
nutritious millet-based meals.

e Impact: These initiatives have not only
improved the nutritional intake of school
children but have also created a demand
for millet production. They serve as a
prime example of how government
policies can directly impact food security
and nutrition.

12. IMPACT ON FOOD SECURITY AND
ECONOMIC WELL-BEING

Government policies and initiatives that promote
millets have far-reaching impacts on food
security and economic well-being:

12.1 Food Security

The inclusion of millets in public distribution
systems and school feeding programs enhances
food security by providing a diverse and
nutritious food source. Millets' resilience to
adverse climatic conditions ensures a more
stable food supply, reducing vulnerability to crop
failures.

12.2 Economic Well-Being

By promoting millet cultivation and market

development, governments contribute to
increased incomes for smallholder farmers.
The economic benefits extend beyond
cultivation to the wvalue chain, including
processing and marketing of millet-based
products.

12.3 Biodiversity Conservation

Many government programs that support millets
also promote agro-biodiversity, contributing to the
conservation of traditional crop varieties and
enhancing resilience to changing environmental
conditions.
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12.4 Climate Resilience

Millet promotion aligns with
agriculture, as these crops
water and are well-suited

climate-smart
require less
for  regions

prone to climate variability. This resilience
enhances economic well-being by reducing the
risk of crop failure due to extreme weather
events.

Table 2. Amino acid profiles of different millet grains variety (Foxtail, Proso, Pearl and
Finger millet)

Amino acids Fo_ﬁtail (defatted lled Pearl millet E;Q\Igeer rr_liIIeEj
millet i true . rain
(0/1009) flour) (a) Doicray  Profeming @ rem @
(b,c)
Essential Amino
Acid
Isoleucine 4.59 4.1 5.1 4.3
Leucine 13.60 12.2 14.1 10.8
Lysine 1.59 1.5 0.5 2.2
Methionine 3.06 2.2 1.0 2.9
Phenylalanine 6.27 55 7.6 6.0
Threonine 3.68 3.0 3.3 4.3
Valine 5.81 5.4 4.2 6.3
Histidine 2.11 2.1 1.7 2.3
Tryptophan NA 0.8 1.2 NA
Nonessential Amino Acid
Alanine 9.30 10.9 8.1 6.1
Arginine 3.00 3.2 0.9 3.4
Aspatrtic acid 7.71 6.2 6.2 5.7
Cystine 0.45 NA 0.8 NA
Glutamic Acid 22.00 21.3 22.8 23.2
Glycine 291 2.1 0.7 3.3
Serine 4.56 6.3 5.4 5.3
Tyrosine 2.44 4.0 2.7 3.6
Proline 5.54 7.3 8.2 9.9
*PER® 0.80 1.10 1.60 2.00

*Protein Efficiency Ratio (PER). NA: not available. References: (a) Kamara, et al. (2009)[13]; (b) Bagdi et al.,
2011 [42]; (c) Saldivar (2003) [15]; (d) Devi et al. (2011)[16]

Table 3. Proximate composition of millet grain varieties

ComponentFoxtail millet Fonio Proso millet Pearl millet Finger millet
(g/100g, dryflour whole grain dehulled whole grain native grain
basis) grain
Protein 11.50 9-11 11.58 14.8 8.2
Ash 0.47 1-11 NA 1.64 2.7
Fat 2.38 3.3-3.8 4.9 4.86 1.8
Total CHO* 75.2 84-86 80.1 59.8 83.3
Crude fiber NA NA 0.7 12.19 3.5
References Kamara et al.Vodouhe etBagdietal. Taylor etal. Devi et al. (2011)

(2009) [13] al. [16]

(2003) [17] (2011) [14] (2010)[18]

*Carbohydrate (CHO). NA: not available
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13. FUTURE PROSPECTS
INNOVATIONS IN
AGRICULTURE

AND
MILLET

The future of millet agriculture holds significant
promise, driven by ongoing innovations in
cultivation, breeding, and pest management.
Millets are positioned as climate-resilient crops
with the potential to address global challenges
related to food security, nutrition, and
sustainability. This comprehensive exploration
delves into the potential innovations in millet
agriculture, emphasizing the importance of
research areas such as biofortification and
climate-smart agriculture practices. It also
analyzes the market opportunities for millet-
based products and their alignment with global
food trends, setting the stage for a sustainable
and nutritious future.

