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Building soil resilience: pathways to sustainable agriculture in 
India  

Twinkle Jena1, Parmeet Singh2 and R.S. Bana1#  
Summary  
Soil health forms the foundation of India’s agricultural sustainability, food security, and 
ecological balance. However, decades of intensive, input-intensive farming have led to 
serious degradation, manifested in nutrient depletion, loss of organic matter, erosion, 
salinization, and contamination from excessive agrochemical use. As a result, widespread 
multi-nutrient deficiencies are now prevalent across diverse agro-ecological regions, 
undermining both productivity and resilience. This review examines the current status of soil 
health in India’s varied climatic zones, with particular focus on physical, chemical, and 
biological indicators and their spatial variability. It further explores the major drivers of 
degradation, including monocropping, excessive dependence on synthetic fertilizers, 
inadequate recycling of organic residues, declining soil biodiversity, and the added pressures 
of climate change. The paper also synthesizes recent progress in sustainable management 
practices such as conservation agriculture, integrated nutrient management, and biofertilizer 
application, while highlighting emerging technological innovations like digital soil mapping, 
remote sensing, drone-assisted nutrient application, and AI-based decision-support systems. 
Finally, it identifies key research gaps and policy priorities, stressing the importance of 
farmer-oriented extension models and climate-smart soil management as essential pathways 
for restoration. A holistic, soil-centered strategy is therefore critical to ensuring India’s long-
term agricultural prosperity and environmental sustainability. 
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Introduction 
The soil health concept has emerged from a 
productivity-oriented concept of the soils to an 
understanding of a soil as a dynamic and living entity. 
Early concerns about soil degradation were raised by 
Plumptre (1940), who underlined the erosion effects 
and loss in productivity owing to poor soil 
management. The scientific pathway of soil functioning 
was furthered by Hans Jenny (1941), who proposed 
that soil formation is a function of climate, organisms, 
relief, parent material, and time. The term ‘soil quality’ 
came in prominence during the later part of 20th 
century, reflecting the capability of soil to function 
within ecosystem boundaries (Doran & Parkin 1994). 
Gradually, this transitioned into the more holistic term 
‘soil health,’ considering greater ecological and 
biological role of soils in supporting soil moisture 
dynamics, biodiversity, and climate resilience, in 
addition to crop productivity (Karlen et al. 1997). The 
soil health is cornerstone of not only agricultural 
productivity, but also of the environmental 
sustainability, and long-term food and nutritional 
security (Srinivasa Rao et al. 2019; Lal 2020). As a 
dynamic living ecosystem, the healthy soil sustains 

plant growth, ensures animal productivity, regulates 
water, filters pollutants, recycles nutrients, and 
supports a vast diversity of organisms (Choudhary et al. 
2016a).  
In India, where nearly 60% population is dependent on 
farm sector for livelihood (MoA & FW 2021a), 
maintaining soil health is of paramount importance 
(Bana et al. 2022a). India’s agrarian economy is marked 
by smallholder-dominated farming systems, intensive 
land use, and growing pressure on natural resources 
(Bana et al. 2022b). Decades of input-intensive 
agricultural practices, especially since the Green 
Revolution, have led to widespread soil degradation, 
nutrient imbalances, decline in organic matter, and 
emergence of multi-nutrient deficiencies (Rattan et al. 
2009). Soil erosion, salinity, acidity, and contamination 
further compound the challenge, threatening the 
sustainability of agricultural growth and resilience of 
farming communities (NBSS & LUP 2019; Jat et al. 
2018). 
Hence, there is an urgent need to shift from input-
intensive agriculture to ecologically sound and 
economically viable soil management strategies. 
Sustainable soil health management (SSHM) involves 
the adoption of integrated practices that enhance soil 
biological activity, restore nutrient cycling, conserve 
moisture, and improve soil structure and fertility in a 
manner that supports both productivity and 
environmental health (Das et al. 2021). 
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This review aims to critically examine the status of soil 
health in India, identify key challenges, explore recent 
scientific and technological innovations, and assess the 
effectiveness of existing policies and schemes aimed 
at promoting sustainable soil management. It also 
highlights the knowledge gaps and outlines a set of 
policy and research pathways to accelerate the 
transition toward soil-centric agricultural sustainability 
in the Indian context. 
About soil health 
1 Definition and indicators of soil health 
Soil health, sometimes described as soil quality, is the 
ability of soil to consistently perform as a dynamic 
living system that supports plants, animals, and people. 
It reflects the soil’s role in sustaining biological 
productivity, protecting environmental quality, and 
enhancing plant and animal well-being within specific 
ecosystems and land-use settings (FAO 2025). 
According to FAO (2025), soil health evaluation is 
carried out using a comprehensive set of physical, 
chemical, and biological indicators, since no single 
parameter can represent the soil’s overall functional 
capacity. These indicators, when considered together, 
provide insights into the ability of soil to support plant 
growth, regulate water and nutrient cycles, and 
maintain ecological balance. 
a. Physical indicators 
Physical attributes describe the structural condition of 
soil and its capacity to facilitate root development, 
water movement, and gaseous exchange. Key 
parameters include: 
• Soil texture and structure, which govern water 

infiltration, retention, and ease of tillage. 
• Bulk density and porosity, which influence root 

penetration and aeration. 
• Infiltration rate and water-holding capacity, which 

determine the soil’s effectiveness in capturing 
rainfall and providing moisture to crops during dry 
spells. 
These indicators together reflect the soil’s ability to 
act as a medium for plant anchorage and its 
resilience against erosion and compaction. 

b. Chemical indicators 
Chemical characteristics highlight the fertility status of 
soil and its ability to provide essential nutrients (Bana 
et al. 2024). Important measures include: 
• Soil reaction (pH), which regulates nutrient 

availability and microbial activity. 
• Electrical conductivity, which indicates soluble salt 

concentration and potential risks of salinity. 
• Cation exchange capacity (CEC), reflecting the soil’s 

ability to retain and exchange nutrients. 
• Availability of macro- and micronutrients such as 

nitrogen (N), phosphorus (P), potassium (K), sulphur 
(S), zinc (Zn), iron (Fe), boron (B), copper (Cu), and 
molybdenum (Mo). 

Together, these properties determine whether the soil 
environment can meet plant nutrient demands without 
causing toxicity or deficiencies. 
 
 

c. Biological indicators 
Biological parameters are critical for understanding soil 
vitality (Grover et al. 2023), as they represent the living 
fraction of the soil. They include: 
• Microbial biomass carbon, a measure of the active 

microbial pool. 
• Soil enzymatic activities such as dehydrogenase, 

phosphatases, and urease, which are directly 
involved in nutrient transformations. 

• Soil respiration rate, which reflects microbial 
activity and organic matter turnover. 

• Soil organic carbon content, which indicates the 
potential for carbon sequestration and overall soil 
fertility. 

• Diversity and abundance of soil biota, including 
earthworms, fungi, actinomycetes, and bacteria, 
which play vital roles in decomposition, nutrient 
cycling, and soil aggregation. 

By integrating these three categories of indicators, 
scientists and land managers can diagnose soil-related 
constraints, design corrective management practices, 
and monitor improvements over time. This holistic 
approach provides a reliable framework for promoting 
sustainable agricultural production while safeguarding 
soil as a key natural resource. 
2 Status of soil health in India 
India has a vast diversity of soil types, ranging from 
alluvial and black cotton soils to red, lateritic, desert, 
forest, and hill soils, distributed across 15 agro-climatic 
zones and 20 agro-ecological regions. This 
heterogeneity influences baseline soil health 
characteristics, nutrient dynamics, and management 
priorities. Despite natural fertility in several regions, 
many soils have shown signs of degradation due to 
long-term monocropping, imbalanced fertilizer use, low 
organic matter inputs, and inadequate soil conservation 
practices (Srinivasa Rao et al. 2017). Key observations 
include: 
2.1 Nutrient imbalances 
According to the Soil Health Card data (GOI 2025), a 
large proportion of soils exhibit low fertility status 
across both macro- and micronutrients (Fig. 1A and Fig. 
1B). In terms of macronutrients, 77% of soils are low in 
available nitrogen, while phosphorus and potassium are 
relatively better managed, with most soils falling in the 
medium range (53% and 61%, respectively). 
Micronutrient analysis further indicates widespread 
deficiencies: about 38% of soils are deficient in zinc, 
37% in boron, and 29% in sulphur, whereas deficiencies 
of iron (27%), manganese (13%), and copper (6%) are 
comparatively less severe. Overall, while copper and 
manganese remain sufficient in most soils, zinc, boron, 
sulphur, and nitrogen deficiencies are of serious 
concern, directly limiting crop productivity and soil 
resilience. These trends underline the urgent need for 
integrated nutrient management strategies that not 
only enhance nitrogen and organic carbon levels but 
also address site-specific micronutrient deficiencies for 
restoring soil health and ensuring sustainable 
agricultural growth. 
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Figure 1. Extent of nutrient deficiency in Indian Soils. A: SOC and NPK; B: Sulphur and micronutrients (GOI 2025) 
2.2 Decline in soil organic carbon (SOC) and biological 
activity 
Soil Organic Carbon (SOC) is a critical determinant of 
soil fertility, nutrient cycling, and overall ecosystem 
functioning. Recent assessments indicate that about 
58% of Indian soils contain low SOC levels (<0.5%), 
while 27% fall in the medium category (Fig. 1a). Such 
depletion of SOC has cascading effects, including 
reduced cation exchange capacity, poor soil 

