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Foreword

Agriculture in India is increasingly challenged by a convergence of abiotic stresses, including
soil degradation, water scarcity, nutrient inefficiencies, biodiversity loss, and climate
variability. These stresses are particularly acute in rainfed and semi-arid regions, where
agricultural productivity and farm livelihoods are closely intertwined with natural resource
conditions. Maharashtra, with its diverse agro-climatic regions and predominance of rainfed
farming, exemplifies the complexity of sustaining food-grain production under mounting
environmental pressures.

The Indian Council of Agricultural Research (ICAR), through its network of research
institutes, has consistently emphasized the need to strengthen the ecological foundations of
agriculture while ensuring food security and farmer well-being. The ICAR—National Institute
of Abiotic Stress Management (NIASM), Baramati, has a specific mandate to generate science-
based evidence on abiotic stress processes and to support resilient and sustainable agricultural
systems.

This Technical Bulletin, “From Resource Degradation to Regeneration: Nature- PoSitive
Pathways for Maharashtra’s Food Production Systems” provides a comprehensive and
evidence-based assessment of the environmental stresses affecting current agricultural systems
and their implications for productivity, stability, and farmer livelihoods. By systematically
diagnosing soil, water, nutrient, biodiversity, and climate-related constraints, the bulletin
establishes a strong analytical foundation for rethinking agricultural development pathways in
the state.

| am confident that this publication will serve as a valuable reference for researchers, extension
professionals, planners and policymakers, and will contribute meaningfully to ongoing efforts
toward sustainable and climate-resilient agriculture. I commend the author(s) for this timely
and rigorous contribution and hope that the insights presented herein will support informed
decision-making and future research initiatives.

(Director)
ICAR-National Institute of Abiotic Stress Management
Baramati, Maharashtra
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Preface

Sustaining food-grain production under increasing ecological and climatic stress has emerged
as one of the central challenges for Indian agriculture. In Maharashtra, where a large proportion
of cultivated land is rainfed and resource-constrained, the interaction of soil degradation, water
stress, nutrient imbalance, biodiversity loss, and climate variability has led to stagnating yields,
heightened production risks, and growing livelihood insecurity for farmers.

This Technical Bulletin was conceived to provide a systematic, problem-focused synthesis of
these challenges, drawing on peer-reviewed research, long-term experimental evidence, and
official institutional data. The objective is not to prescribe solutions at this stage, but to clearly
articulate the nature and consequences of prevailing “nature-negative” agricultural pathways,
thereby establishing a strong scientific basis for evaluating alternative and regenerative
approaches in subsequent work.

The bulletin is structured to (i) set the agro-climatic and production context of Maharashtra’s
food-grain systems, (ii) diagnose key environmental stresses affecting soil, water, nutrients,
biodiversity, and climate interactions, and (iii) link these stresses explicitly to outcomes related
to productivity, yield stability, and farmer livelihoods. By closing the diagnostic phase clearly,
the document seeks to avoid repetition in later discussions on nature-positive or climate-
resilient agricultural strategies. It is hoped that this bulletin will be useful to researchers,
students, extension personnel, and development practitioners seeking an integrated
understanding of the environmental constraints facing food-grain production in Maharashtra,
and that it will stimulate informed dialogue on sustainable agricultural transitions.
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Executive Summary

Agriculture in Maharashtra is at a critical crossroads. While the state remains one of India’s
major contributors to food-grain production, its agricultural systems are increasingly
constrained by ecological degradation, climate variability, and rising production risks. This
Technical Bulletin examines these challenges through a comprehensive, evidence-based
assessment and advances the case for Nature-Positive Agriculture (NPA) as a necessary
pathway for sustaining productivity, resilience, and farmer livelihoods.

The bulletin begins by situating Maharashtra’s food-grain systems within a highly diverse
agro- climatic context comprising five major regions; Konkan, Western Maharashtra, Central
Plateau, Marathwada, and Vidarbha. Despite diversification toward oilseeds and horticulture,
food grains remain central to food security and rural employment, particularly in rainfed
regions. However, recent trends show contraction in food-grain area, declining production, and
pronounced yield variability, reflecting increasing exposure to climatic and ecological stress.

A detailed diagnosis reveals that current agricultural trajectories are predominantly nature-
negative. Soil degradation—driven by erosion, shallow and gravelly soil profiles, and
declining SOC has emerged as a foundational constraint, undermining nutrient cycling, water
retention, and biological activity. Water stress, characterized by erratic monsoon rainfall,
extended dry spells, and groundwater overexploitation, has heightened drought vulnerability
across large rainfed tracts. Nutrient management is marked by imbalanced fertilizer use and
declining input-use efficiency, leading to nutrient mining in dryland areas and environmental
losses in high-input systems. Agricultural intensification has further simplified
agroecosystems, resulting in loss of biodiversity and weakening of essential ecosystem
services. Climate change amplifies these stresses through rising temperatures, increased
frequency of extremes, and greenhouse gas emissions from crop and soil management.

The bulletin clearly establishes that these environmental stresses have direct and serious
consequences for productivity, stability, and farmer livelihoods. Yield stagnation and high
inter- annual variability, increased risk of crop failure, rising costs of cultivation, and
widening disparities between irrigated and rainfed regions collectively erode farm profitability
and resilience. Environmental degradation is therefore not only an ecological issue but a
central economic and social concern for Maharashtra’s agrarian economy.

In response, the bulletin conceptualizes Nature-Positive Agriculture as an integrated systems
approach that restores soil health, enhances biodiversity, improves water and nutrient
efficiency, and reduces emission intensity while sustaining food production. NPA is presented
not as a single technology or farming system, but as a framework that aligns productivity goals
with ecological regeneration. The analysis emphasizes that soil health restoration, particularly
improvements in SOC and biological functioning, is the entry point for durable gains in water-
use efficiency, nutrient response, yield stability, and climate resilience.

A major contribution of the bulletin is the development of an indicator-based framework for
assessing nature positivity in agricultural systems. Indicators spanning soil health, water
resources, nutrient cycling, biodiversity, climate mitigation, productivity stability, and socio-
economic outcomes provide a transparent and measurable basis for evaluating progress. This
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framework enables a shift from practice-based implementation to outcome-based assessment,
which is essential for policy accountability, incentive design, and scaling.

The bulletin further demonstrates that India already possesses a strong enabling policy
environment for nature-positive transitions. National missions such as the National Mission
for Sustainable Agriculture (NMSA), Pradhan Mantri Krishi Sinchayee Yojana (PMKSY),
Paramparagat Krishi Vikas Yojana (PKVY), and the National Agroforestry Policy promote
many practices aligned with NPA objectives. However, their impact can be significantly
enhanced by explicitly linking incentives to measurable ecosystem service outcomes, such as
soil carbon enhancement, improved water-use efficiency, biodiversity recovery, and reduced
emission intensity.

Research and institutions play a pivotal role in operationalizing this transition. The bulletin
highlights the need for outcome-oriented research focused on developing simple, scalable
indicators and credible monitoring frameworks. It also identifies opportunities to link
quantified ecosystem services, particularly soil and biomass carbon—to voluntary carbon and
environmental credit markets, enabling farmers to access supplementary income
streams. Institutions such as ICAR, State Agricultural Universities, Krishi Vigyan Kendras,
and Farmer Producer Organizations are identified as critical actors for generating evidence,
validating indicators, supporting farmer adoption, and enabling aggregation and market access.