13.1 Innovations in Millet Cultivation
13.1 Drought-Tolerant Varieties

e Overview: Breeding programs are
developing millet varieties with enhanced
drought tolerance, allowing for increased
yields in water-stressed regions.

e Impact: Drought-tolerant millets enable
farmers to maintain productivity even in
the face of changing climate patterns,
enhancing food security.

13.2 Intercropping and Agroforestry

e Overview: Integrating millets into
intercropping and agroforestry systems
enhances biodiversity, conserves soil
moisture, and reduces the risk of pest
and disease outbreaks.

e Impact: These practices promote
sustainability and increase smallholder
farmers' resilience to environmental
challenges.

13.3 Precision Agriculture

e Overview: Precision agriculture
technologies, including remote sensing
and data analytics, are being employed
to optimize millet cultivation, reducing
resource use and improving yields.

e Impact: Precision agriculture practices
enhance resource efficiency, reduce
production costs, and minimize
environmental impact.

13.4 Organic Farming

e Overview: The adoption of organic
farming practices in millet cultivation
reduces the reliance on synthetic
pesticides and fertilizers.

e Impact: Organic millet production aligns
with sustainable farming, promotes soil
health, and appeals to consumers
seeking organic, chemical-free food.

14. ADVANCEMENTS IN BREEDING AND
GENETIC IMPROVEMENT

14.1 Biofortification

e Overview: Biofortification programs
focus on enhancing the nutritional
content of millets, particularly in terms of
micronutrients such as iron and zinc.

e Impact: Biofortified millets address
hidden hunger and improve overall
dietary diversity, supporting better
nutrition.

14.2 High-Yielding Varieties

e Overview: The development of high-
yielding millet varieties ensures greater
production and productivity.

e Impact: These varieties contribute to
food security, income generation, and
reduced land use for millet cultivation.

14.3 Pest and Disease Resistance

e Overview: Breeding for resistance to
pests and diseases reduces the need for

chemical treatments, promoting
environmentally friendly farming.
e Impact: Reduced pesticide usage

benefits both the environment and
human health, contributing to sustainable
agriculture.

15. CLIMATE-SMART AGRICULTURE

PRACTICES
15.1 Rainwater Harvesting and Irrigation
Management
e Overview: Sustainable water
management, including rainwater

harvesting and efficient irrigation, helps
mitigate the impacts of climate change.

4597



Vidhya et al.; Int. J. Environ. Clim. Change, vol. 13, no. 11, pp. 4587-4602, 2023; Article no.lJJECC.109346

e Impact: These practices ensure a stable
water supply for millet cultivation, even in
water-stressed regions.

15.2 Agroecological Approaches

e Overview:
such as crop

Agroecological practices,
rotation and organic

farming, support biodiversity
conservation and enhance climate
resilience.

e Impact: These approaches reduce

vulnerability to extreme weather events
and promote sustainable agriculture.

15.3 Carbon Farming

e Overview: Implementing carbon farming
practices sequesters carbon in the saill,
mitigating climate change and enhancing
soil health.

e Impact: Carbon farming contributes to
global efforts to combat climate change
and improves the long-term sustainability
of millet agriculture.

16. MARKET OPPORTUNITIES
MILLET-BASED PRODUCTS

FOR

16.1 Gluten-Free Products

e Overview: The increasing demand for
gluten-free  products has created
opportunities for millet-based flours,
baked goods, and snacks.

e Impact: Millet-based gluten-free
products cater to consumers with dietary
restrictions and health-conscious
preferences, driving market growth.

16.2 Nutrient-Rich Foods

e Overview: The growing awareness of
the nutritional benefits of millets has led
to the development of nutrient-rich millet-
based foods and beverages.

e Impact: These products contribute to
improved nutrition and align with global
trends in health and wellness.

16.3 Convenience Foods

e Overview: Millet-based convenience
foods, such as ready-to-eat meals and
snack bars, offer time-saving options for
busy consumers.

e Impact: Convenience foods made from
millets tap into the demand for on-the-go,
nutritious meal solutions.