aggregation, diminished water-holding capacity, and 
weakened resilience to abiotic stress. Declining SOC 
also limits the energy supply for soil microbial 
communities, thereby impairing nutrient mineralization 
processes. Intensive tillage, indiscriminate use of 
chemical fertilizers, and narrowing of crop rotations, 
particularly in the Indo-Gangetic Plains and the rice–
wheat belt, have further suppressed soil microbial 
diversity, enzymatic activities, and functional guilds 
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(Sahrawat 2005; Bana et al. 2023a). The synergistic 
decline in SOC and biological activity accelerates soil 
degradation, undermines nutrient-use efficiency, and 
threatens the long-term sustainability of Indian 
agroecosystems. 
2.3 Acidic and alkaline soils 
Soil-related chemical constraints constitute a major 
threat to agricultural productivity in India. About 49 
million hectares (Mha) of land are affected by soil 
acidity, predominantly distributed across the eastern 
and northeastern states such as Assam, West Bengal, 
Odisha, Jharkhand, Chhattisgarh, and parts of Kerala 
and high-rainfall zones of the Western Ghats (ICAR-
NBSS&LUP 2019). Acidic soils typically arise due to 
intense weathering, heavy rainfall, and leaching of basic 
cations (Ca²⁺, Mg²⁺, K⁺, Na⁺), resulting in dominance of 
exchangeable Al³⁺ and H⁺. Such conditions impair 
nutrient availability (particularly phosphorus, 
molybdenum, and calcium), reduce microbial activity, 
and cause aluminium and manganese toxicities, 
thereby constraining crop growth (Yogi et al. 2023a). 
Despite their widespread occurrence, acidic soils hold 
potential for crop intensification if managed with lime 
application, balanced fertilization, and use of acid-
tolerant varieties. 
On the other hand, salinity and alkalinity affect about 
6.7 Mha of land, primarily concentrated in the arid and 
semi-arid tracts of Gujarat, Rajasthan, and Haryana, 
along with coastal regions of Andhra Pradesh, Tamil 
Nadu, and West Bengal (ICAR-NBSS & LUP 2019). 
Saline soils are characterized by high concentrations of 
soluble salts, mainly chlorides and sulfates of sodium, 
calcium, and magnesium, leading to high osmotic 
stress and poor water uptake by plants. In contrast, 
sodic/alkaline soils are dominated by excess 
exchangeable sodium, resulting in high pH (>8.5), poor 
soil structure, reduced infiltration, and restricted root 
proliferation. Both conditions severely limit the 
productivity of major food and cash crops. 
The combined extent of problem soils (acidic, saline, 
sodic, and coastal) highlights a serious challenge for 
Indian agriculture, as these lands often overlap with 
regions of high population density and food insecurity. 
Effective management strategies, such as application 
of soil amendments (lime, gypsum, organic matter), bio-
reclamation through salt-tolerant grasses and tree 
species, efficient irrigation and drainage systems, and 
adoption of stress-tolerant crop varieties, are essential 
to restore soil health and ensure sustainable 
agricultural production in these regions (Pradhan et al. 
2025). 
2.4 Soil erosion 
Nearly 147 million hectares (Mha) of land in India are 
affected by different degrees of soil erosion, caused 
primarily by water and wind action (ICAR-NBSS&LUP 
2019). Water erosion, including sheet, rill, and gully 
erosion, is most widespread in the humid and sub-
humid regions, particularly in the Himalayan foothills, 
Indo-Gangetic plains, and parts of central and 
peninsular India. This form of erosion leads to the loss 
of nutrient-rich topsoil, reduced soil depth, siltation of 
reservoirs and rivers, and increased flood risks. Wind 

erosion, on the other hand, is dominant in the arid and 
semi-arid regions of Rajasthan, Gujarat, Haryana, and 
parts of the Deccan plateau, where high-velocity winds 
displace fine soil particles, resulting in sand deposition, 
nutrient depletion, and surface crusting. 
Soil erosion not only diminishes soil fertility and crop 
productivity, but also adversely impacts rainwater-use 
efficiency, carbon sequestration potential, and long-
term sustainability of farming systems. It accelerates 
the breakdown of soil aggregates, reduces infiltration, 
and enhances surface runoff, further aggravating 
drought and flood vulnerability. If unchecked, erosion 
processes may lead to irreversible land degradation, 
threatening the livelihoods of millions of farmers. To 
mitigate these impacts, soil and water conservation 
measures such as contour bunding, terracing, 
vegetative barriers, agroforestry, mulching, 
conservation tillage, and integrated watershed 
management have proven effective in restoring soil 
health and improving resource-use efficiency (Bajiya et 
al. 2020; Kaur et al. 2024). Thus, addressing the 
challenge of soil erosion is central to ensuring 
sustainable agricultural growth and environmental 
security in India. India's agro-ecological diversity results 
in a wide range of soil types, each with distinct fertility 
profiles and constraints (Choudhary et al. 2016; Shirzad 
et al. 2020). However, the intensification of agriculture 
and unsustainable land-use practices have caused 
widespread degradation in many regions (Table 1). 
Table 1. Soil degradation types and affected areas in 
India 
Type of 
Degradation 

Estimated 
area (Mha) 

Key Affected 
States/Regions 

Water erosion 94.9 Himalayan 
foothills, Western 

Ghats, Central 
India 

Wind erosion 12.4 Rajasthan, Gujarat, 
Haryana 

Salinity/Alkalinity 6.7 Gujarat, Punjab, 
Haryana, UP 

Acidification 17.9 Jharkhand, 
Assam, West 

Bengal, Odisha 
Physical 
degradation 

7.2 Indo-Gangetic 
Plains, Coastal 

regions 
Total estimated 
degraded land 

147.0 PAN India 

Source: ICAR-NBSS&LUP, 2019. Land Degradation 
Mapping and Assessment; ICAR-NBSS&LUP. Annual 
Report 2005. 
Despite the alarming extent of land degradation in the 
country, several policy interventions have attempted to 
address the crisis. Notably, the Soil Health Card (SHC) 
scheme, launched in 2015, has generated valuable 
baseline data on soil properties for more than 110 
million farmers across India (GOI 2025). This large-
scale initiative has facilitated more rational and site-
specific recommendations for fertilizer application and 
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soil amendments, thereby promoting the principle of 
balanced nutrient management. However, the scheme 
has faced several challenges in practice. Constraints 
such as inadequate implementation at the grassroots 
level, limited farmer capacity to interpret technical soil 
data, weak extension support, and insufficient 
convergence with organic and biological soil health 
interventions have hindered its potential impact. 
Furthermore, the lack of strong linkages between 
laboratory-based soil testing and field-level advisory 
services reduces the scheme’s effectiveness. Unless 
these gaps are systematically addressed through 
capacity building, wider use of ICT-based advisory 
platforms, and integration of sustainable soil 
management practices, the goal of restoring and 
maintaining soil health on a national scale will remain 
only partially realized (Godara et al. 2025). 
3. Challenges in sustainable soil health management 
in India 
Despite growing awareness and policy interventions, 
the SSHM in India faces numerous challenges. These 
stem largely from decades of unsustainable agricultural 
practices, socioeconomic pressures, and environmental 
changes (Table 2). 
3.1 Intensive agriculture and monocropping 
The Green Revolution significantly enhanced food 
production, but it also led to the widespread adoption 
of input-intensive and monoculture-based cropping 
systems, particularly in the Indo-Gangetic Plains (Singh 
et al. 2022). Continuous cultivation of rice–wheat and 
other cereal-based systems without sufficient crop 
rotation or diversification has resulted in a decline in 
soil fertility, organic carbon content, and biological 
activity (Bana et al. 2012; Choudhary et al. 2014). These 
practices have disrupted nutrient cycling and increased 
the susceptibility of soils to degradation (Langyan et al 
2025). 
3.2 Indiscriminate use of agricultural chemicals 
The imbalanced and excessive application of chemical 
fertilizers, especially nitrogenous ones, is a major cause 
of soil acidification, nutrient imbalance, and pollution of 
soil and water resources (Ranva et al. 2022). Similarly, 
indiscriminate use of pesticides has negatively affected 
soil microbial diversity, enzymatic activities, and long-
term soil resilience (Sahrawat 2005; Pathak et al. 
2023). According to the Ministry of Agriculture (2021), 
fertilizer use in India has increased from 7.6 million 
tonnes in 1980–81 to over 64 million tonnes in recent 

years, often with N:P:K ratios far from the ideal 4:2:1 
balance. 
3.3 Underutilization and limitations of organic nutrient 
sources 
Although farmyard manure (FYM), compost, green 
manure, and biofertilizers have proven benefits for soil 
health (Bana et al. 2016; Sharma et al. 2019), their 
adoption remains limited due to issues like bulkiness, 
low nutrient content, lack of timely availability, and 
insufficient awareness (Sahrawat 2005). Moreover, 
current livestock populations and biomass availability 
are inadequate to meet the nutrient demand organically 
on a national scale (Srinivasa Rao et al. 2022). 
Institutional support and infrastructure for large-scale 
organic recycling and composting are also insufficient. 
3.4 Soil erosion, salinization, and nutrient depletion 
Soil erosion caused by water and wind affects nearly 
30–40% of India’s land area, stripping away fertile 
topsoil and diminishing productivity. In irrigated 
regions, mismanaged water application has led to 
secondary salinization, particularly in parts of Punjab, 
Haryana, and Gujarat. Nutrient depletion due to over-
cultivation without replenishment is another persistent 
issue, especially in rainfed and tribal areas where 
fertilizer use is limited (Bana 2014). 
3.5 Land degradation and climate change impacts 
India is home to nearly 30% of the world’s degraded 
land (MoEF & CC 2020), with degradation processes 
driven by both anthropogenic and natural causes. Land 
degradation hurts soil structure, water retention, and 
nutrient cycling. Moreover, climate change (manifesting 
as increased frequency of droughts, floods, and 
heatwaves) intensifies land degradation and adversely 
affects soil biological processes and organic carbon 
sequestration (Srinivasa Rao et al. 2025). 
3.6 Miscellaneous factor 
Several emerging challenges are contributing to 
localised yet critical soil degradation. 
These include: 
a. Rapid urbanization leading to soil sealing, 
construction debris dumping, and loss of arable land. 
b. Industrial and solid waste pollution, with toxic heavy 
metals entering peri-urban agricultural lands. 
c. Mining activities, which lead to the physical 
destruction of soil profiles. 
d. Landfills and dump yards, especially in city fringes, 
which contaminate soils with plastics, pharmaceuticals, 
and persistent organic pollutants. 