In conclusion, this Technical Bulletin underscores that nature-positive agriculture is no longer
optional but essential for sustaining food-grain production, improving farmer livelihoods,
and restoring ecological integrity in Maharashtra. Incremental adjustments to conventional
agriculture will be insufficient to address the scale and complexity of current challenges. A
deliberate shift toward outcome-based, ecosystem-centered agricultural development,
supported by aligned policies, robust indicators, and coordinated institutions, offers a viable
and scalable pathway toward resilient, climate smart and sustainable food systems.

vii|[Page



1.

11
1.2
1.3

2.

2.1
2.2
2.3
2.4
2.5

3.

4.
4.1

4.2
4.3
4.4
4.5
4.6

5.

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8

6.

6.1

CONTENTS

Introduction
Agro-climatic and Food-Grain Production Context of Maharashtra

Trends in Food-Grain Area, Production, and Productivity
Emerging Challenges in Rainfed and Irrigated Systems

Diagnosis of Environmental Stress in Existing Agricultural Systems
Soil Degradation and Loss of Soil Function

Water Stress and Hydrological Imbalance

Nutrient Imbalance and Declining Input Efficiency
Biodiversity Decline and Ecosystem Simplification
Climate Risks and Emission Intensity

Consequences for Productivity, Stability, and Farmer Livelihoods

Conceptual Foundations of Nature-Positive Agricultural Transition
Conceptual Foundations of Nature-Positive Agriculture

Biodiversity Enhancement as a Core Mechanism

Soil Health Restoration for Resilient Production

Ecosystem Services Restoration at Farm and Landscape Scales
Carbon and Nutrient Loss Reduction

Policy Alignment and SDG Linkages

Indicator Framework for Evaluating Nature-Positive Soil and Crop
Management Systems
Soil Health Regeneration Indicators

Water Resource Enhancement Indicators

Climate Change Mitigation and Carbon Indicators
Biodiversity Recovery Indicators (Above- and Below-Ground)
Circular Nutrient Cycling and Resource-Use Efficiency

Crop Productivity, Stability, and System Resilience
Socio-Economic Performance Indicators

Policy, Governance, and Institutional Indicators

Nature-Positive Soil and Crop Management Pathways for Regenerative

and Resilient Agriculture
Soil-Centric Regenerative Pathways

6.1.1 Nutrient Management Systems
6.1.2 Soil Organic Matter and Biological Management
6.1.3 Conservation Agriculture Approaches

6.2

Crop-Centric and System-Based Pathways

Acknowledgements
Abbreviations
Executive Summary

05

13
15

21

25



6.2.1 Crop Diversification and Rotations
6.2.2 Agroforestry and Integrated Farming Systems
6.2.3 Precision Water and Nutrient Management

7.

7.1
7.2
7.3

Implications for Policy, Research, and Scaling of Nature-Positive Agriculture 46
Alignment with National Missions and State Programs

Indicator-Based Incentives and Ecosystem Service Valuation
Role of ICAR, SAUs, KVKs, and FPOs in Scaling

Summary and Conclusions 50
References 53
Annexures 59

Soil-Based Indicators and Their Linkages to Soil Functions, Processes, and Nutrient
Management Systems

Water Resource Enhancement Indicators at Regional / Watershed Scale and Their
Linkages to Hydrological Processes and Nature-Positive Agriculture

Climate Change Mitigation & Carbon Outcome Indicators and Their Linkages to
Ecological Processes and Nature-Positive Agriculture

Biodiversity Recovery Indicators (Above- and Below-Ground) and Their Linkages to
Ecosystem Processes and Nature-Positive Agriculture

Crop and Nutrient-Use Indicators and Their Linkages to Plant Functions, Physiological
Processes, and Nature-Positive Nutrient Management Systems (NMS)
Socio-Economic and Policy Indicators Linked to Farm Viability, Decision Processes, and
Nature-Positive Nutrient Management Systems



1. INTRODUCTION

Maharashtra is one of the major agricultural states of India, contributing significantly to
national production of cereals, pulses, oilseeds, cotton, and horticultural crops. The state
encompasses diverse agro-climatic regions including Konkan, Western Maharashtra, Central
Plateau, Marathwada, and Vidarbha, each characterized by distinct rainfall regimes, soils,
temperature patterns, and cropping systems. This agro-ecological diversity strongly influences
regional variability in crop productivity, agricultural intensification, and production stability.
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Fig 1. Agro-climatic Map of Maharashtra

The agricultural sector in Maharashtra is characterized by substantial spatial and temporal
variability due to its diverse agro-climatic conditions, predominance of rainfed farming, and
dependence on southwest monsoon rainfall. Agriculture in the state is largely influenced by
rainfall distribution, irrigation availability, soil characteristics, and market-driven cropping
decisions. Major agricultural regions such as Vidarbha, Marathwada, Western Maharashtra,
and parts of North Maharashtra exhibit contrasting cropping systems and productivity levels
owing to differences in climate, water resources, and resource availability.

Maharashtra agriculture is predominantly dominated by kharif season crops, including
soybean, cotton, tur (pigeon pea), jowar, and bajra, reflecting the strong dependence of the
farming system on monsoon rainfall. In irrigated regions, rabi crops such as wheat and gram
are cultivated with relatively greater stability and productivity. Over recent years, the state has
witnessed gradual diversification from traditional coarse cereals toward commercial and high-
value crops such as soybean, cotton, sugarcane, horticultural crops, and pulses. This transition
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has largely been driven by market demand, profitability, technological advancements,
irrigation development, and policy support mechanisms.

Agricultural production in Maharashtra remains highly sensitive to climatic variability,
particularly droughts, erratic monsoon patterns, prolonged dry spells, and heat stress
conditions, which frequently affect crop growth and yield stability in rainfed regions. Water
scarcity and recurrent drought events in areas such as Marathwada and Vidarbha continue to
pose major challenges to sustainable agricultural production. Nevertheless, improvements in
irrigation infrastructure, adoption of improved crop varieties, expansion of micro-irrigation
systems, mechanization, balanced nutrient management, and better crop management practices
have contributed to improvements in agricultural productivity in several regions of the state.

The recent agricultural statistics of Maharashtra during 2023-24 indicate that total foodgrain
production in the state was approximately 14.5 million tonnes from an area of about 10.8
million hectares, with an average productivity of around 1347 kg ha™'. Cereals occupied nearly
3.6 million hectares with a production of about 4.6 million tonnes, while pulses covered
approximately 4.4 million hectares producing nearly 4.0 million tonnes. These statistics reflect
the significant contribution of cereals and pulses to the state’s agricultural economy and food
security. Despite fluctuations associated with climatic variability, Maharashtra agriculture
continues to evolve through crop diversification, technological interventions, and increasing
emphasis on climate-resilient and market-oriented production systems.

