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INTRODUCTION 

Soil is the foundation of terrestrial ecosystems 

and agricultural productivity, supporting 

approximately 95% of global food production 

(Lal, 2020). Healthy soil performs essential 

ecosystem services, including nutrient cycling, 

water filtration, carbon sequestration, and 

biodiversity conservation. However, the Food 

and Agriculture Organization (FAO) estimates 

that approximately 33% of the world’s soils 

are moderately to highly degraded due to 

erosion, nutrient depletion, salinization, 

compaction, and chemical contamination 

(FAO, 2015). This degradation threatens not 

only crop yields but also the capacity of soils 

to mitigate climate change through carbon 

storage. 
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ABSTRACT 

Soil health is a critical determinant of agricultural sustainability, food security, and 

environmental resilience. Over the past decade, escalating soil degradation driven by intensive 

agricultural practices, climate change, and urbanization has necessitated innovative approaches 

to soil management. This review examines emerging trends and innovations in sustainable soil 

health management, encompassing regenerative agriculture, soil microbiome engineering, 

biochar application, precision agriculture technologies, and policy-driven conservation 

frameworks. Regenerative practices such as conservation tillage, cover cropping, and diversified 

crop rotations have demonstrated significant improvements in soil organic carbon, microbial 

diversity, and water retention capacity. The integration of Internet of Things (IoT)-based soil 

sensors, remote sensing, and artificial intelligence-driven decision support systems has enabled 

real-time monitoring and site-specific management of soil parameters. Additionally, biological 

innovations including microbial inoculants, biofertilizers, and synthetic microbial consortia 

represent promising frontiers for enhancing nutrient cycling and disease suppression. This paper 

synthesizes current scientific evidence and technological advancements, identifies research gaps, 

and proposes an integrated framework for sustainable soil health management that bridges 

biotechnology, digital agriculture, and ecologically informed practices to address global food 

security and climate adaptation goals. 
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The concept of soil health has evolved from a 

narrow focus on chemical fertility to a holistic 

understanding encompassing physical 

structure, chemical composition, and 

biological activity (Doran & Zeiss, 2000). 

Lehman et al. (2015) defined soil health as the 

continued capacity of soil to function as a vital 

living ecosystem that sustains plants, animals, 

and humans. This paradigm shift has catalyzed 

research into innovative management 

strategies that restore and maintain soil 

functionality while meeting the increasing 

demands of a growing global population 

projected to reach 9.7 billion by 2050 (United 

Nations, 2019). 

Recent years have witnessed 

remarkable advancements in soil health 

management, spanning biological innovations 

such as microbiome engineering and biochar 

technology, digital tools including IoT-based 

sensors and artificial intelligence, and policy 

frameworks promoting conservation 

agriculture. The global soil health management 

market was valued at USD 14.70 billion in 

2024 and is projected to reach USD 31.95 

billion by 2033, reflecting the accelerating 

adoption of sustainable soil management 

solutions (Grand View Research, 2024). This 

review aims to synthesize emerging trends and 

innovations in sustainable soil health 

management, evaluate their effectiveness 

through current scientific evidence, and 

identify pathways for integrated approaches to 

address the interconnected challenges of food 

security, climate change, and environmental 

sustainability. 

2. Soil Health Indicators and Assessment 

Frameworks 

Comprehensive assessment of soil health 

requires the integration of physical, chemical, 

and biological indicators that collectively 

reflect the functional capacity of the soil 

ecosystem (Guo, 2021). Physical indicators 

include soil structure, aggregate stability, bulk 

density, porosity, and water holding capacity, 

which influence root penetration, aeration, and 

moisture availability. Chemical indicators 

encompass soil pH, organic carbon content, 

cation exchange capacity (CEC), electrical 

conductivity, and nutrient availability, which 

determine the soil’s capacity to supply 

essential elements for plant growth. Biological 

indicators, increasingly recognized as the most 

sensitive markers of soil health, include 

microbial biomass carbon, enzyme activity 

(dehydrogenase, phosphatase, urease), soil 

respiration rates, earthworm abundance, and 

microbial community diversity indices 

(Lehman et al., 2015). 