Table 2. Key challenges to soil health in India and their consequences 
Challenge Description Key Consequences Sources 
Monocropping and 
intensive farming 

Lack of crop diversity and high 
external input dependence 

Nutrient imbalance, 
reduced SOC, loss of 

microbial diversity 

Ghosh et al. 2012; Jat et al. 
2018; Aggarwal et al. 2020 

Excessive fertilizer 
use 

Imbalanced NPK application 
and overreliance on urea 

Acidification, nitrate 
leaching, eutrophication 

Tandon 2020; MoA & FW 2021a; 
Pathak et al. 2023 

Low organic input 
use 

Inadequate application of 
compost, FYM, or green 

manures 

Reduced soil biological 
activity, low carbon 

sequestration 

Sahrawat 2005; Ramesh et al. 
2010; Sharma et al. 2019; Ranva 

et al. 2022 
Soil erosion and Caused by poor land Loss of topsoil, NBSS&LUP 2019; ICAR-CSSRI 
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salinity management and over-irrigation decreased water 
productivity 

2020 

Climate change and 
land degradation 

Increased weather extremes, 
land misuse, and water stress 

SOC depletion, reduced 
resilience, desertification 

MoEF & CC 2020; Aggarwal et 
al. 2022; Lal 2022; Srinivasa 

Rao et al. 2025 
Pollution and urban 
sprawl 

Soil contamination from urban, 
industrial, and landfill sources 

Heavy metal toxicity, 
disruption of soil food 

web 

CPCB 2019; Kumar et al. 2022; 
Singh & Mishra 2023 

4. Innovations and technologies for sustainable soil 
health management in India 
India’s diverse agro-ecological regions require location-
specific, integrated, and sustainable strategies to 
restore and maintain soil health (Arora et al. 2022). 
Over the past two decades, multiple innovative 
technologies, scientific practices, and digital tools have 
been developed to mitigate physical, chemical, and 
biological forms of soil degradation (Figure 2). These 
innovations are vital not only for enhancing resource-
use efficiency and adaptive capacity under climate 
variability but also for ensuring long-term agricultural 
productivity, ecological balance, and improved 
livelihoods for farming communities (Table 3). 

 
Figure 2. Sustainable strategies for soil health 
management  
4.1 Conservation Agriculture (CA) and Resource 
Conservation Technologies (RCTs) 
The CA is built on three fundamental principles: 
minimum soil disturbance, permanent soil cover, and 
diversified crop rotations. These practices not only 
conserve natural resources but also contribute to long-
term sustainability of farming systems (Bana et al. 
2023b). Evidence from field experiments and long-term 
trials in the Indo-Gangetic Plains (IGP) has 
demonstrated that CA practices significantly improve 
soil organic carbon (SOC) stocks, reduce bulk density, 
and stimulate microbial biomass and activity, thereby 
enhancing soil health and biological functioning (Jat et 
al. 2019; Sapkota et al. 2021). Improved SOC and better 
soil aggregation under CA further aid in moderating soil 
temperature, reducing erosion, and increasing nutrient 
cycling efficiency (Yogi et al. 2023b). 

Moreover, CA-based approaches and a range of RCTs 
such as zero tillage, residue retention, precision nutrient 
management, and direct-seeded rice have been shown 
to improve soil water retention capacity, enhance 
infiltration rates, and reduce surface runoff losses 
(Meena et al. 2025). These benefits directly contribute 
to improved nutrient-use efficiency, reduced 
dependence on external inputs, and greater stability of 
crop yields under climatic stresses (Pradhan et al. 
2025; Bana et al. 2023b). Importantly, CA has been 
found particularly suitable for semi-arid and rainfed 
regions, where efficient utilization of limited rainfall and 
improved soil moisture storage play a crucial role in 
sustaining crop productivity (Ankit et al. 2022). In such 
fragile ecosystems, the adoption of CA helps mitigate 
risks from erratic rainfall and temperature variability, 
supports climate resilience, and improves overall 
system profitability while ensuring environmental 
sustainability (Yogi et al. 2023b). 
4.2 Integrated Nutrient Management (INM) 
Integrated Nutrient Management (INM) emphasizes a 
holistic approach to plant nutrition by combining 
chemical fertilizers with organic manures, crop 
residues, green manures, and biofertilizers in order to 
achieve a balanced nutrient supply and sustain soil 
fertility over the long term (Wani et al. 2009). Unlike 
reliance on chemical fertilizers alone, INM seeks to 
optimize the efficiency of all nutrient sources, thereby 
improving nutrient cycling and reducing environmental 
risks. Long-term experiments conducted at multiple 
sites by ICAR have consistently shown that INM 
practices not only enhance crop productivity but also 
help in maintaining soil pH, electrical conductivity, 
organic matter content, and available macro- and 
micronutrient pools, ensuring the long-term 
sustainability of production systems (Ramesh et al. 
2010; Das et al. 2021). 
Another critical component of INM is the integration of 
legumes in cropping systems, which plays a dual role 
(Bana et al. 2016). Firstly, legumes biologically fix 
atmospheric nitrogen through symbiotic associations 
with Rhizobium bacteria, thereby enriching soil nitrogen 
pools naturally and reducing dependence on synthetic 
N fertilizers (Yogi et al. 2023b). Secondly, legumes 
contribute substantial amounts of residues and root 
biomass, which improve soil organic carbon levels, 
aggregation, and overall soil structure (Ankit et al. 
2022). Over time, these processes enhance soil 
porosity, water-holding capacity, and microbial activity, 
creating a favorable environment for subsequent crops 
(Wani et al. 2009). Additionally, INM approaches 
improve the synchronization between nutrient release 
and crop demand, reduce nutrient losses through 
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leaching or volatilization, and promote the efficient use 
of scarce resources. Thus, integrated nutrient 
management not only sustains high yields but also 
strengthens soil health, ecosystem services, and 
resilience to climate variability, making it a cornerstone 
of modern sustainable agriculture (Bana et al. 2016). 
4.3 Use of biofertilizers and microbial consortia 
Microbial-based inputs such as Rhizobium, Azotobacter, 
Phosphate Solubilizing Bacteria (PSB), and arbuscular 
mycorrhizal fungi (AMF) are increasingly gaining 
importance as SSHM strategies. These bioinoculants 
play a crucial role in enhancing nutrient solubilization, 
mobilization, and biological availability in the 
rhizosphere, thereby supporting better nutrient uptake 
by crops (Jain et al. 2022). For example, Rhizobium 
establishes symbiotic associations with legumes and 
contributes to biological nitrogen fixation, while 
Azotobacter improves free-living nitrogen fixation in 
non-leguminous crops. Similarly, PSBs convert 
insoluble forms of phosphorus into plant-available 
forms, and mycorrhizae extend root surface area 
through hyphal networks, facilitating improved uptake 
of phosphorus, zinc, and other micronutrients 
(Naragund et al. 2022). Collectively, these inputs not 
only improve root growth, plant vigor, and nutrient-use 
efficiency but also enhance soil biological activity and 
microbial diversity, contributing to the restoration of 
soil ecological balance (Meena et al. 2017; Jain et al. 
2022; Sinha et al. 2023). 
Recent advances have expanded the scope of microbial 
inputs beyond single-strain inoculants. The 
development of microbial consortia, where multiple 
beneficial microbes are combined to provide 
synergistic effects, has demonstrated higher reliability 
across variable soils and climatic conditions (Naragund 
et al. 2022). These consortia can simultaneously 
address nitrogen fixation, phosphorus solubilization, 
potassium mobilization, and biocontrol of pathogens, 
making them more robust than single-microbe 
applications. In parallel, innovations in nano-
biofertilizers have further improved the efficiency, 
stability, and shelf life of microbial products. By 
encapsulating microbial formulations or nutrients 
within nanomaterials, controlled release and better 
protection of microbial viability can be achieved, 
ensuring longer field effectiveness and reducing 
application rates (Ali et al. 2021). Such innovations 
highlight the transition from traditional biofertilizers to 
next-generation microbial technologies that are capable 
of supporting climate-resilient, resource-efficient, and 
environmentally friendly farming systems. 
4.4 Soil Organic Carbon Management 
Rebuilding soil organic carbon (SOC) has emerged as a 
global priority for restoring soil health, improving 
agricultural productivity, and mitigating climate change 
(Srinivasa Rao et al. 2017). A wide range of carbon-
conserving and carbon-enhancing practices are now 
promoted, including composting, residue recycling, 
agroforestry interventions, and reduced tillage systems 
(Jat et al. 2019). These practices contribute to 
increasing the stable organic matter fraction in soils, 