1.1 Regional Crop Diversification and Foodgrain Production Dynamics in Maharashtra

Soybean emerged as one of the dominant kharif crops in Maharashtra after the 1990s due to
its suitability to rainfed black soils and strong market demand, contributing nearly 40—45% of
the national soybean area, while simultaneously reducing the area under traditional coarse
cereals such as jowar and bajra in regions like Marathwada and Vidarbha. Cotton also occupies
a major share of cultivated land, particularly in Vidarbha and Marathwada, where the adoption
of Bt cotton initially enhanced production and productivity substantially; however, recent
fluctuations in productivity have been associated with moisture stress, pink bollworm
infestation, rising input costs, and erratic rainfall patterns. Sugarcane contributes
disproportionately higher production despite relatively smaller cultivated area because of its
very high biomass productivity and predominance under assured irrigation systems in Western
Maharashtra, although expansion of sugarcane cultivation during drought-prone years has
intensified concerns regarding groundwater depletion and irrigation water stress. Pulses,
especially tur (pigeonpea), gained importance due to MSP support, increasing dietary demand,
and greater climate resilience under rainfed agriculture, although productivity remains
comparatively low because most pulse crops are cultivated under moisture-limited conditions.
The area under coarse cereals such as jowar and bajra declined continuously over the study
period owing to diversification toward soybean, cotton, horticultural, and commercial crops,
while moderate improvements in productivity were observed due to improved varieties and
nutrient management practices. Wheat cultivation remained confined largely to irrigated rabi
regions, where gradual improvements in productivity were achieved through expansion of
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irrigation, fertilizer use, and improved cultivars, although the total area under wheat remained
comparatively lower than northern Indian states. Overall, agricultural production in
Maharashtra increased primarily due to improvements in productivity rather than substantial
expansion in cultivated area, with rainfed crops exhibiting greater inter-annual variability
compared with irrigated crops. Kharif season continues to contribute the largest share of total
cropped area, while rabi productivity remained relatively stable due to better irrigation support.
Higher productivity of commercial crops such as sugarcane and cotton compared with
traditional cereals further reflects the ongoing crop diversification, commercialization, and
market-oriented transformation of Maharashtra agriculture.

Crop-wise patterns further highlight this uneven performance. Rice continues to dominate
high- rainfall zones such as Konkan and parts of the Western Ghats, covering 1.693 million ha
and producing 4.027 million tonnes at an average yield of 2,379 kg ha™ in 2023-24. In
contrast, sorghum, a staple cereal of dryland regions including Marathwada and parts of
Western Maharashtra, occupied 1.740 million ha but recorded a much lower productivity of
1,020 kg ha™!, yielding 1.775 million tonnes (DES-GoM, 2025). Bajra and other coarse cereals
continue to play a role in traditional mixed farming systems, though their cultivated area has
steadily declined over the past decade due to shifts toward relatively higher-value crops (DES-
GoM, 2025; S3WaasS, 2024).

Parallel to changes within foodgrain systems, Maharashtra has witnessed significant crop
diversification, particularly toward oilseeds and horticulture. Soybean has emerged as the
dominant kharif oilseed, especially in Vidarbha and Marathwada, covering 5.115 million ha
with a production of 6.671 million tonnes in 2023-24 (DES-GoM, 2025). Horticulture has
expanded

rapidly, with total horticultural area reaching 2.174 million ha and production 32.688 million
tonnes, driven largely by fruit crops such as mango, pomegranate, citrus, and banana (HAPIS,
2024). This diversification reflects farmers’ responses to market incentives, risk mitigation
needs, and evolving resource constraints.

Despite this apparent diversification, foodgrain production remains central to food security
and rural livelihoods, particularly in the Central Plateau, Marathwada, and parts of Vidarbha.
However, nearly 80% of Maharashtra’s cultivated area is rainfed, exposing foodgrain systems
to erratic monsoon rainfall, frequent droughts, and increasing inter-annual yield fluctuations
(DES-GoM, 2025). Irrigation development has been spatially uneven, with western and coastal
regions benefiting disproportionately, while large rainfed tracts remain structurally
constrained.

The core challenge confronting Maharashtra’s foodgrain systems is therefore sustaining
productivity under mounting ecological stress. Climatic variability, declining yield stability,
and shrinking foodgrain area collectively threaten the resilience of cereal- and pulse-based
systems. These pressures are further compounded by socio-economic constraints such as small
landholdings, limited adaptive capacity, and uneven access to institutional support (DES-
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GoM, 2025). Together, these trends raise critical concerns regarding the long-term viability of
foodgrain production in the state.

In this context, Maharashtra’s agricultural transition is occurring at a juncture where
productivity gains achieved through past intensification are increasingly fragile. While yield
improvements were realized over previous decades, recent trends point toward stagnation and
vulnerability rather than sustained growth (DES-GoM, 2025). This underscores the need to
critically reassess prevailing production paradigms and establish a clear contextual basis for
exploring alternative pathways that can reconcile foodgrain productivity with ecological
sustainability in subsequent sections.
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2. DIAGNOSIS OF ENVIRONMENTAL STRESS IN EXISTING
AGRICULTURAL SYSTEMS

This section diagnoses the dominant nature-negative trajectories embedded in Maharashtra’s
prevailing agricultural systems. It focuses exclusively on environmental stresses that
undermine soil, water, nutrient, biodiversity, and climate functions, without proposing
corrective or regenerative solutions.

2.1 Soil Degradation and Loss of Soil Function

Soil degradation constitutes the foundational constraint to agricultural sustainability in
Maharashtra. Large tracts of cultivated land are affected by water erosion, shallow soil depth,
and high gravel content, particularly across the semi-arid Deccan Plateau encompassing
Marathwada, Western Maharashtra, and parts of Vidarbha. According to the Harmonised Land
Degradation Data available through the BHOOMI Geoportal developed by ICAR-
NBSS&LUP (2026), the total geographical area of Maharashtra is approximately 29.70 million
hectares. Among this area, about 68.98% falls under the “Others” category, indicating lands
not affected by the major mapped forms of degradation. However, a substantial proportion of
land in the state is affected by different types of soil degradation processes.

Harmonised Daia - MAHARASHTRA

Total Area = 29699132 Heclares

Ererirerehy waber

Acid soils under erozion{10tfhla) -

water erosion - 26T
0_&67%

Exclusively sodic
soils - 0_B4%
Eroded sodic
—_— "~ soils - 0.52%
" Water erosion
—under open
forest - 1.365%
Exclusively saline
soils - 0_5%%

Others - 68.98%

Fig 2. Distribution of land degradation categories in Maharashtra based on harmonised land
degradation data showing the dominance of water erosion-affected soils. Source: BHOOMI Geoportal,
ICAR-NBSS&LUP (accessed on 22 May 2026).

Water erosion is identified as the dominant form of soil degradation in Maharashtra.
Exclusively water erosion-affected soils (6 mha) account for nearly 26.77% of the total
geographical area, making it the most widespread degradation problem in the state. In addition,
1.36% of the area is affected by water erosion under open forest conditions. The state also has
smaller areas affected by salinity and sodicity problems. Exclusively sodic soils occupy about
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0.84% of the area, while eroded sodic soils contribute around 0.52%. Exclusively saline soils
account for nearly 0.59% of the total area. Acid soils under water erosion constitute about
0.67% of the geographical area.

These data indicate that soil erosion, particularly water-induced erosion, is the principal land
degradation issue in Maharashtra, especially in rainfed, hilly, and undulating landscapes such
as the Western Ghats, Central Deccan Plateau, and Vidarbha regions. The degradation
processes contribute to the loss of fertile topsoil, decline in soil organic carbon, nutrient
depletion, reduced water-holding capacity, and lower agricultural productivity. Salinity and
sodicity problems are comparatively localized but remain important in irrigated command
areas and poorly drained regions. Besides, shallow and gravelly soils, prevalent in districts
such as Solapur, Ahmednagar, Beed, and Osmanabad, restrict effective rooting depth, reduce
plant- available water, and constrain yield potential of rainfed cereals and pulses (DoLR-
NRSC, 2019).

In consequence, a concurrent and widespread decline in SOC has further eroded soil function.
Repeated tillage, residue removal, monocropping, and moisture stress accelerate SOC
depletion, leading to reduced aggregate stability, nutrient retention capacity, and microbial
activity (Bhattacharyya et al., 2013; Lal, 2004). Declining SOC weakens nutrient cycling
efficiency and lowers the buffering capacity of soils against drought and rainfall variability,
thereby increasing yield instability. The cumulative effect is a progressive loss of soil’s
capacity to regulate water, nutrients, and biological processes essential for sustained
productivity.