 

 
Figure1. Physical, Chemical, and Biological Indicators of Soil Health Assessment 

 

Several standardized frameworks have been 

developed for soil health evaluation. The 

Cornell Comprehensive Assessment of Soil 

Health (CASH) measures biological indicators 

such as soil respiration and active carbon 

alongside physical parameters including 
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aggregate stability and available water 

capacity (Moebius-Clune et al., 2016). The 

Soil Management Assessment Framework 

(SMAF) integrates indicator selection, 

interpretation through scoring curves, and 

aggregation into a composite soil quality 

index. More recently, Ros et al. (2022) 

introduced the Open Soil Index (OSI), an 

open-source modular framework that 

hierarchically evaluates soil functions across 

chemical, physical, biological, environmental, 

and management categories, facilitating field-

level management recommendations. These 

assessment tools enable data-driven decision-

making and provide benchmarks for 

monitoring the effectiveness of soil 

management interventions over time. 

3. Regenerative Agriculture and 

Conservation Practices 

Regenerative agriculture represents a holistic 

farming philosophy that prioritizes the 

restoration and enhancement of soil health 

through practices that work synergistically 

with natural ecosystems (LaCanne & 

Lundgren, 2018). Unlike conventional 

agriculture, which often relies heavily on 

synthetic inputs and intensive tillage, 

regenerative approaches seek to rebuild soil 

organic matter, restore degraded soil 

biodiversity, and enhance ecosystem services. 

3.1 Conservation Tillage 

Conservation tillage, encompassing no-till, 

strip-till, and reduced tillage systems, 

minimizes mechanical disturbance of the soil 

surface. Sadiq et al. (2025) reported that 

conservation agriculture significantly 

improves soil structure, enhances organic 

carbon sequestration, promotes microbial 

activity, increases water-use efficiency, and 

reduces erosion and nutrient losses. No-till 

farming preserves soil aggregate structure, 

protects mycorrhizal fungal networks, and 

reduces carbon dioxide emissions from soil 

disturbance. Research from intensive corn and 

soybean farms in the United States 

demonstrated that adopting soil health 

management systems, including conservation 

tillage, increased net farm income by an 

average of $52 per acre for corn and $45 per 

acre for soybeans (Syngenta Group, 2023). 

3.2 Cover Cropping and Crop Rotation 

Cover crops serve as living mulches that 

protect soil from erosion, suppress weeds, fix 

atmospheric nitrogen (in the case of 

leguminous species), and enhance soil organic 

matter upon decomposition (Poeplau & Don, 

2015). Crop rotation breaks pest and disease 

cycles, diversifies root exudates that nourish 

distinct microbial communities, and optimizes 

nutrient utilization across growing seasons. 

Shahane and Shivay (2021) emphasized that 

green manuring with crops such as dhaincha 

and sunn hemp, supplemented with urea, 

increased sugarcane yield by up to 57% while 

significantly improving soil organic matter, 

total nitrogen, available phosphorus, and sulfur 

content. The combination of these practices 

creates a synergistic effect that rebuilds soil 

biological complexity and long-term fertility.

 

 
Figure2. Integrated Sustainable Soil Health Management Practices 



 

Dhanetia, H.R.                                Curr. Rese. Agri. Far. (2026) 7(1), 1-10     ISSN: 2582 – 7146  

Copyright © Jan.-Feb., 2026; CRAF                                                                                                                  4 
 

3.3 Organic Amendments and Composting 

Organic amendments, including compost, 

animal manure, and vermicompost, represent 

the largest segment of the soil health 

management market, accounting for 37.6% of 

revenue share in 2024 (Grand View Research, 

2024). These amendments improve soil 

structure, enhance moisture retention, increase 

microbial activity, and provide a slow-release 

source of essential nutrients. Composting 

transforms agricultural residues and organic 

waste into nutrient-rich humus, creating a 

closed-loop nutrient cycling system that 

reduces dependence on synthetic fertilizers. 