improving aggregation, and enhancing the soil’s role as 
a long-term carbon sink (Srinivasa Rao et al. 2025). In 
particular, the return of crop residues and the 
application of compost provide a continuous supply of 
organic substrates, which improve soil structure, water 
retention, and nutrient availability while reducing soil 
erosion and degradation risks (Yogi et al. 2023b). 
Agroforestry systems, by integrating trees with crops or 
pastures, not only add above- and below-ground 
biomass but also diversify carbon inputs and 
strengthen the resilience of farming systems to climatic 
stresses (Lal 2020). 
In addition to these broad strategies, more specialized 
practices such as vermicomposting, green manuring, 
and mulching play an equally important role in SOC 
restoration (Bana et al. 2016). Vermicomposting 
accelerates the decomposition of organic wastes 
through earthworm activity, producing nutrient-rich 
organic amendments that are highly effective in 
building SOC pools (Wani et al. 2009). Green manuring, 
through the incorporation of legumes and other cover 
crops, not only contributes organic matter but also 
enhances biological nitrogen fixation, thereby 
improving soil fertility alongside carbon sequestration. 
Mulching with crop residues or biomass protects the 
soil surface, reduces evaporation losses, suppresses 
weed growth, and gradually releases carbon into the 
soil profile (Ankit et al. 2022; Sharma et al. 2022; 
Mevada & Makwana 2023). Together, these practices 
not only improve SOC concentration and stability but 
also stimulate soil enzyme activity, microbial biomass, 
and overall biological functioning, which are vital for 
nutrient cycling and soil ecosystem services (Lal 2020; 
Sharma et al. 2022). Over time, the cumulative effect of 
such practices leads to healthier soils, greater 
resilience to climate variability, and a more sustainable 
agricultural production base (Bana et al. 2023a). 
4.5 Precision Soil Mapping and Digital Tools 
The National Bureau of Soil Survey and Land Use 
Planning (NBSS&LUP) has played a pivotal role in 
modernizing soil resource assessment through the 
development of digital soil maps that integrate GIS and 
remote sensing technologies. These high-resolution 
maps provide valuable information on soil type, texture, 
depth, nutrient status, and constraints, which can be 
effectively used to design location-specific soil and 
land management strategies. By enabling site-specific 
recommendations, such mapping helps optimize 
fertilizer use, conserve resources, and mitigate land 
degradation. Complementing these efforts, the 
Government of India launched the Soil Health Card 
(SHC) scheme in 2015 intending to promote balanced 
nutrient use and improve soil fertility management. 
Since its inception, the scheme has generated a 
massive dataset of more than 250 million soil samples 
across the country, creating one of the world’s largest 
repositories of soil fertility information (GOI 2025). This 
database has been instrumental in providing tailored 
nutrient recommendations to farmers, thereby 
supporting judicious fertilizer application, reducing 
nutrient imbalances, and enhancing input-use efficiency 
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(MoA&FW 2021a; ICAR 2022). Beyond its immediate 
benefits for farmers, the SHC program also contributes 
to national-level planning by supplying policymakers 
and researchers with region-specific insights on soil 

health trends, enabling long-term strategies for 
sustainable land use, productivity enhancement, and 
environmental protection. 

Table 4. Key technological interventions for Sustainable Soil Health Management in India 
Technology/Innovation Core Feature Soil Health Benefit References 
Conservation Agriculture No-till, residue retention, 

crop rotation 
Enhances SOC, reduces 
erosion and compaction 

Jat et al. 2019; Sapkota et 
al. 2021 

Integrated Nutrient 
Management 

Use of organic + inorganic 
+ biological sources 

Balances nutrient supply, 
improves soil microbial 

biomass 

Ramesh et al. 2010; Das et 
al. 2021 

Biofertilizers Beneficial microbes for N 
fixation, P solubilization 

Improves nutrient 
availability and soil life 

Jain et al. 2022; Meena et 
al. 2017 

Organic matter recycling Compost, vermicompost, 
green manures 

Increases SOC, improves 
aggregation and soil 

enzymes 

Lal 2020; Sharma et al. 
2022 

Digital soil mapping & SHC GIS mapping, soil sampling, 
lab-based diagnostics 

Site-specific nutrient 
management 

MoA & FW 2021b; ICAR 
2022 

4.6 Use of Remote Sensing, AI and IoT in soil health 
monitoring 
Recent advances in digital agriculture are transforming 
the way soil resources are monitored, managed, and 
restored. The integration of remote sensing, artificial 
intelligence (AI), Internet of Things (IoT) sensors, and 
smartphone-based diagnostic tools now allows for near 
real-time tracking of key soil health parameters, 
including soil moisture dynamics, nutrient availability, 
salinity, and early signs of land degradation (Aggarwal 
et al. 2022; Mishra et al. 2023). Remote sensing 
technologies, supported by satellite imagery and 
drones, enable large-scale assessment of soil and land 
conditions, helping identify spatial variability and 
degradation hotspots with high accuracy. IoT-enabled 
soil sensors, on the other hand, provide continuous in-
situ data on moisture and nutrient fluctuations, allowing 
for more efficient irrigation scheduling and fertilizer 
application (Aggarwal et al. 2022; Kavad et al. 2023). 
Artificial intelligence and machine learning models 
further enhance these capabilities by processing vast 

datasets to predict soil fertility trends, crop responses, 
and degradation risks, thereby enabling data-driven 
decision-making (Godara et al. 2024). Smartphone-
based diagnostic applications and portable soil testing 
kits make these advanced technologies accessible to 
farmers at the grassroots level, bridging the gap 
between research and practice. Together, these 
innovations contribute to precision agriculture, ensuring 
that interventions are not only timely but also tailored to 
the specific needs of each field (Table 5). By 
empowering farmers with real-time advisories, early 
warning systems, and site-specific nutrient 
recommendations, digital agriculture strengthens the 
resilience of farming systems, reduces input costs, and 
minimizes environmental externalities (Godara et al. 
2025). Over time, the widespread adoption of such 
tools holds the potential to significantly accelerate 
progress toward sustainable soil management and 
climate-smart agriculture. 

Table 5. Digital and AI-based innovations for soil health management 
Technology Description Benefits Source 
Soil Health Card Mobile 
App 

App providing nutrient 
status and fertilizer advice 

Farmer-friendly interface, 
localized info 

MoA & FW 2021b 

Remote Sensing + GIS Satellite imagery + spatial 
mapping 

Degradation hotspot 
identification 

NBSS & LUP 2019; 
Mishra et al. 2023 

AI-driven advisory tools Machine learning models 
on soil/crop data 

Decision support for 
sustainable inputs 

Aggarwal et al. 2022 

IoT-based soil sensors Real-time soil moisture and 
EC monitoring 

Precision irrigation and 
fertilization 

Godara et al. 2025; 
Aggarwal et al. 2022 

5. Research gaps and funding challenges 
India’s soil research ecosystem, though extensive and 
supported by institutions such as ICAR, faces several 
critical limitations. Foremost among these is the 
scarcity of long-term soil health data across diverse 
agro-climatic zones, particularly in ecologically fragile 
drylands and uplands, hindering assessment of trends 
over time (ICAR 2022). Reliable real-time soil 
monitoring systems that measure chemical, physical, 
and biological indicators remain insufficient, delaying 

corrective interventions (Sen et al. 2025). Further, 
interdisciplinary linkages between soil biology, carbon 
dynamics, socio-economics, and climate adaptation are 
underdeveloped, impeding integrated soil management. 
The private sector’s role is limited, with weak 
commercialization of innovations such as nano-
biofertilizers, sensor-based diagnostics, and microbial 
consortia, stalling scalability (Narayana et al. 2025). 
Finally, funding constraints for on-farm participatory 
trials persist, despite their value for validating and 
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scaling locally adapted soil health innovations (FICCI 
2022). Overcoming these gaps will be essential to 
create a responsive, innovation-driven soil health 
management ecosystem in India. 
6. Climate-smart soil management strategies 
With increasing climate variability, future soil 
management in India must be resilient, adaptive, and 
resource-efficient (Srinivasa Rao et al. 2020; Bana et al. 
2023a). Priority actions include mainstreaming climate-
smart practices like mulching, cover cropping, residue 
retention, and minimum tillage, which have been shown 
to enhance soil organic carbon storage and soil 
moisture conservation, especially in fragile dryland 
areas (Bana et al. 2023a; Das 2024). Complementary 
strategies such as agroforestry and silvopastoral 
systems not only improve soil fertility but also 
sequester carbon and diversify farmer income sources, 
with substantial carbon stocks evident under 
agrosilvopastoral systems (Das 2024). Another key 
direction is the development of AI- and IoT-enabled soil 
health decision support systems, capable of providing 
real-time advisories and stress prediction—emerging 
technologies that hold promise for data-driven soil 
restoration (Narayana et al. 2025; Pandey et al. 2025). 
Additionally, payment for ecosystem services models 
are increasingly advocated as mechanisms to 
incentivize farmers adopting soil-conserving and 
regenerative practices, such as watershed-based 
ecosystem services valuation (Meena et al. 2022). 
Finally, strengthening climate–soil–crop simulation 
models is essential for scenario planning and risk 
assessment, helping anticipate and manage the 
impacts of changing rainfall and temperature patterns 
(Bana et al. 2023b). To realize these strategies on the 
ground, a multi-layered governance framework that 
integrates local Panchayats, FPOs, and district-level soil 
missions is crucial for operationalizing climate-smart 
soil health approaches in diverse agricultural 
landscapes. 
Table 7. Summary of major gaps and recommended 
future interventions 
Domain Key 