2.2 Water Stress and Hydrological Imbalance

According to the India Water Portal (n.d.), Maharashtra exhibits considerable spatial variation
in annual rainfall distribution across districts. The Konkan coastal districts such as Ratnagiri,
Sindhudurg, Raigad, and Thane receive very high rainfall ranging from 2000 to 3500 mm
annually due to the strong influence of the southwest monsoon and the orographic effect of the
Western Ghats. In contrast, central plateau and rain-shadow regions including Ahmednagar,
Solapur, Pune, Jalna, Aurangabad, Beed, Osmanabad, and parts of Marathwada receive
comparatively lower rainfall, generally ranging between 500 and 1000 mm annually.

The eastern Vidarbha districts such as Chandrapur, Bhandara, Gadchiroli, and parts of Nagpur
receive relatively higher rainfall between 1000 and 2000 mm. The map clearly reflects the
climatic diversity of Maharashtra, where rainfall decreases progressively from the humid
western coastal belt toward the semi-arid interior plateau regions. This variability in rainfall
significantly influences cropping systems, soil moisture availability, groundwater recharge,
land degradation processes, and agricultural productivity across the state.
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DISTRICT WISE AVERAGE RAINFALL IN MAHARASHTRA
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Fig 3. District-wise avérage annual rainfall distribution across Maharashtra showing high rainfall zones
in the Konkan and Western Ghats region and comparatively lower rainfall in the semi-arid interior
plateau regions.

Groundwater resources in Maharashtra are under increasing stress due to excessive extraction,
irregular monsoon rainfall, expanding irrigation demand, and declining natural recharge
capacity. The groundwater assessment conducted jointly by the Central Ground Water Board
(CGWB) and the Groundwater Surveys and Development Agency (GSDA) revealed that out
of 1,505 assessed watershed units in the state, 76 units fall under the over-exploited category
where groundwater extraction exceeds annual recharge. Additionally, 31 units are categorized
as critical and 267 units as semi-critical, indicating considerable pressure on groundwater
resources (CGWB, 2025; GSDA, 2025).

The recent dynamic groundwater resource assessment indicated a marginal improvement in
groundwater extraction status, with the stage of groundwater extraction declining by
approximately 1.87%. However, several regions, particularly Marathwada, Vidarbha, and
drought-prone parts of western Maharashtra, continue to experience severe groundwater stress
due to intensive agricultural withdrawals and recurrent drought conditions (CGWB, 2025).

Groundwater plays a dominant role in Maharashtra’s agricultural and rural water economy,
contributing nearly 75% of irrigation requirements and approximately 85% of rural drinking
water supplies. Continuous over-extraction has resulted in declining groundwater tables,
reduced well yields, deterioration of groundwater quality, and increasing vulnerability of
rainfed agricultural systems (RGICS, 2024).
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Table 1. Groundwater exploitation status and assessment categories of Maharashtra based on CGWB
and GSDA groundwater resource assessment reports.

Groundwater Assessment Indicator Status/Statistics

1. Total assessed watershed/assessment units 1,505
2. Safe units 1,131
3. Semi-critical units 267

4. Critical units 31

5. Over-exploited units 76

6. Percentage of over-exploited units ~5.05%

7. Reduction in stage of groundwater extraction 1.87% decrease
(recent assessment)

Marathwada, Vidarbha, Western
Maharashtra

Irrigation, drinking water,

industrial use

8. Major groundwater-stressed regions
9. Primary groundwater use sectors

10. Dependence on groundwater for irrigation ~75%

11. Dependence on groundwater for rural drinking ~85%
water

Source: Central Ground Water Board (CGWB) and Groundwater Surveys and Development Agency
(GSDA), Maharashtra, 2025.

Soil pH

Available Nitrogen (kg/ha) Organic Carbon (%) Hl Strongly acidic (<4.5)

B Low (<280) B Low (<0.50) = Moderately acidic (4.5-5.5)

() Medium (280-560 | Medium (0.50-0.75 ol g
—— ) A (1) B Normal (>6.5-7.5)

B High (>560) B High (>0.75)

0 slightly alkaline (>7.5-8.5)
Bl Moderately alkaline (Sodic) (>8.5-9.5)
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A dd

Soil Salinity (dS/m)

B Non saline (0-1.68) Available Sulphur (ppm) Available Boron (ppm)
] Low saline (1.68-3.36) Bl Deficient (<10.0) Bl Deficient (<0.5)
1 Mild salinity (3.36-6.72) B Sufficient (>10.0) B Sufficient (>0.5)

I High salinity (6.72-13.44)
B Severe salinity (>13.44)

Fig 4. Spatial distribution of major soil nutrients (N, P, K) and micronutrients (Fe, Zn, Mn and Cu) in
Maharashtra based on Soil Health Card (SHC Cycle-I1) data (Source: Soil Health Card (SHC Cycle-II)
database, Soil and Land Use Survey of India (SLUSI), Department of Agriculture and Farmers Welfare,
Government of India, accessed on 22 May 2026).

Available Iron (ppm) Available Manganese (ppm) Available Copper (ppm)
B Deficient (<4.5) B Deficient (<2.0) B Deficient (<0.2)
B Sufficient (>4.5) B sufficient (>2.0) B sufficient (>0.2)
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Available Zinc (ppm) Available Phosphorus (kg/ha) Available Potassium (kg/ha)

B Deficient (<0.6) Bl Low (<10) B Low (<120)
I Sufficient (>0.6) | Medium (10-25) Medium (120-280)
Bl High (>25) B High (>280)

Fig 5. Spatial distribution of soil chemical properties and associated nutrient status including
soil organic carbon, soil pH, salinity, sulphur and boron in Maharashtra based on Soil Health
Card (SHC Cycle-I1) data (Source: Soil Health Card (SHC Cycle-I1) database, Soil and Land
Use Survey of India (SLUSI), Department of Agriculture and Farmers Welfare, Government
of India, accessed on 22 May 2026).

2.3 Nutrient Imbalance and Declining Input Efficiency

The soil fertility status of Maharashtra, based on Soil Health Card (SHC) Cycle-Il data,
indicates substantial spatial variability in soil nutrients, organic carbon, soil reaction, and
micronutrient availability across different agro-climatic regions of the state. The major
constraints affecting soil health include low nitrogen availability, declining organic carbon,
widespread micronutrient deficiencies, and dominance of slightly alkaline soils.

Available nitrogen status in Maharashtra is largely poor, with nearly 67.37% of the
geographical area falling under the low nitrogen category (<280 kg ha™!), while only 0.24%
area is classified as high in nitrogen (>560 kg ha™). This reflects continuous nutrient mining,
intensive cultivation, inadequate organic matter addition, and imbalanced fertilizer use in many
agricultural regions. Similarly, soil organic carbon (SOC), a major indicator of soil health, is
low (<0.50%) in about 46.08% of the area, medium in 39.90%, and high (>0.75%) only in
14.03% of the state. Low SOC levels indicate reduced biological activity, poor aggregate
stability, lower nutrient buffering capacity, and declining soil resilience.

Phosphorus availability in Maharashtra is relatively moderate, with 58.19% area under medium
phosphorus status (10-25 kg ha™'), 32.57% under high phosphorus category (>25 kg ha™'), and
9.23% remaining deficient. Potassium status is comparatively better, where about 88.88% of
the area falls under high potassium category (>280 kg ha™), reflecting the dominance of
potassium-rich basaltic parent materials in Deccan plateau soils. Only 0.41% of the area is
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categorized as low in available potassium. Sulphur deficiency, however, is emerging as a
widespread problem, with nearly 43.52% of soils deficient in available sulphur (<10 ppm),
particularly in intensively cultivated regions receiving high-analysis fertilizers lacking sulphur
supplementation.