The incorporation of organic matter is 

particularly critical in degraded and nutrient-

depleted soils common in tropical and 

subtropical agroecosystems (De Corato, 2020). 

4. Soil Microbiome Engineering and 

Biological Innovations 

The soil microbiome, comprising bacteria, 

fungi, archaea, protists, and viruses, is 

increasingly recognized as the central driver of 

soil health and plant productivity (Trivedi et 

al., 2020). Soil microbial communities mediate 

nutrient cycling, organic matter 

decomposition, pathogen suppression, and 

phytohormone production, directly influencing 

crop growth and resilience to environmental 

stresses. 

4.1 Microbial Inoculants and Biofertilizers 

Biofertilizers containing plant growth-

promoting rhizobacteria (PGPR), arbuscular 

mycorrhizal fungi (AMF), and phosphate-

solubilizing bacteria represent a rapidly 

growing segment in sustainable soil 

management, with the biological products 

segment anticipated to grow at the fastest 

compound annual growth rate of 12.4% 

through 2033 (Grand View Research, 2024). 

These organisms enhance nutrient availability 

through nitrogen fixation, phosphorus 

solubilization, and siderophore production, 

reducing dependence on chemical fertilizers. 

Agri-Tecno (2025) noted that certain 

microorganisms establish symbiotic 

relationships with plant roots, aiding nutrient 

absorption and stimulating development 

through phytohormone production and 

beneficial metabolites. 

 

 
Figure3. Role of the Soil Microbiome in Nutrient Cycling and Sustainable Agriculture 
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4.2 Synthetic Microbial Consortia and 

Microbiome Engineering 

Soil microbiome engineering involves the 

targeted manipulation of microbial 

communities using advanced biofertilizers, 

synthetic consortia (SynComs), and genetic 

tools (Nyamboga et al., 2025). Advances in 

metagenomics sequencing and bioinformatics 

have enabled the identification and 

characterization of functional microbial 

communities without the need for traditional 

culture-based methods. Nyamboga et al. 

(2025) proposed a three-scale research–

policy–practice framework for equitable 

scaling of microbiome engineering 

technologies, positioning the soil as an 

engineered living system essential for 

achieving global food security and climate 

adaptation goals aligned with Sustainable 

Development Goals 2 and 13. However, cost, 

complexity, and ethical considerations remain 

significant challenges that must be addressed 

for widespread adoption. 

5. Biochar Technology for Soil Health 

Enhancement 

Biochar, a carbon-rich material produced 

through pyrolysis of organic biomass under 

limited oxygen conditions, has emerged as a 

multifunctional soil amendment with 

significant potential for carbon sequestration 

and soil health improvement (Lehmann et al., 

2011). Its unique physicochemical properties, 

including high surface area, porosity, and 

cation exchange capacity, make it effective for 

long-term carbon storage, nutrient retention, 

and microbial habitat provision. 

When applied to soil, biochar 

improves physical structure by increasing 

porosity and aggregate stability, leading to 

better aeration and root penetration. Its high 

surface area and charge density facilitate the 

retention of nutrients such as nitrogen, 

phosphorus, and potassium, reducing leaching 

and improving their availability to plants 

(Oladele et al., 2024). Additionally, biochar 

acts as a habitat and substrate for soil 

microbial communities, enhancing microbial 

diversity and activity crucial for nutrient 

cycling and organic matter decomposition. 

Research has demonstrated that biochar with a 

high carbon-to-nitrogen ratio (C/N > 30) 

significantly mitigates soil greenhouse gas 

emissions and has important prospects for 

carbon sequestration (Oladele et al., 2024). In 

anaerobic soils such as rice paddies, biochar 

reduces methane emissions by altering 

microbial community dynamics and improving 

soil aeration, while its porous structure adsorbs 

ammonium and nitrate ions, reducing nitrous 

oxide emissions from denitrification 

(Kammann et al., 2017). 