16.4 Export Opportunities

e Overview: Millet exports present
significant opportunities for global trade,
particularly in regions with growing
interest in these
grains.

e Impact: Exporting millets contributes to
the economic well-being of producing
countries and promotes international
food security.

17. CASE STUDIES: SUCCESSFUL
MILLET-BASED SUSTAINABLE
AGRICULTURE PROJECTS

In the pursuit of sustainable agriculture, millets
have emerged as valuable crops that offer a
range of environmental, nutritional, and
economic benefits. Across the globe, various
millet-based projects have showcased the
potential of these resilient grains in addressing
food security, improving livelihoods, and
promoting sustainable farming practices. This
comprehensive exploration delves into relevant
case studies from different regions and countries
that demonstrate  successful  millet-based
agriculture projects. It highlights the strategies,
policies, and outcomes of these initiatives,
providing valuable insights into the
transformative power of millets in sustainable
agriculture [24].

17.1 Case Study 1: The Millet Revival in
Niger

Background: Niger, a country in West Africa,
faced chronic food insecurity and malnutrition
due to its vulnerability

to climate change and recurrent droughts.
Millets, traditionally grown in the region, were
underutilized, and farmers were shifting to other
crops.

Strategies and Policies: The "National Program
for the Promotion of Small Millets" was initiated
to promote millet cultivation and consumption. It
included the distribution of improved millet
varieties, capacity building for farmers, and the
development of value chains for millet-based
products.
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Outcomes:

1. Increased millet production and
consumption, contributing to food security.

2. Improved income and livelihoods for
smallholder farmers.

3. Enhanced resilience to climate variability
through drought-tolerant millet varieties.

17.2 Case Study 2: Millet Promotion in
Andhra Pradesh, India

Background: In the Indian state of Andhra
Pradesh, millet cultivation was declining, and the
agricultural system relied heavily on water-
intensive crops, which exacerbated water
scarcity issues.

Strategies and Policies: The "Smart Food
Initiative" encouraged farmers to reintroduce
millets into their crop rotations. The program
included training and capacity building for
farmers, the establishment of millet processing
units, and market promotion.

Outcomes:

cultivation and
income sources for

1. Increased millet
diversification of
farmers.

2. Enhanced nutritional intake and dietary
diversity among communities.

3. Improved soil health and reduced water

demand due to millets' drought
tolerance.
17.3 Case Study 3: Millets in Mali's

School Feeding Program

Background: Mali, a West African country, faced
challenges of malnutrition among school
children. Millets, locally grown and nutritious,
were integrated into the school feeding program.

Strategies and Policies: The government
included millets in school meals, creating
demand for local millet production. Millet

processing units were established to supply
millet-based products for school feeding.

Outcomes:

1. Improved nutrition and dietary diversity
among school children.

2. Enhanced market opportunities for millet-
based products.

3. Increased income for millet farmers and
women's groups engaged in millet
processing.

17.4 Case Study 4: Millet Farming in Kansas,
USA

Background: In the United States, millets were
traditionally considered as birdseed crops.
However, a shift in consumer preferences and
climate-resilience considerations prompted a
revival of millet farming in Kansas.

Strategies and Policies: Kansas State University
initiated research programs to develop high-
yielding millet varieties suitable for local
conditions. Extension services and market
development efforts were launched to promote
millet cultivation.

Outcomes:

1. Increased millet production for human
consumption.

2. Enhanced economic opportunities for
local farmers and agribusinesses.

3. The potential for millets to become a
climate-resilient, profitable crop in the
region.

17.5 Case Study 5: Millets for Resilience
in Ethiopia

Background: Ethiopia faced recurrent droughts
and food insecurity. To address these challenges,
the  Ethiopian government initiated the
"Productive Safety Net Program" (PSNP), which
integrated millets.

Strategies and Policies: Millets were introduced
as a drought-resilient crop under the PSNP. The
program provided farmers with millet seeds and
agricultural inputs, alongside cash transfers and
food assistance for vulnerable households.