Gaps/Constraints 
Future 

Directions 
Farmer 
Adoption 

Low awareness, 
input access 

issues, limited 
incentives 

Strengthen 
extension, FPO-
based models, 
incentivize soil 

services 
Research and 
Development 

Poor data 
integration, funding 

bottlenecks 

Invest in digital 
labs, long-term 
trials, PPPs in 
soil innovation 

Climate 
Resilience 

Soil vulnerability to 
droughts and heat 

waves 

Promote CA, 
agroforestry, 

smart irrigation, 
carbon farming 

Institutional 
Linkages 

Scheme 
fragmentation and 

limited 
convergence 

Soil Health 
Missions at 

state/district 
levels with 

convergence 

7. Conclusion  
Soil health stands at the heart of India’s agricultural 
sustainability, food security, and ecological resilience. 
Decades of intensive agriculture, coupled with 
imbalanced fertilizer use, organic matter depletion, and 
land degradation, have critically impaired soil quality 
across various agro-ecological zones. While policy 
frameworks like the Soil Health Card Scheme, 
Paramparagat Krishi Vikas Yojana, and National Mission 
on Sustainable Agriculture have initiated corrective 
measures, the pace and scale of implementation 
remain uneven. Simultaneously, emerging innovations—
from conservation agriculture and integrated nutrient 
management to AI-powered soil diagnostics and drone-
based nutrient applications offer new opportunities to 
reverse degradation and enhance long-term soil 
productivity. However, realizing these opportunities 
requires addressing significant gaps in farmer 
adoption, input accessibility, long-term field data, and 
inter-institutional coordination. The limited awareness 
among small and marginal farmers, weak integration of 
soil biological indicators in assessment protocols, and 
fragmented efforts across government schemes 
continue to pose major hurdles. There is also a need to 
transition from short-term yield maximization to long-
term soil ecosystem restoration, anchored in 
participatory, decentralized, and climate-resilient 
approaches. 
Going forward, a multi-pronged strategy is vital for 
strengthening soil health management in India. This 
requires enhancing extension systems through KVKs, 
FPOs, and digital platforms to provide farmer-centric 
training and timely input delivery. At the same time, 
climate-smart practices such as crop diversification, 
agroforestry, and conservation agriculture must be 
mainstreamed, particularly in rainfed and degraded 
areas. Greater investment in real-time soil monitoring 
tools powered by AI, IoT, and geospatial data will 
enable dynamic, site-specific management, while 
stronger convergence across government schemes and 
linkages with MGNREGA can support land improvement 
and agroecological restoration. Finally, incentivizing 
farmers as soil stewards through mechanisms like 
Payment for Ecosystem Services, carbon credits, and 
green financing will be crucial to sustain long-term 
adoption of soil-conserving practices. 
References 
1. Aggarwal PK, Jain N & Kumar S. 2022. Leveraging digital 

agriculture for sustainable soil and crop management in 
India. Current Science, 122(10): 1123–1128. 

2. Aggarwal PK, Jat ML & Sapkota T. 2020. Climatic risk, 
resource use and sustainability of intensive cropping in 
the Indo-Gangetic Plains. Advances in Agronomy, 161: 
1–65. 

3. Ali SS, Darwesh OM, Kornaros M, Al-Tohamy R, Manni A, 
El-Shanshoury AER, Metwally MA, Elsamahy T & Sun J. 
2021. Nano-biofertilizers: Synthesis, advantages, and 
applications. In: Biofertilizers. Woodhead Publishing, pp. 
359–370. https://doi.org/10.1016/B978-0-12-821667-
5.00007-5 

4. Ankit, Bana RS, Rana KS, Singh R, Godara S, Grover M, 
Yadav A, Choudhary AK, Singh T, Choudhary M & Bansal 

http://jae.saaer.org.in/
https://doi.org/10.1016/B978-0-12-821667-5.00007-5
https://doi.org/10.1016/B978-0-12-821667-5.00007-5


 

 23 jae.saaer.org.in 

JOURNAL OF AGRICULTURE AND ECOLOGY | REVIEW ARTICLE 

R. 2022. No-tillage with residue retention and foliar 
sulphur nutrition enhances productivity, mineral 
biofortification and crude protein in rainfed pearl millet 
under Typic Haplustepts: Elucidating the responses 
imposed on an eight-year long-term experiment. Plants, 
11(7): 943. https://doi.org/10.3390/plants11070943 

5. Arora K, Bana RS & Sepat S. 2022. Potassium 
management and residue recycling effects on wheat 
(Triticum aestivum) under maize (Zea mays)–wheat 
rotation. Indian Journal of Agricultural Sciences, 92(12): 
1517–1519. 
https://doi.org/10.56093/ijas.v92i12.122466 

6. Bajiya R, Singh YV, Sharma DK, Dass A, Meena MC, 
Abraham G, Bana RS & Lakhran H. 2020. Effect of silicon 
fertilization and crop establishment methods on yield, 
soil quality and silicon uptake of rice (Oryza sativa). 
Indian Journal of Agricultural Sciences, 90(3): 533–536. 
https://doi.org/10.56093/ijas.v90i3.101469 

7. Bana RS. 2014. Agrotechniques for conserving water 
and sustaining production in rainfed agriculture. Indian 
Farming, 63(10): 634–639. 

8. Bana RS, Dawar R, Haldhar SM, Godara S, Singh A, 
Bamboriya SD, Kumar V, Mishra AK & Choudhary M. 
2022. Natural farming: Is it safe to march ahead? 
Journal of Agriculture and Ecology, 14: 1–11. 
https://doi.org/10.58628/JAE-2214-21 

9. Bana RS, Bamboriya S, Kumar V, Godara S, Gaydon DS, 
Laing AM, Dhakar RK, Shivay YS, Meena VS & Singh D. 
2023b. Identifying optimum residue levels under long-
term conservation agriculture for greater crop and water 
productivity, sustainability and carbon sequestration of 
rice–wheat cropping system using APSIM model. Soil & 
Tillage Research, 232: 105745. 
https://doi.org/10.1016/j.still.2023.105745 

10. Bana RS, Bamboriya SD, Padaria RN, Dhakar RK, 
Khaswan SL, Choudhary RL & Bamboriya JS. 2022b. 
Planting period effects on wheat productivity and water 
footprints: Insights through adaptive trials and APSIM 
simulations. Agronomy, 12(1): 226. 
https://doi.org/10.3390/agronomy12010226 

11. Bana RS, Choudhary AK, Nirmal RC, Kuri BR, Sangwan S, 
Godara S, Bansal R, Singh D & Rana DS. 2024. High-value 
crops’ embedded groundnut-based production systems 
vis-à-vis system-mode integrated nutrient management: 
Long-term impacts on system productivity, system 
profitability and soil bio-fertility indicators in semi-arid 
climate. Frontiers in Plant Science, 14: 1298946. 
https://doi.org/10.3389/fpls.2023.1298946 

12. Bana RS, Grover M, Kumar V, Jat GS, Kuri BR, Singh D, 
Kumar H & Bamboriya SD. 2022. Multi-micronutrient 
foliar fertilization in eggplant under diverse fertility 
scenarios: Effects on productivity, nutrient 
biofortification and soil microbial activity. Scientia 
Horticulturae, 294: 110781. 
https://doi.org/10.1016/j.scienta.2021.110781 

13. Bana RS, Grover M, Singh D, Kumar V, Rana KS, 
Choudhary AK & Shivay YS. 2023a. Enhanced pearl 
millet yield stability, water use efficiency and soil 
microbial activity using superabsorbent polymers and 
crop residue recycling across diverse ecologies. 
European Journal of Agronomy, 148: 126876. 
https://doi.org/10.1016/j.eja.2023.126876 

14. Bana RS, Pooniya V, Choudhary AK, Rana KS & Tyagi VK. 
2016. Influence of organic nutrient sources and 
moisture management on productivity, biofortification 
and soil health in pearl millet (Pennisetum glaucum) + 
clusterbean (Cyamopsis tetragonoloba) intercropping 
system of semi-arid India. Indian Journal of Agricultural 

Sciences, 86(11): 1418–1425. 
https://doi.org/10.56093/ijas.v86i11.62895 

15. Bana RS, Shivay YS & Pooniya V. 2012. Phosphogypsum-
enriched urea in conjunction with preceding summer 
forage crops for enhanced growth, productivity and 
micronutrients uptake of aromatic rice. Indian Journal of 
Fertilisers, 8(2): 49–54. 

16. Boruah S, Gogoi A & Baruah KK. 2024. Prospects and 
issues in the adoption of conservation agriculture in 
India. Research Gate Preprint. Available at: 
https://www.researchgate.net/publication/383644726_
Prospects_and_Issues_in_the_Adoption_of_Conservatio
n_Agriculture_in_India (Accessed 20 August 2025). 

17. Choudhary GL, Rana KS, Bana RS, Prajapat K & Singh AP. 
2016b. Moisture conservation and zinc fertilization 
impacts on system performance and soil fertility status 
of pearlmillet–chickpea cropping system under limited 
moisture conditions. Indian Journal of Dryland 
Agricultural Research and Development, 31: 1–8. 
https://doi.org/10.5958/2231-6701.2016.00001.4 

18. Choudhary GL, Rana KS, Rana DS & Bana RS. 2014. 
Performance of chickpea (Cicer arietinum) as influenced 
by moisture management and zinc fortification in pearl 
millet–chickpea cropping system under limited moisture 
conditions. Indian Journal of Agronomy, 59(4): 61–67. 