Micronutrient deficiencies are also significant in several parts of Maharashtra. Zinc deficiency
affects approximately 42.77% of the area, while iron deficiency occurs in about 59.96% of
soils, making iron one of the most widespread micronutrient deficiencies in the state. Boron
deficiency is observed in around 31.29% area, whereas manganese and copper deficiencies are
negligible, with more than 99% area sufficient in these nutrients. The widespread deficiency
of zinc and iron is mainly associated with alkaline soil reaction, calcareousness, intensive
cropping, and reduced organic matter content.

Soil reaction data show that Maharashtra soils are predominantly slightly alkaline in nature.
About 62.62% of the area falls within slightly alkaline pH range (7.5-8.5), while 28.94% area
is under normal pH range (6.5-7.5). Acidic soils are mainly confined to high rainfall Konkan
and hilly regions, accounting for a relatively smaller proportion of the state. Salinity is
generally not a major concern at the state scale, with nearly 99.97% of soils classified as non-
saline. However, localized salinity and sodicity problems occur in canal irrigated and poorly
drained areas.

Overall, the soil health status of Maharashtra indicates that the major fertility-related
constraints are low nitrogen availability, declining soil organic carbon, sulphur deficiency, and
widespread zinc and iron deficiencies. These problems are particularly severe in intensively
cultivated dryland and irrigated agro-ecosystems. The findings emphasize the need for
integrated nutrient management, balanced fertilization, organic matter recycling, micronutrient
application, conservation agriculture, and site-specific nutrient management to restore soil
health and sustain agricultural productivity in Maharashtra.

These nutrient imbalances manifest in reduced crop response to applied fertilizers, increased
nutrient losses to air and water, and growing regional contrasts between nutrient surplus and
deficit zones. Such inefficiencies reinforce input dependence while simultaneously degrading
environmental quality.

2.4 Biodiversity Decline and Ecosystem Simplification

Agricultural intensification in Maharashtra has led to pronounced simplification of
agroecosystems, resulting in declines in both above- and below-ground biodiversity. The
expansion of monocropping systems, particularly soybean, cotton, and sugarcane, has reduced
habitat heterogeneity and disrupted ecological interactions essential for pest regulation,
pollination, and nutrient cycling (Benton et al., 2003).

Long-term ecological studies document significant reductions in insect biomass, pollinator
abundance, and beneficial predators under intensive agricultural landscapes (Hallmann et al.,
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2017). In central Indian cotton belts, heavy pesticide use has caused marked declines in natural
enemy populations, increasing dependence on chemical pest control (Kranthi et al., 2002).
Similar trends are observed in soybean-dominated systems, where repeated monocropping
reduces soil fauna and microbial diversity.

Below-ground biodiversity decline is closely linked to SOC depletion and chemical
disturbance. Reduced microbial biomass and enzyme activity have been widely reported in
degraded and monocropped soils, weakening nutrient cycling, disease suppression, and soil
structural stability (Bhattacharyya et al., 2013; Schmidt et al., 2018). As ecosystem complexity
diminishes, agricultural systems become increasingly fragile and input-dependent.

2.5 Climate Risks and Emission Intensity

Climate change amplifies existing vulnerabilities within Maharashtra’s agricultural systems.
Observed warming trends of 0.8-1.0°C over the last five decades have increased heat stress
during critical crop growth stages, shortened crop duration, and intensified evapotranspiration
losses (IMD, 2023; Asseng et al., 2015). Heatwaves and prolonged dry spells
disproportionately affect rainfed cereals and pulses, exacerbating yield instability.

Agriculture also contributes significantly to greenhouse gas (GHG) emissions through
methane (CHa4) and nitrous oxide (N20O) pathways. Flooded rice systems in Konkan and eastern
Vidarbha emit 25-45 kg CH. ha™' per season, while intensive nitrogen fertilization in
sugarcane, wheat, and vegetable systems contributes to N-O emissions in the range of 0.8-1.2
kg N2O-N ha™! yr! (Pathak et al., 2013; ICAR-IARI, 2022). Soil carbon loss due to erosion
and degradation further adds to CO: emissions, reinforcing agriculture’s role as both a victim
and contributor to climate change.
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3. CONSEQUENCES FOR PRODUCTIVITY, STABILITY, AND
FARMER LIVELIHOODS

The cumulative effect of soil degradation, water stress, nutrient imbalance, biodiversity loss,
and climate variability has manifested in stagnating and increasingly variable crop productivity
across Maharashtra’s food-grain systems. Despite past gains achieved through varietal
improvement and input intensification, recent decades have shown plateauing yields in cereals
and pulses, particularly in rainfed regions. Long-term yield analyses indicate that productivity
growth in sorghum, bajra, and pulses has remained modest and highly unstable, with year-to-
year fluctuations closely linked to rainfall variability and soil condition (DES Maharashtra,
2023; Ray et al., 2015). Declining SOC, reduced water-holding capacity, and inefficient
nutrient uptake collectively limit yield responsiveness to applied inputs, resulting in
diminishing marginal returns to fertilizer and irrigation investments (Ladha et al., 2016;
Bhattacharyya et al., 2013).

Environmental degradation has also increased the risk of crop failure, especially in rainfed
agro- ecological zones such as Marathwada, the Central Plateau, and parts of Vidarbha.
Extended dry spells, delayed monsoon onset, and heat stress during flowering and grain-filling
stages frequently lead to partial or complete yield losses in cereals, pulses, and oilseeds (Sanjay
et al., 2020; Asseng et al., 2015). Empirical studies show that drought years can reduce yields
of rainfed crops by 20— 50%, substantially increasing income volatility for smallholder farmers
(Birthal et al., 2014). This heightened exposure to climatic and ecological shocks undermines
production stability and weakens farmers’ capacity to plan investments or adopt improved
technologies.

As productivity stagnates and risks increase, farmers face a steady rise in the cost of
cultivation, further eroding profitability. Declining soil fertility and nutrient-use efficiency
compel higher fertilizer application rates to maintain yields, while pest outbreaks associated
with ecological simplification increase dependence on chemical pesticides (Govindasamy,
2023; Kranthi et al., 2002). Similarly, groundwater depletion raises irrigation costs through
deeper pumping and increased energy use, particularly in irrigated belts of Western
Maharashtra. National-level analyses indicate that input costs have grown faster than crop
prices for many staples, leading to declining real net returns, especially for small and marginal
farmers (Chand et al., 2015; FAO, 2017).

These pressures generate pronounced regional contrasts in productivity and livelihoods.
Irrigated regions, dominated by sugarcane, wheat, and horticultural crops, exhibit higher
average Yields but also face escalating input costs, groundwater depletion, and salinity risks,
which threaten long- term sustainability (CGWB, 2022; DES Maharashtra, 2023). In contrast,
rainfed regions remain trapped in low-productivity, high-variability systems where limited
access to irrigation, credit, and extension amplifies vulnerability to environmental stress. As a
result, income disparities between irrigated and rainfed farmers have widened, reinforcing
spatial inequality and contributing to livelihood insecurity in drought-prone districts (Birthal
etal., 2014).
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At the household level, the interaction of yield instability, rising costs and climate risk
translates into income uncertainty and livelihood stress. Repeated crop losses increased
reliance on informal credit, reduce capacity for reinvestment, and heighten vulnerability to
indebtedness (Chand et al., 2015). For many smallholders, particularly in dryland systems,
agriculture becomes a high-risk enterprise with limited resilience to shocks. These outcomes
underscore that environmental degradation is not merely an ecological concern but a direct
determinant of economic viability and social well-being in Maharashtra’s food-grain systems.