Outcomes:

1. Improved food security and resilience to
drought among beneficiary households.

2. Increased millet  cultivation  and
consumption in drought-prone areas.

3. Enhanced livelihoods and economic
well-being of smallholder farmers.

17.6 Global Sustainability Contribution of
Millets

The role of millets in addressing global
sustainability goals is of paramount importance,
as these hardy grains offer multifaceted
contributions to the overarching objectives of
sustainable development. In this concluding
segment, we reiterate the significant role of
millets in achieving global sustainability goals,
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emphasizing their alignment with broader
sustainability objectives. Millets, as climate-
resilient, nutritious, and environmentally friendly
crops, have the potential to make substantial
contributions to food security, biodiversity
conservation, resource efficiency, and climate
resilience, thereby shaping a more sustainable
and resilient world [25,26].

17.7 Food Security

Millets play a pivotal role in addressing global
food security goals:

1. Diverse Food Sources: Millets provide
dietary diversity, offering a range of
nutrients and health benefits. Their
resilience to adverse conditions ensures
a stable food supply, even in drought-
prone regions.

2. Hidden Hunger Mitigation: The
biofortification of millets with essential
micronutrients combats hidden hunger,
contributing to improved nutrition and
health outcomes.

3. Crop Diversity: Integrating millets into
cropping systems diversifies food
sources and reduces the risk of crop
failure, safeguarding food availability.

17.8 Biodiversity Conservation

Millets align with biodiversity conservation

objectives:
1. Agroecological Farming: Millet
cultivation can be integrated into
agroecological farming practices,

promoting biodiversity in agricultural
landscapes and enhancing soil health.

2. Traditional Crop \Varieties: The
cultivation of diverse millet varieties
preserves traditional crop biodiversity,
conserving indigenous knowledge and
genetic resources.

3. Reduction in Pesticide Dependency:
The natural resistance of millets to
certain pests and diseases reduces the
need for synthetic pesticides, benefiting
non-target organisms and overall
ecosystem health.

17.9 Resource Efficiency

Millets contribute to resource-efficient agriculture:

1. Water Use Efficiency: Millets exhibit a
high degree of water-use efficiency,

minimizing water wastage and reducing
pressure on water resources.

2. Nutrient Efficiency: Millets require
fewer synthetic fertilizers due to their
nutrient-use efficiency, reducing nutrient
runoff and environmental pollution.

3. Carbon Sequestration: Carbon farming
practices  associated  with millet
cultivation sequester carbon in the saill,
mitigating climate change and enhancing
resource sustainability.

18. CLIMATE RESILIENCE
Millets offer climate-resilient agriculture solutions:

1. Drought Tolerance: Millets are naturally
drought-tolerant, making them
dependable crops in the face of climate
variability and increasing frequency of
water scarcity.

2. Agroforestry Integration: Integrating
millets into  agroforestry  systems
enhances climate resilience by

conserving soil moisture and reducing
the risk of pest and disease outbreaks.

3. Carbon Farming: Carbon farming
practices promote soil health, sequester
carbon, and enhance the resilience of
millet cultivation to extreme weather
events.

19. ALIGNMENT WITH BROADER
SUSTAINABILITY OBJECTIVES

Millets align with  broader sustainability
objectives, including those defined by the United
Nations Sustainable Development Goals (SDGSs).
Their contributions to sustainability encompass:

1. Zero Hunger (SDG 2): Millets contribute
to ending hunger and malnutrition by
providing  diverse, nutritious food
sources, especially in regions with food
security challenges.

2. Good Health and Well-being (SDG 3):
Millets improve health outcomes by
addressing hidden hunger and offering
essential nutrients.

3. Clean Water and Sanitation (SDG 6):
Millets' water-use efficiency and reduced
nutrient runoff support clean water
resources.

4. Life on Land (SDG 15): Millets promote
land-based biodiversity conservation and
agroecological farming practices.
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Climate Action (SDG 13): Millets are
climate-resilient crops that contribute to
carbon sequestration and climate
change mitigation.

20. CONCLUSION

this review article has explored the multifaceted
role of millets in sustainable agriculture, shedding
light on their significance in addressing critical

global challenges.

Millets have emerged as

resilient crops with the potential to contribute

significantly  to

food security, biodiversity

conservation, resource efficiency, and climate
resilience.
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