19. Choudhary M, Rana KS, Rana DS & Bana RS. 2016a. 
Tillage and crop residue effects in rainfed pearl millet 
(Pennisetum glaucum) in conjunction with sulphur 
fertilization under pearl millet–Indian mustard (Brassica 
juncea) cropping system. Indian Journal of Agronomy, 
61(1): 15–19. https://doi.org/10.59797/ija.v61i1.4339 

20. CPCB (Central Pollution Control Board). 2019. 
Comprehensive Environmental Assessment of Industrial 
Clusters. Ministry of Environment, Forest and Climate 
Change, Government of India, New Delhi. 

21. CSE (Centre for Science and Environment). 2021. 
MGNREGA for drought and soil management: A 
resource book. Centre for Science and Environment, 
New Delhi. 

22. DAC&FW (Department of Agriculture, Cooperation & 
Farmers Welfare). 2021. Guidelines for Paramparagat 
Krishi Vikas Yojana. Ministry of Agriculture & Farmers 
Welfare, Government of India, New Delhi. 

23. Das D. 2024. Impact of agroforestry on soil fertility and 
soil carbon: A review. Indian Journal of Agroforestry, 
26(3): 45–56. 

24. Das TK, Sharma AR & Singh R. 2021. Integrated nutrient 
management for sustainable soil fertility and crop 
productivity in India. Indian Journal of Fertilisers, 17(4): 
376–390. 

25. Deininger K, Nagarajan HK & Singh SK. 2024. Land 
ownership security, farm investment, and investment 
risk in Indian agriculture: Evidence from nationally 
representative survey data. Journal of Agricultural and 
Applied Economics, 56(1): 88–107. 
https://doi.org/10.1017/aae.2023.29 

26. Doran JW & Parkin TB. 1994. Defining and assessing 
soil quality. In: Doran JW, Coleman DC, Bezdicek DF & 
Stewart BA (Eds.), Defining soil quality for a sustainable 
environment (pp. 3–21). Soil Science Society of 
America, Madison. 
https://doi.org/10.2136/sssaspecpub35.c1 

27. FAO (Food and Agriculture Organization). 2025. What is 
a healthy soil? Available at: 
https://www.fao.org/agriculture/crops/thematic-
sitemap/theme/spi/soil-biodiversity/the-nature-of-
soil/what-is-a-healthy-soil/en/ (Accessed 18 August 
2025). 

http://jae.saaer.org.in/
https://doi.org/10.3390/plants11070943
https://doi.org/10.56093/ijas.v92i12.122466
https://doi.org/10.56093/ijas.v90i3.101469
https://doi.org/10.58628/JAE-2214-21
https://doi.org/10.1016/j.still.2023.105745
https://doi.org/10.3390/agronomy12010226
https://doi.org/10.3389/fpls.2023.1298946
https://doi.org/10.1016/j.scienta.2021.110781
https://doi.org/10.1016/j.eja.2023.126876
https://doi.org/10.56093/ijas.v86i11.62895
https://www.researchgate.net/publication/383644726_Prospects_and_Issues_in_the_Adoption_of_Conservation_Agriculture_in_India
https://www.researchgate.net/publication/383644726_Prospects_and_Issues_in_the_Adoption_of_Conservation_Agriculture_in_India
https://www.researchgate.net/publication/383644726_Prospects_and_Issues_in_the_Adoption_of_Conservation_Agriculture_in_India
https://doi.org/10.5958/2231-6701.2016.00001.4
https://doi.org/10.59797/ija.v61i1.4339
https://doi.org/10.1017/aae.2023.29
https://doi.org/10.2136/sssaspecpub35.c1
https://www.fao.org/agriculture/crops/thematic-sitemap/theme/spi/soil-biodiversity/the-nature-of-soil/what-is-a-healthy-soil/en/
https://www.fao.org/agriculture/crops/thematic-sitemap/theme/spi/soil-biodiversity/the-nature-of-soil/what-is-a-healthy-soil/en/
https://www.fao.org/agriculture/crops/thematic-sitemap/theme/spi/soil-biodiversity/the-nature-of-soil/what-is-a-healthy-soil/en/


 

 
jae.saaer.org.in    24 

JOURNAL OF AGRICULTURE AND ECOLOGY | REVIEW ARTICLE 

28. FICCI (Federation of Indian Chambers of Commerce and 
Industry). 2022. Private sector participation in Indian 
agriculture. Federation of Indian Chambers of 
Commerce and Industry, New Delhi. 

29. Ghosh PK, Wani SP & Sahrawat KL. 2012. Soil health 
management in India: Current status and future strategy. 
Indian Journal of Fertilisers, 8(4): 14–25. 

30. Glendenning CJ, Babu S & Asenso-Okyere K. 2010. 
Review of agricultural extension in India: Are farmers’ 
information needs being met? IFPRI Discussion Paper 
01048. International Food Policy Research Institute, 
Washington, D.C. 

31. Godara S, Begam S, Bana RS, Bedi J, Jain R, Haque MA, 
Parsad R, Marwaha S, Patial M, Shirzad S & Nirmal R. 
2024. TPTC: Topic-wise problems’ trend clusters for 
smart agricultural insights extraction and forecasting of 
farmer’s information demand. Scientific Reports, 14(1): 
29272. 

32. Godara S, Yadav S, Bana RS, Kantwa SR & Godara S. 
2025. Understanding farmers’ information needs on 
crop–tree intercropping: An analysis of poplar tree-
related helpline calls in India. Indian Journal of 
Agroforestry, 27(1): 55–62. 

33. GOI (Government of India). 2025. Soil health card portal. 
Ministry of Agriculture & Farmers Welfare, Government 
of India. Available at: https://soilhealth.dac.gov.in 
(Accessed 22 August 2025). 

34. Grover M, Bana RS & Bodhankar S. 2023. Prevalence of 
multifunctional Azospirillum formosense strains in the 
rhizosphere of pearl millet across diverse 
edaphoclimatic regions of India. Vegetos, 36(3): 1119–
1129. https://doi.org/10.1007/s42535-022-00537-6 

35. ICAR (Indian Council of Agricultural Research). 2022. 
Vision 2030: Research priorities for soil and natural 
resource management. ICAR, New Delhi. 

36. ICAR (Indian Council of Agricultural Research). 2025. 15-
day Viksit Krishi Sankalp Abhiyan successfully reaches 
its final phase. Available at: https://icar.org.in/en/15-
day-viksit-krishi-sankalp-abhiyan-successfully-reaches-
its-final-phase (Accessed 26 August 2025). 

37. ICAR-CSSRI (Central Soil Salinity Research Institute). 
2020. Annual report 2019–20. ICAR-Central Soil Salinity 
Research Institute, Karnal. 

38. ICAR-NBSS&LUP (National Bureau of Soil Survey and 
Land Use Planning). 2019. Land degradation mapping 
and monitoring using remote sensing and GIS: National 
overview. ICAR-NBSS&LUP, Nagpur. 

39. Jat ML, Chakraborty D, Ladha JK, Rana DS, Gathala MK, 
McDonald A & Gerard B. 2019. Conservation agriculture 
for sustainable intensification in South Asia. Nature 
Sustainability, 2(6): 580–589. 
https://doi.org/10.1038/s41893-019-0294-0. 

40. Jat ML, Saharawat YS & Gupta R. 2018. Conservation 
agriculture in Indo-Gangetic Plains: Issues, challenges 
and opportunities. Indian Journal of Agricultural 
Sciences, 88(5): 707–718. 

41. Jat ML, Sapkota TB, Singh RG, et al. 2019. Conservation 
agriculture-based sustainable intensification of cereal 
systems in South Asia. Journal of Integrative Agriculture, 
18(8): 1735–1745. https://doi.org/10.1007/s00267-020-
01273-w. 

42. Jat ML, Yadvinder-Singh & Sidhu HS. 2018. Climate-
smart agriculture in South Asia: Technologies, policies 
and institutions. In P.K. Aggarwal, P.B. Shirsath & S. 
Islam (Eds.), Climate smart agriculture in South Asia (pp. 
23–46). Springer, Singapore. 

43. Jenny H. 1941. Factors of soil formation: A system of 
quantitative pedology. McGraw-Hill, New York. 

44. Karlen DL, Mausbach MJ, Doran JW, Cline RG, Harris RF 
& Schuman GE. 1997. Soil quality: A concept, definition, 
and framework for evaluation. Soil Science Society of 
America Journal, 61(1): 4–10. 
https://doi.org/10.2136/sssaj1997.0361599500610001
0001x. 

45. Kavad MH, Mevad KD & Makavana PC. 2023. Effect of 
different organic sources and mulching on growth, yield 
and quality of groundnut (Arachis hypogaea L.). Journal 
of Agriculture and Ecology, 16: 11-
15. https://doi.org/10.58628/JAE-2316-203. 

46. Kaur R, Bana RS, Singh T, Meena SL, Raj R, Dass A, 
Govindasamy P, Gill JS, Kumar S, Sen S & Kumar S. 
2024. Sequential herbicide application coupled with 
mulch enhances the productivity and quality of winter 
onion (Allium cepa L.) while effectively controlling mixed 
weed flora. Frontiers in Sustainable Food Systems, 7: 
1271340. https://doi.org/10.3389/fsufs.2023.1271340. 