In summary, the degradation of soil, water, nutrient, and ecological resources has created a
reinforcing cycle of vyield stagnation, instability, and rising production costs,
disproportionately affecting rainfed regions and smallholder farmers. By explicitly linking
environmental stress to productivity and livelihood outcomes, this section closes the diagnostic
phase and establishes a clear rationale for examining alternative agricultural pathways in
subsequent sections.
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4. CONCEPTUAL FOUNDATIONS OF NATURE-POSITIVE
AGRICULTURAL TRANSITION

Agriculture, globally and in states like Maharashtra, is at a crossroads. Persistent soil
degradation, water scarcity, biodiversity decline, greenhouse gas emissions, and climate
variability have made conventional, input-intensive systems increasingly unsustainable. The
need for a transformative, restorative agricultural model is widely acknowledged in scientific,
policy, and development circles. Nature-Positive Agriculture also referred to as Nature-
Positive Solutions (NPS) in agriculture, has emerged as a compelling framework that seeks to
reverse environmental degradation, regenerate ecosystem functions, and enhance long-term
productivity while ensuring food security.

According to the Food and Agriculture Organization (FAO, 2023), nature-positive agriculture
rebuilds natural capital (soil, water, biodiversity), enhances ecosystem services, and restores
ecological processes that underpin production. It shifts the goal of agriculture from
maximizing vyields at the cost of natural resources to optimizing productivity while
regenerating ecological assets. This aligns with India’s National Mission on Sustainable
Agriculture (NMSA) and parallel policy directions promoting soil health, agroforestry, water-
use efficiency, and integrated farming systems.

Nature-Positive Solutions are grounded in four strategic principles,
e Enhancing biodiversity
e Building soil health
e Restoring ecosystem services
e Reducing carbon and nutrient losses
e The next sections elaborate these principles as operational elements of NPS.

4.1 Conceptual Foundations of Nature-Positive Agriculture

NPS rests on the understanding that agriculture is both a driver of and solution to
environmental change. By restructuring production to work with natural processes—rather
than override them— farming systems can improve yields, reduce vulnerability to climate
stress, and rebuild ecological resilience. International agencies such as FAO, UNEP, and
UNDP frame nature-positive agriculture as a pathway to harmonize food production,
biodiversity conservation, and climate mitigation. This conceptual model shows that NPS is not
a single practice but an integrated system approach.
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Fig 6. Conceptual Framework of Nature-Positive Agriculture

4.2  Enhancing Biodiversity: A Core Mechanism for Nature-Positive Outcomes

Biodiversity is fundamental to resilient agroecosystems. Species diversity, genetic variation,
and landscape heterogeneity shape key functions such as pollination, pest regulation, nutrient
cycling, and soil structure development. Reviews demonstrate that even modest increases in
non-crop habitat or on-farm vegetation diversity can significantly enhance ecosystem services
(Duru et al., 2015; Ortiz et al., 2021).

At the genetic level, varietal diversity increases climate tolerance and reduces pest
vulnerability. Species-level interventions—such as polycultures, intercropping, or integrating
perennials— support predators and pollinators. Landscape-scale actions like hedgerows, field
margins, and agroforestry corridors improve habitat connectivity and functional redundancy.

In the Indian context, agroforestry and mixed farming systems promoted under NMSA reflect
core NPS principles because trees and perennial species increase on-farm biodiversity while
yielding timber, fruits, fodder, and carbon storage (NITI Aayog, 2024). This dual-value nature
makes biodiversity enhancement a practical entry point for nature-positive transitions.

4.3 Building Soil Health: The Foundation of Nature-Positive Agriculture

Soil health, defined as the capacity of soil to function as a living ecosystem, is central to NPS
because soils regulate nutrient availability, water retention, biological activity, and carbon
sequestration (Kopittke et al., 2024). Degraded soils with low organic carbon exhibit weak
aggregation, reduced microbial activity, and heightened susceptibility to erosion and nutrient
losses.
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Nature-positive soil management integrates:

e Integrated Nutrient Management (INM) combining organic and inorganic inputs
e Cover crops to enhance organic matter and microbial habitat

e Reduced tillage to preserve soil structure and carbon stocks

e Residue retention to increase SOM and improve infiltration

e Diversified rotations to break pest cycles and support soil biology

Meta-analyses show that conservation tillage and cover cropping consistently raise microbial
biomass and SOC compared with intensive ploughing (Christel et al., 2021). In India, research
by ICAR institutes and State Agricultural Universities confirms that INM, green manuring,
and compost additions rebuild fertility on degraded soils without compromising crop yields.

4.4 Restoring Ecosystem Services at Farm and Landscape Scales

Ecosystem services such as nutrient cycling, pest suppression, pollination, and water
regulation are essential to sustainable productivity. Modern monocultures simplify landscapes
and have reduced many of these regulating services. NPS seeks to restore them through:

Ecosystem services such as nutrient cycling, pest suppression, pollination, and water
regulation are essential to sustainable productivity. Modern monocultures simplify landscapes
and have reduced many of these regulating services. NPS seeks to restore them through:

Habitat diversification (field margins, wildflower strips, hedgerows)

e Agroforestry and perennialization
e Reduced pesticide dependency
e Landscape mosaics integrating production and habitat areas

Research indicates that diversified landscapes enhance natural enemy activity and pollination,
improve water infiltration, and increase resilience to climatic extremes (Liu et al., 2022; Duru
et al., 2015). In Maharashtra’s semi-arid districts, where erosion and drought stress are
pronounced, restoring ecosystem services through perennial vegetation and improved water
management is particularly important.

4.5 Reducing Carbon and Nutrient Losses: Climate and Pollution Benefits

Nature-positive agriculture includes strong climate and pollution mitigation functions.
Practices such as Alternate Wetting and Drying (AWD), Direct Seeded Rice (DSR), balanced
fertilization, slow-release nitrogen products, and nitrification inhibitors simultaneously reduce
emissions and raise nutrient-use efficiency.

e AWD reduces methane emissions by 30-70% without yield loss (FAO, 2021).
e Precision nitrogen application reduces N-O emissions and nitrate leaching (Christel et
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al., 2021).

e SOC restoration through residue retention and cover crops provides a long-term
carbon sink (Lal, 2023).

e These interventions address both on-farm efficiency and external environmental
impacts such as water contamination and GHG emissions, central to the “produce
more with less” philosophy of NPS.

4.6 Alignment with National Policies and the Sustainable Development Goals

Nature-positive agriculture aligns closely with several SDGs (2, 6, 12, 13, 15) and supports
India’s commitments under the Kunming—Montreal Global Biodiversity Framework. National
missions, including NMSA, the National Agroforestry Policy, Soil Health Mission, and
PMKSY micro- irrigation schemes, already promote many nature-positive practices.
Integrating explicit nature- positive metrics such as SOM recovery, GHG intensity reduction,
pollinator abundance, or water- use efficiency would strengthen policy coherence.

4.7 Toward Operationalisation: From Concept to Practice

Experiences from CGIAR, FAO, and UNEP programmes indicate that nature-positive
transitions succeed when ecological knowledge is integrated with farmer needs, policy
incentives, and value- chain support. Maharashtra has significant potential to adopt NPS
approaches through agroforestry expansion, watershed-based soil conservation, regenerative
crop rotations, and adoption of low- emission rice practices.
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Fig 7. Stepwise Procedure for Implementing Nature-Positive Solutions

4.8 Stepwise Implementation of Nature-Positive Agricultural Transition in
Mabharashtra

Based on the environmental, climatic, and soil-related constraints prevailing across
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Maharashtra, the implementation of Nature-Positive Solutions (NPS) should follow a phased,
region-specific, and indicator-based approach. The state exhibits substantial heterogeneity in
rainfall distribution, soil degradation intensity, groundwater availability, nutrient deficiencies,
and cropping systems, requiring a systematic transition pathway rather than uniform
interventions. The stepwise implementation framework presented in Chapter 4 provides an
operational roadmap for restoring ecological functions while sustaining agricultural
productivity in both irrigated and rainfed agroecosystems.