6. Precision Agriculture and Digital 

Innovations 

The integration of digital technologies into soil 

health management represents one of the most 

transformative trends in contemporary 

agriculture. Precision agriculture leverages 

IoT-based sensors, remote sensing platforms, 

geographic information systems (GIS), and 

artificial intelligence (AI) to enable real-time, 

data-driven decision-making for optimized soil 

management (Huere-Peña et al., 2024). 

6.1 IoT-Based Soil Sensors 

Advanced soil sensors measure critical 

parameters including moisture content, pH, 

temperature, nutrient levels, and electrical 

conductivity at high spatial and temporal 

resolutions. Time Domain Reflectometry 

(TDR) probes measure moisture, temperature, 

and electrical conductivity at varying soil 

depths, while Frequency Domain 

Reflectometry (FDR) sensors enable 

continuous monitoring across various soil 

conditions (PMC, 2025). Electrochemical 

sensors detect soil pH and nutrient levels, and 

innovative 3D macroporous graphene-

functionalized microsensors have 

demonstrated pH sensitivity of 97 μS/pH with 

650% response rates. These sensors transmit 

real-time data through IoT networks, enabling 

farmers to make immediate, informed 

decisions about irrigation scheduling, fertilizer 

application, and soil remediation. 
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Figure4. Precision Agriculture Technologies for Real-Time Soil Health Monitoring 

 

6.2 Remote Sensing and Spectroscopic 

Methods 

Drones and satellites capture high-resolution 

multispectral and hyperspectral imagery of 

agricultural fields, enabling large-scale 

assessment of soil and crop health. 

Spectroscopic methods, including Visible-

Near Infrared (Vis-NIR), Mid-Infrared (MIR), 

and Laser-Induced Breakdown Spectroscopy 

(LIBS), have transformed soil analysis by 

providing rapid, cost-effective, and high-

throughput measurements of soil organic 

carbon, nutrient content, and mineral 

composition (CropWatch, 2024). The use of 

Sentinel-2 satellite imagery combined with the 

Optical Trapezoid Model (OPTRAM) enables 

monitoring of soil moisture variability at high 

spatial resolution, improving irrigation 

management and water resource conservation. 

These technologies, when integrated with AI-

driven analytics, produce detailed digital soil 

maps that support variable-rate application of 

inputs and targeted interventions for site-

specific soil management. 

6.3 Artificial Intelligence and Decision 

Support Systems 

AI and machine learning algorithms process 

vast datasets from sensor networks, satellite 

imagery, and historical soil records to generate 

predictive models for soil health trends, crop 

performance, and environmental risk 

assessment. Digital soil management platforms 

developed by agritech companies have 

enhanced accessibility and affordability of 

precision soil testing, particularly for small 

and medium-scale farmers (Grand View 

Research, 2024). Chouksey et al. (2025) 

highlighted that AI-based advisory systems 

provide real-time insights and enable site-

specific decision-making, while digital 

surveillance networks and soil digital twin 

approaches integrate process-based models 

with Earth observation data and physics-

informed machine learning for comprehensive 

soil health monitoring (Verhoef et al., 2025). 

7. Nanotechnology Applications in Soil 

Management 

Nanotechnology has emerged as a 

transformative tool in sustainable agriculture, 

offering precision at the molecular scale for 

nutrient delivery, pest management, and soil 

remediation. Nano-fertilizers provide 

controlled and targeted release of nutrients, 

enhancing nutrient use efficiency while 

minimizing environmental losses through 

leaching and volatilization (Wani & Agrawal, 

2025). Nano-pesticides offer enhanced 

efficacy with reduced application rates, 

decreasing the chemical load on soil 

ecosystems. Nanoparticle-based soil 

remediation technologies can immobilize 

heavy metals and organic pollutants, restoring 
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contaminated soils to productive use. 

However, Wani and Agrawal (2025) cautioned 

that challenges including regulatory hurdles, 

cost-effectiveness, and environmental safety 

concerns must be addressed through 

multidisciplinary collaboration to integrate 

nanotechnology into global agricultural 

systems responsibly. 