47. Kumar R, Kumar S, Pundir RS, Surjit V & Srinivasa Rao 
Ch. 2022. FPOs in India: Creating enabling ecosystem for 
their sustainability. ICAR-National Academy of 
Agricultural Research Management, Hyderabad. 

48. Kumar V, Singh B & Mishra S. 2022. Heavy metal 
pollution in urban agricultural soils of India: A review. 
Environmental Earth Sciences, 81: 547. 

49. Lal R. 2020. Managing soils for solving the global issues 
of the 21st century. Soil Science and Plant Nutrition, 
66(1): 1–21. https://doi.org/10.1111/ejss.12857. 

50. Langyan S, Yadava P, Khan FN, Sharma S, Singh R, Bana 
RS, Singh N, Kaur V, Kalia S & Kumar A. 2025. Trends 
and advances in pre- and post-harvest processing of 
linseed oil for quality food and health products. Critical 
Reviews in Food Science and Nutrition, 65(4): 746–769. 
https://doi.org/10.1080/10408398.2023.2280768. 

51. Meena DC, Pal S & Chand P. 2022. Assessment of 
watershed management ecosystem services in India: A 
meta-analysis. Current Science, 123(11): 1352–1358. 
https://doi.org/10.18520/cs/v123/i11/1352-1358. 

52. Meena SL, Bana RS, Kaur R, Nirmal R, Singh D, Godara S, 
Singh T, Dass A, Jena T & Serawat R. 2025. Long-term 
moisture conservation and nutrient management 
improves yield stability and resource use efficiency in 
pearl millet (Pennisetum glaucum)–mustard (Brassica 
juncea) system under rainfed ecosystem. Frontiers in 
Sustainable Food Systems, 9: 1597025. 
https://doi.org/10.3389/fsufs.2025.1597025. 

53. Meena VS, Maurya BR & Verma JP. 2017. Organic 
amendments and nutrient management: Impact on soil 
biology and agricultural productivity. In V.S. Meena, P.K. 
Mishra, J.K. Bisht & A. Pattanayak (Eds.), Advances in 
soil microbiology: Recent trends and future prospects (pp. 
197–215). Springer, Singapore. 

54. Mevada K & Makwana BD. 2023. Efficiency of plant 
nutrient enhancer for sustainable agriculture in diverse 
agro-ecosystem. Journal of Agriculture and Ecology. 16: 
99–104. DOI:https://doi.org/10.58628/JAE-2316-219. 

55. Mishra A, Sharma R & Singh P. 2024. Precision 
agriculture in India: Opportunities and challenges. 
Journal of Precision Agriculture and Digital Innovation, 
3(2): 101–113. 
https://doi.org/10.1016/j.padig.2024.100064. 

56. Mishra D, Kumar R & Chauhan R. 2023. AI and remote 
sensing-based approaches for soil health assessment 
and land degradation mapping in India. Environmental 
Monitoring and Assessment, 195: 321. 

57. MoA&FW (Ministry of Agriculture and Farmers Welfare). 
2021a. Agricultural statistics at a glance 2021. Ministry of 

http://jae.saaer.org.in/
https://soilhealth.dac.gov.in/
https://doi.org/10.1007/s42535-022-00537-6
https://icar.org.in/en/15-day-viksit-krishi-sankalp-abhiyan-successfully-reaches-its-final-phase
https://icar.org.in/en/15-day-viksit-krishi-sankalp-abhiyan-successfully-reaches-its-final-phase
https://icar.org.in/en/15-day-viksit-krishi-sankalp-abhiyan-successfully-reaches-its-final-phase
https://doi.org/10.1038/s41893-019-0294-0
https://doi.org/10.1007/s00267-020-01273-w
https://doi.org/10.1007/s00267-020-01273-w
https://doi.org/10.2136/sssaj1997.03615995006100010001x
https://doi.org/10.2136/sssaj1997.03615995006100010001x
https://doi.org/10.58628/JAE-2316-203
https://doi.org/10.3389/fsufs.2023.1271340
https://doi.org/10.1111/ejss.12857
https://doi.org/10.1080/10408398.2023.2280768
https://doi.org/10.18520/cs/v123/i11/1352-1358
https://doi.org/10.3389/fsufs.2025.1597025
https://doi.org/10.58628/JAE-2316-219
https://doi.org/10.1016/j.padig.2024.100064


 

 25 jae.saaer.org.in 

JOURNAL OF AGRICULTURE AND ECOLOGY | REVIEW ARTICLE 

Agriculture and Farmers Welfare, Government of India, 
New Delhi. 

58. MoA&FW (Ministry of Agriculture and Farmers Welfare). 
2021b. Soil Health Card Scheme: Achievements and 
impact. Ministry of Agriculture and Farmers Welfare, 
Government of India, New Delhi. 

59. MoA&FW (Ministry of Agriculture and Farmers Welfare). 
2022. Annual report 2021–22. Ministry of Agriculture and 
Farmers Welfare, Government of India, New Delhi. 

60. MoA&FW (Ministry of Agriculture and Farmers Welfare). 
2025. Paramparagat Krishi Vikas Yojana (PKVY). 
Retrieved from 
https://www.myscheme.gov.in/schemes/pkvy 
(Accessed 26 August 2025). 

61. MoEF&CC (Ministry of Environment, Forest and Climate 
Change). 2020. India’s Sixth National Report to the 
Convention on Biological Diversity. Government of India, 
New Delhi. 

62. MoWR (Ministry of Jal Shakti). 2021. Annual report 
2020–21. Government of India, New Delhi. 

63. Naragund R, Singh YV, Jaiswal P, Bana RS & Choudhary 
AK. 2022. Influence of crop establishment practices and 
microbial inoculants on nodulation of summer green 
gram (Vigna radiata) and soil quality parameters. 
Legume Research: An International Journal, 45(5): 131–
138. https://doi.org/10.18805/LR-4246. 

64. Narayana S, Jagetiya P, Mathur R, Mishra R & Chauhan 
S. 2025. Biofertilizer commercialization: Prospects and 
challenges. Agricultural Research Journal, 62(1): 1–15. 

65. NBSS&LUP (National Bureau of Soil Survey and Land 
Use Planning). 2019. Soils of India: Status and 
conservation needs. ICAR–National Bureau of Soil 
Survey and Land Use Planning, Nagpur. 

66. NITI Aayog. 2018. Land leasing and land tenure reforms 
in India. Government of India, New Delhi. 

67. NMSA (National Mission on Sustainable Agriculture). 
2014. National Mission on Sustainable Agriculture 
operational guideline. Ministry of Agriculture & Farmers’ 
Welfare, Government of India, New Delhi, p. 77. 

68. NMSA (National Mission on Sustainable Agriculture). 
2025. National Mission on Sustainable Agriculture. 
Retrieved from https://nmsa.dac.gov.in/ (Accessed 26 
August 2025). 

69. Pandey U, Vashisth A, Mishra A & Kumari M. 2025. AI 
and IoT-driven soil health restoration: A machine 
learning approach for sustainable agriculture. Preprint. 
https://doi.org/10.21203/rs.3.rs-6490610/v1. 

70. Pathak H, Jain N & Bhatia A. 2023. Nutrient use 
efficiency and environmental sustainability of Indian 
agriculture. Current Science, 124(4): 472–480. 

71. Plumptre W. 1940. The problem of soil erosion. The 
Journal of the Royal Agricultural Society of England, 101: 
1–14. 

72. PMKSY (Pradhan Mantri Krishi Sinchayee Yojana). 2025. 
Pradhan Mantri Krishi Sinchayee Yojana. Retrieved from 
https://pmksy.gov.in/ (Accessed 26 August 2025). 

73. Pradhan A, Rana KS, Choudhary AK, Bana RS, Thapa S, 
Dash AK, Singh JP, Kumar A, Harish MN, Hasanain M & 
Kumar A. 2025. Dual-crop basis residue-retained bed-
planting and zinc fertilization lead to improved food-
energy-water-carbon nexus in pearl millet–wheat 
cropping system in semi-arid agro-ecologies. Renewable 
and Sustainable Energy Reviews, 215: 115579. 
https://doi.org/10.1016/j.rser.2025.115579. 

74. Ramesh P, Panwar NR & Singh AB. 2010. Organic 
farming: Its relevance in sustainable agriculture. Indian 
Journal of Agronomy, 55(3): 153–157. 

75. Ranva S, Singh YV, Jain N, Bana RS, Bana RC, Aseri GK, 
Madar R, Shokralla S, Mahmoud EA, El-Sabrout AM & 

Elansary HO. 2022. Impact of Safe Rock® minerals, 
mineral fertilizers, and manure on the quantity and 
quality of the wheat yield in the rice–wheat cropping 
system. Plants, 11(2): 183. doi: 
10.3390/plants11020183. 

76. Rattan RK, Datta SP, Chhonkar PK, Suribabu K & Singh 
AK. 2009. Long-term impact of fertilizer and manure 
applications on soil health and crop productivity under 
rice–wheat cropping system. Indian Journal of Fertilisers, 
5(4): 17–28. 

77. RKVY (Rashtriya Krishi Vikas Yojana). 2025. Rashtriya 
Krishi Vikas Yojana. Ministry of Agriculture & Farmers’ 
Welfare, Government of India. Available at: 
https://rkvy.da.gov.in/ (Accessed 26 August 2025). 

78. Sahrawat KL. 2005. Fertilizers as a source of 
contamination of the environment. Journal of Plant 
Nutrition, 28(5): 639–648. 