Step 1: Baseline Assessment and Regional Diagnosis

The first step involves comprehensive baseline assessment of soil, water, biodiversity, and
climate-related constraints across different agro-climatic regions of Maharashtra. EXisting
evidence indicates that nearly 26.77% of the state is affected by water erosion, while
widespread nitrogen deficiency, low soil organic carbon, sulphur deficiency, and micronutrient
imbalances constrain crop productivity. Rainfed regions such as Marathwada, Vidarbha, and
the Central Plateau are particularly vulnerable due to shallow soils, low rainfall, groundwater
stress, and high climatic variability. Therefore, district- and landscape-level assessment should
include soil health indicators (SOC, nutrient status, biological activity), groundwater
exploitation levels, biodiversity status, and land degradation severity to identify priority
intervention zones.

Step 2: Region-Specific Planning and Farmer-Centered System Design

Following diagnosis, region-specific NPS strategies should be designed according to
agroecological conditions, cropping systems, and farmer constraints. In high-rainfall Konkan
regions, emphasis should be placed on soil erosion control, agroforestry integration, and rice-
based ecological intensification. In semi-arid Marathwada and Western Maharashtra, priority
should focus on drought-resilient cropping systems, moisture conservation, diversified
rotations, and groundwater-efficient production systems. Vidarbha regions may require
integrated approaches combining cotton-pulse diversification, residue management, and soil
biological restoration. Farmer participation is critical during this stage to ensure that proposed
interventions remain economically viable, socially acceptable, and compatible with local
farming systems.

Step 3: Pilot Demonstration and Cluster-Based Implementation

The third stage should involve pilot-scale implementation through demonstration clusters
established in representative agroecological zones. These pilot sites should validate the
technical and economic feasibility of NPS interventions under real farming conditions.
Practices may include integrated nutrient management, residue recycling, reduced tillage, crop
diversification, agroforestry models, precision irrigation, alternate wetting and drying (AWD)
in rice systems, and biological soil management approaches. Cluster-based implementation is
particularly important in Maharashtra because isolated farm-level adoption often fails to
generate measurable hydrological, biodiversity, and ecosystem-scale benefits. Pilot
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demonstrations should therefore assess crop productivity, water-use efficiency, soil carbon
enhancement, nutrient-use efficiency, and economic returns simultaneously.

Step 4: Scaling Through Institutional and Policy Support

Once validated, successful NPS interventions should be expanded through institutional
convergence involving ICAR institutes, State Agricultural Universities (SAUs), Krishi Vigyan
Kendras (KVKs), Farmer Producer Organizations (FPOs), watershed programs, and state
agricultural departments. Existing national missions such as NMSA, PMKSY, PKVY, Soil
Health Mission, and agroforestry programs already provide enabling policy frameworks for
scaling regenerative agriculture. However, Maharashtra requires stronger integration of
ecosystem-service-based incentives, including support for soil carbon enhancement,
groundwater conservation, biodiversity restoration, and reduced emission intensity. Linking
NPS implementation with carbon markets, ecosystem-service payments, and sustainable value
chains may improve long-term farmer adoption and economic viability.

Step 5: Monitoring, Adaptive Management, and Outcome Evaluation

The final stage involves continuous monitoring using scientifically validated indicators
covering soil health, water resources, biodiversity recovery, nutrient-use efficiency, climate
mitigation, and socio-economic performance. Maharashtra’s environmental variability
necessitates adaptive management approaches where interventions are periodically refined
based on observed outcomes. Monitoring should include SOC dynamics, microbial activity,
water-use efficiency, groundwater status, GHG emissions, crop productivity stability, and
livelihood indicators. Digital soil-health platforms, remote sensing, GIS-based monitoring, and
participatory farmer feedback systems can strengthen long-term assessment and decision-
making. The indicator framework proposed in Chapter 5 provides a suitable basis for
evaluating whether agricultural systems are genuinely transitioning toward nature-positive
outcomes.

4.9 Implementation Perspective for Maharashtra

For Maharashtra, the transition toward nature-positive agriculture should not be viewed as a
single technological intervention, but rather as a landscape-scale ecological restoration strategy
integrated with agricultural production systems. The implementation pathway must recognize
regional climatic heterogeneity, dominance of rainfed agriculture, declining soil quality,
groundwater stress, and increasing climate wvulnerability. Therefore, successful
operationalization of NPS in Maharashtra will depend on integrating scientific assessment,
farmer-centered planning, institutional coordination, and long-term ecosystem monitoring into
a coherent regenerative agricultural framework.
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5. INDICATOR FRAMEWORK FOR EVALUATING NATURE-
POSITIVE SOIL AND CROP MANAGEMENT SYSTEMS

Nature-Positive Solutions (NPS) aim to regenerate the ecological foundations of
agriculture by restoring soil health, improving water resilience, enhancing biodiversity,
reducing greenhouse gas emissions, and strengthening farm livelihoods. To determine whether
agricultural systems are truly becoming “nature-positive,” it is essential to evaluate changes
across these biophysical and socio-economic dimensions using a scientifically grounded set of
indicators. Indicators act as measurable signals of ecological regeneration, allowing
researchers, policymakers, and farmers to assess whether management practices are reversing
degradation trends and building long-term resilience. For a state like Maharashtra— where soil
erosion, nutrient imbalance, declining groundwater, and biodiversity loss constrain food grain
productivity, an integrated indicator framework becomes indispensable. Such a framework
must capture field-level soil and crop dynamics, landscape-level ecological functions, circular
nutrient flows, socio- economic benefits, and policy readiness. The following section presents
a comprehensive suite of indicators for assessing the nature-positivity of soil and crop
management practices, ensuring that NPS implementation is evidence-based, scalable, and
aligned with the broader goals of sustainable and regenerative agriculture.

5.1 Core Components for Evaluating Nature Positivity Levels in Agriculture
1. Soil Health Regeneration

Soil health regeneration indicators provide a direct assessment of the capacity of soils to
sustain biological activity, nutrient cycling, water retention, and long-term productivity under
nature-positive agricultural systems. Indicators such as soil organic carbon (SOC), microbial
biomass carbon (MBC), aggregate stability, bulk density, infiltration rate, and enzyme
activities are widely recognized as sensitive measures of soil functional recovery. Higher SOC
and biological activity generally indicate improved soil resilience, enhanced nutrient buffering,
and greater resistance to erosion and drought stress. Similarly, improved aggregation and lower
bulk density reflect better soil structure and root growth conditions. These indicators are
particularly useful for evaluating the impact of integrated nutrient management, conservation
agriculture, residue recycling, cover cropping, and organic amendments in restoring degraded
soils and enhancing ecological sustainability in Maharashtra’s agricultural systems. The soil-
based indicators representing soil health regeneration, soil functions, nutrient cycling
processes, and the influence of nutrient management systems on ecological restoration and
nature-positive agriculture are presented in Annexure 1.