8. Policy Frameworks and Global Initiatives 

Government policies and international 

initiatives play a pivotal role in driving the 

adoption of sustainable soil management 

practices. India’s Soil Health Card Scheme 

provides farmers with field-specific nutrient 

recommendations based on soil testing, though 

evidence on its impact on fertilizer use 

patterns remains mixed (Kishore et al., 2021). 

The European Union’s Common Agricultural 

Policy (CAP) reforms emphasize maintaining 

soil fertility and reducing chemical runoff 

through incentive-based approaches. The 

United States Department of Agriculture 

(USDA) supports precision soil testing and 

conservation initiatives through programs such 

as the Conservation Stewardship Program and 

Environmental Quality Incentives Program. 

Hou et al. (2020) advocated for an 

interdisciplinary and systematic approach to 

sustainable soil use, emphasizing that 

information management and knowledge 

sharing may drive sustainable behavior 

change. These policy-driven measures are 

accelerating the adoption of soil testing kits, 

fertility enhancers, and organic amendments 

across both developed and emerging 

economies. 

9. Challenges and Future Directions 

Despite significant advances, several 

challenges hinder the widespread adoption of 

sustainable soil health management practices. 

The high initial costs of precision agriculture 

technologies and biological inputs remain 

prohibitive for smallholder farmers in 

developing countries. Limited long-term field 

studies across diverse agro-climatic zones 

restrict the generalizability of research 

findings. Incomplete understanding of soil 

biological mechanisms, particularly the 

complex interactions within microbial 

communities and their response to 

management interventions, represents a critical 

knowledge gap (Chouksey et al., 2025). 

Additionally, the standardization of soil health 

assessment methodologies across regions and 

the integration of traditional farming 

knowledge with modern technologies require 

sustained collaborative efforts between 

researchers, policymakers, and farming 

communities. 

Future research should prioritize the 

development of cost-effective, scalable 

solutions that bridge the gap between 

technological innovation and on-farm 

implementation. Strengthening farmer–

scientist–industry partnerships, expanding 

digital extension services, establishing 

inclusive policies that support women, youth, 

and marginalized farming groups, and 

investing in long-term monitoring networks 

will be essential for translating scientific 

advances into tangible improvements in soil 

health, agricultural productivity, and 

environmental sustainability (Priya et al., 

2025). 

 

CONCLUSION 

Sustainable soil health management stands at a 

critical juncture where converging innovations 

in biology, technology, and policy offer 

unprecedented opportunities to reverse 

decades of soil degradation and build resilient 

agricultural systems. Regenerative agriculture 

practices, including conservation tillage, cover 

cropping, and diversified crop rotations, have 

demonstrated consistent improvements in soil 

organic carbon, microbial diversity, aggregate 

stability, and water retention capacity. The soil 

microbiome has emerged as a central pillar of 

soil health, with advances in microbiome 

engineering, biofertilizers, and synthetic 

microbial consortia offering targeted solutions 

for nutrient cycling enhancement and disease 

suppression. 

Biochar technology provides a dual 

benefit of long-term carbon sequestration and 

multifaceted soil improvement, while 

precision agriculture technologies, including 

IoT-based sensors, remote sensing, and AI-
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driven decision support systems, enable real-

time monitoring and site-specific management 

that optimize resource use and minimize 

environmental impact. Nanotechnology 

applications offer promising avenues for 

precision nutrient delivery and soil 

remediation, though responsible integration 

remains essential. 

The integration of these emerging 

trends into cohesive, context-specific 

management frameworks, supported by robust 

policy incentives and inclusive extension 

services, is essential for achieving the 

Sustainable Development Goals related to 

food security (SDG 2), climate action (SDG 

13), and life on land (SDG 15). Moving 

forward, an interdisciplinary approach that 

bridges biotechnology, digital agriculture, 

ecological science, and socioeconomic 

considerations will be indispensable for 

transforming soil from a depleted resource into 

a thriving living system capable of sustaining 

current and future generations. 
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