79. Sapkota TB, Jat ML, Aryal JP & Stirling C. 2021. Soil 
health indicators and impact of conservation agriculture 
on soil properties in South Asia. Soil & Tillage Research, 
213: 105145. doi: 10.1016/bs.agron.2023.05.003. 

80. Sen L, Verma I, Joshi S & Singh P. 2025. A survey on IoT-
based smart farming systems for automated irrigation 
and real-time soil monitoring. International Journal of 
Engineering Research & Technology (IJERT), 13(06): 45–
56. doi: 10.17577/IJERTCONV13IS06022. 

81. Sharma AK, Singh SP & Chaudhary DR. 2022. Impact of 
organic amendments on soil microbial dynamics and 
nutrient availability in arid soils. Journal of the Indian 
Society of Soil Science, 70(1): 27–34. doi: 
10.3390/agronomy13071719. 

82. Sharma AR, Singh R & Dhyani SK. 2019. Sustainable soil 
fertility management in India: Challenges and 
opportunities. Indian Journal of Fertilisers, 15(6): 522–
534. 

83. Shirzad MS, Bana RS & Bamboriya SD. 2020. Planting 
density and nitrogen management effects on 
productivity, quality and water-use efficiency of Indian 
mustard under conservation agriculture-based pearl 
millet–mustard system. Journal of Agriculture and 
Ecology, 10: 69–75. doi: 10.53911/JAE.2020.10206. 

84. Shivay YS, Pooniya V, Pal M, Ghasal PC, Bana R & Jat SL. 
2019. Coated urea materials for improving yields, 
profitability, and nutrient-use efficiencies of aromatic 
rice. Global Challenges, 3(12): 1900013. doi: 
10.1002/gch2.201900013. 

85. Shukla AK, Behera SK, Prakash C, Tripathi A, Patra AK, 
Dwivedi BS, Trivedi V, Rao CS, Chaudhari SK, Das S & 
Singh AK. 2021. Deficiency of phyto-available sulphur, 
zinc, boron, iron, copper and manganese in soils of 
India. Scientific Reports, 11(1): 19760. doi: 
10.1038/s41598-021-99040-2. 

86. Singh MV, Takkar PN & Sekhon GS. 2021. Micronutrient 
deficiencies and their management in soils and crops of 
India. Indian Journal of Fertilisers, 17(3): 310–325. doi: 
10.1007/978-1-4020-6860-7_4. 

87. Singh RP & Mishra AK. 2020. Soil health management in 
India: Issues and policies. Journal of Soil and Water 
Conservation, 19(3): 207–215. 

88. Singh T, Bana RS, Satapathy BS, Lal B, Yogi AK & Singh 
R. 2022. Energy balance, productivity and resource-use 
efficiency of diverse sustainable intensification options 
of rainfed lowland rice systems under different fertility 
scenarios. Sustainability, 14(6): 3657. doi: 
10.3390/su14063657. 

89. Sinha B, Haldhar SM, Chakrapani K, Nidhi CN, Ralte Z, 
Wangkhem B & Konsam J. 2023. Microbiological 
resources- an alternate approach for sustainable 
management of fall armyworm (Spodoptera 

http://jae.saaer.org.in/
https://www.myscheme.gov.in/schemes/pkvy
https://doi.org/10.18805/LR-4246
https://nmsa.dac.gov.in/
https://doi.org/10.21203/rs.3.rs-6490610/v1
https://pmksy.gov.in/
https://doi.org/10.1016/j.rser.2025.115579
https://rkvy.da.gov.in/


 

 
jae.saaer.org.in    26 

JOURNAL OF AGRICULTURE AND ECOLOGY | REVIEW ARTICLE 

frugiperda). J. Agric. Ecol., 17: 14-
25. https://doi.org/10.58628/JAE-2317-302. 

90. Srinivasa Rao C, Indoria AK & Sharma KL. 2017. 
Effective management practices for improving soil 
organic matter for increasing crop productivity in rainfed 
agroecology of India. Current Science, 112(7): 1497–
1504. doi: 10.18520/cs/v112/i07/1497-1504. 

91. Srinivasa Rao C, Jagadesh M, Chandana VM, Kumar GR, 
Venu N, Karthik R & Baral K. 2025. Carbon farming 
opportunities and action plan toward achieving SDGs in 
India. In Advances in Agri-Food Systems: Volume I (pp. 
225–251). Springer Nature, Singapore. doi: 
10.1007/978-981-96-0759-4_13. 

92. Srinivasa Rao C, Kundu S, Lakshmi CS, Sudha Rani Y, 
Nataraj KC, Gangaiah B & Manasa R. 2019. Soil health 
issues for sustainability of South Asian agriculture. EC 
Agriculture, 5(6): 1–12. 

93. Srinivasa Rao C, Rakesh S, Ranjith Kumar G, Pilli K, 
Manasa R, Sahoo S, Kundu S, Prasad JVNS, Pratibha G & 
Swamy GN. 2022. Technologies, programs, and policies 
for enhancing soil organic carbon in rainfed dryland 
ecosystems of India. In Plans and Policies for Soil 
Organic Carbon Management in Agriculture (pp. 27–57). 
Springer Nature, Singapore. doi: 10.1007/978-981-19-
6179-3_2. 

94. Srinivasa Rao C, Srinivas T, Rao RVS, Rao NS, 
Vinayagam SS & Krishnan P. 2020. Climate Change and 
Indian Agriculture: Challenges and Adaptation Strategies 
(p. 584). ICAR–National Academy of Agricultural 
Research Management, Hyderabad. 

95. Tandon HLS. 2013. Fertiliser Recommendations for 
Horticultural Crops. Fertiliser Development and 
Consultation Organisation, New Delhi. 

96. Tandon HLS. 2020. Nutrient Management in Indian 
Agriculture. Fertiliser Development and Consultation 
Organisation, New Delhi. 

97. Think Wildlife Foundation. 2023. Agroforestry in an 
Indian context: Limitations and its potential. Available at: 
https://thinkwildlifefoundation.com/agroforestry-in-an-
indian-context-limitations-and-its-potential (Accessed 22 
August 2025). 

98. TSI (The Sulphur Institute). 2025. Status of Indian Soils. 
Available at: https://www.sulphurinstitute.org/about-
sulphur/india/status-of-indian-soils (Accessed 22 
August 2025). 

99. Verma S. 2020. Farmer Producer Organizations & Agri-
marketing: Experiences in selected states, relevance and 
their performance in Punjab (p. 127). National Bank for 
Agriculture and Rural Development, Mumbai. 

100. Wani SP, Srinivasa Rao C, Subba Rao A & Shankar MA. 
2009. Integrated nutrient management sustainable for 
land use in watersheds. In Integrated Nutrient 
Management for Sustainable Agriculture (pp. 139–147). 

101. Yogi AK, Bana RS, Bamboriya SD, Choudhary RL, Laing 
AM, Singh D, Godara S, Babu S & Chaudhary A. 2023a. 
Foliar zinc fertilization improves yield, biofortification 
and nutrient-use efficiency of upland rice. Nutrient 
Cycling in Agroecosystems, 125(3): 453–469. doi: 
10.1007/s10705-023-10270-4. 

102. Yogi AK, Bana RS, Godara S, Sangwan S, Choudhary AK, 
Nirmal RC, Bamboriya SD, Shivay YS, Singh D, Singh T & 
Yadav A. 2023b. Elucidating the interactive impact of 
tillage, residue retention and system intensification on 
pearl millet yield stability and biofortification under 
rainfed agro-ecosystems. Frontiers in Nutrition, 10: 
1205926. doi: 10.3389/fnut.2023.1205926. 

 

 

Preferred citation:   Jena T, Singh S and Bana RS. 2025.  Building soil resilience: pathways to sustainable agriculture in India. Journal of Agriculture 
and Ecology, 21: 14-26; https://doi.org/10.58628/JAE-2521-102  

http://jae.saaer.org.in/
https://doi.org/10.58628/JAE-2317-302
https://thinkwildlifefoundation.com/agroforestry-in-an-indian-context-limitations-and-its-potential
https://thinkwildlifefoundation.com/agroforestry-in-an-indian-context-limitations-and-its-potential
https://www.sulphurinstitute.org/about-sulphur/india/status-of-indian-soils
https://www.sulphurinstitute.org/about-sulphur/india/status-of-indian-soils
https://doi.org/10.58628/JAE-2521-102

	About soil health
	Table 1. Soil degradation types and affected areas in India

	3. Challenges in sustainable soil health management in India
	3.1 Intensive agriculture and monocropping
	3.2 Indiscriminate use of agricultural chemicals
	3.3 Underutilization and limitations of organic nutrient sources
	3.4 Soil erosion, salinization, and nutrient depletion
	3.5 Land degradation and climate change impacts
	3.6 Miscellaneous factor
	Several emerging challenges are contributing to localised yet critical soil degradation.
	Table 2. Key challenges to soil health in India and their consequences

	4. Innovations and technologies for sustainable soil health management in India
	4.2 Integrated Nutrient Management (INM)
	4.3 Use of biofertilizers and microbial consortia
	4.4 Soil Organic Carbon Management
	4.5 Precision Soil Mapping and Digital Tools
	Table 4. Key technological interventions for Sustainable Soil Health Management in India
	4.6 Use of Remote Sensing, AI and IoT in soil health monitoring
	Table 5. Digital and AI-based innovations for soil health management

	5. Research gaps and funding challenges
	6. Climate-smart soil management strategies
	Table 7. Summary of major gaps and recommended future interventions
	7. Conclusion