2. Water Resource Enhancement

Water resource enhancement indicators evaluate the efficiency, conservation, and
sustainability of water use within agricultural landscapes. Indicators such as water-use
efficiency (WUE), soil moisture retention, groundwater recharge status, irrigation efficiency,
runoff reduction, and rainwater harvesting effectiveness are important for assessing
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hydrological improvement under nature-positive systems. Higher WUE and improved soil
moisture storage indicate more efficient utilization of limited water resources, particularly in
drought-prone and rainfed regions. Reduced runoff and enhanced groundwater recharge reflect
improved landscape hydrology and resilience against climatic variability. These indicators are
highly relevant for monitoring the effectiveness of micro-irrigation, alternate wetting and
drying (AWD), watershed management, mulching, and soil moisture conservation practices
aimed at improving agricultural water security in Maharashtra. The water resource
enhancement indicators associated with hydrological processes, groundwater recharge, water-
use efficiency, infiltration, runoff reduction, and watershed-scale ecological restoration under
nature-positive agriculture are presented in Annexure II.

3. Climate Change Mitigation & Carbon Outcomes

Climate change mitigation and carbon indicators assess the contribution of agricultural systems
toward reducing greenhouse gas emissions and enhancing carbon sequestration. Indicators
such as soil organic carbon stocks, biomass carbon accumulation, greenhouse gas emission
intensity, net ecosystem carbon balance (NECB), and emission reductions under improved
management practices provide measurable evidence of climate-positive agricultural
transitions. Increased soil and biomass carbon storage indicate improved ecosystem
functioning and long-term carbon sequestration potential. Lower greenhouse gas emission
intensity reflects improved nutrient and water management efficiency. These indicators are
useful for evaluating conservation agriculture, agroforestry systems, residue management,
precision nutrient application, and low-emission rice production practices. They also support
policy frameworks related to climate-smart agriculture, carbon credit systems, and ecosystem
service valuation. The climate change mitigation and carbon outcome indicators associated
with greenhouse gas mitigation, carbon sequestration, emission intensity reduction, ecological
regulation, and climate-resilient agricultural processes are presented in Annexure Ill.

4. Biodiversity Recovery (Above- and Below-Ground)

Biodiversity recovery indicators measure the restoration of ecological diversity and functional
stability within agricultural ecosystems. Indicators such as crop diversity, pollinator
abundance, soil microbial diversity, earthworm population, vegetation diversity, and natural
enemy populations provide insights into ecosystem resilience and biological functioning.
Greater biodiversity generally indicates improved ecological balance, enhanced nutrient
cycling, stronger pest regulation, and increased adaptability to climatic stress. Recovery of
below-ground biological communities reflects improvement in soil ecological processes and
nutrient transformation efficiency. These indicators are particularly useful for evaluating
diversified cropping systems, agroforestry, mixed farming systems, reduced pesticide
dependency, and habitat restoration approaches that support ecological intensification and
sustainable agricultural production. The biodiversity recovery indicators covering above- and
below-ground biodiversity, ecosystem functioning, microbial activity, pollinator abundance,
habitat connectivity, and ecological resilience under nature-positive agricultural systems are
presented in Annexure 1V,

22|Page



5. Circular Nutrient Cycling & Resource Efficiency

Circular nutrient cycling and resource-use efficiency indicators assess the effectiveness of
agricultural systems in utilizing nutrients, organic resources, and external inputs efficiently
while minimizing losses to the environment. Indicators such as nutrient-use efficiency (NUE),
agronomic efficiency, partial factor productivity, nutrient recycling rate, residue retention, and
balanced fertilization status help evaluate the sustainability of nutrient management systems.
Higher nutrient-use efficiency indicates improved synchronization between crop demand and
nutrient availability, thereby reducing nutrient losses and environmental contamination.
Efficient nutrient recycling also reflects stronger integration of organic and inorganic nutrient
sources within farming systems. These indicators are important for assessing integrated
nutrient management, site-specific nutrient management, organic recycling, biofertilizer use,
and regenerative soil fertility approaches in Maharashtra’s intensive and rainfed
agroecosystems.

6. Crop Productivity, Stability & System Resilience

Crop productivity, stability, and resilience indicators evaluate the capacity of agricultural
systems to maintain consistent production under environmental and climatic stress conditions.
Indicators such as crop yield, yield stability index, cropping intensity, drought resilience,
input-use efficiency, and production variability are widely used to assess system performance.
Stable and sustained crop productivity generally reflects improved soil health, water
availability, biodiversity support, and adaptive management practices. Reduced inter-annual
yield variability indicates stronger resilience against droughts, heat stress, and rainfall
irregularities. These indicators are useful for evaluating conservation agriculture, diversified
crop rotations, resilient cropping systems, precision farming, and climate-smart agricultural
interventions aimed at improving long-term food security and livelihood sustainability. The
crop productivity and nutrient-use indicators describing plant functions, physiological
processes, nutrient-use efficiency, productivity stability, and their linkages with nature-
positive nutrient management systems (NMS) are presented in Annexure V.

7. Socio-Economic Performance

Socio-economic performance indicators assess the economic viability, livelihood security, and
adoption potential of nature-positive agricultural systems. Indicators such as farm income, cost-
benefit ratio, input dependency, labour productivity, risk reduction, market access, and farmer
adoption rates provide insights into the socio-economic sustainability of agricultural
transitions. Higher profitability and reduced cultivation risks indicate stronger economic
resilience and greater farmer acceptance of regenerative practices. Reduced dependence on
external inputs and improved resource-use efficiency contribute to long-term economic
sustainability. These indicators are useful for evaluating the livelihood impacts of integrated
farming systems, agroforestry, organic nutrient management, climate-resilient agriculture, and
ecosystem service-based incentive programmes in Maharashtra.

23|Page



8. Policy, Governance & Institutional Support

Policy, governance, and institutional indicators evaluate the effectiveness of institutional
support systems, policy alignment, extension services, and stakeholder participation in
promoting nature-positive agriculture. Indicators such as participation in government schemes,
adoption support mechanisms, access to extension services, farmer-producer organization
(FPO) involvement, ecosystem service incentives, and monitoring frameworks are important
for assessing institutional readiness and policy implementation efficiency. Strong institutional
support and policy integration generally enhance adoption of sustainable practices and
facilitate scaling of regenerative agricultural systems. These indicators are useful for
evaluating the effectiveness of national missions, watershed programmes, climate-smart
agriculture initiatives, soil health schemes, and regional sustainability policies aimed at
accelerating nature-positive agricultural transitions. Socio-Economic and Policy Indicators
Linked to Farm Viability, Decision Processes, and Nature-Positive Nutrient Management
Systems are presented in Annexure VI.
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6. NATURE-POSITIVE SOIL AND CROP MANAGEMENT PATHWAYS
FOR REGENERATIVE AND RESILIENT AGRICULTURE

Agricultural productivity in Maharashtra, and across much of India, has historically been
pursued through input-intensive, yield-centric management that prioritizes short-term output
over long-term ecosystem functioning. While this approach has delivered production gains, it
has also resulted in widespread soil degradation, declining SOC, nutrient imbalance,
groundwater depletion, biodiversity loss, and rising greenhouse-gas emissions. These
outcomes indicate a fundamentally nature-negative trajectory, where soil and crop management
practices progressively weaken the very natural capital on which agriculture depends.
Addressing these interconnected challenges requires a paradigm shift from isolated, single-
input interventions toward Nature- Positive Solutions (NPS) that regenerate soils, restore
ecological processes, and enhance system resilience while sustaining food production.

Nature-positive agriculture recognizes soil as a living system and cropping systems as
ecological networks rather than mere production units. In this framework, the contribution of
any soil or crop management practice is evaluated not only by its effect on yield, but by its
capacity to improve soil biological activity, nutrient cycling efficiency, water regulation,
biodiversity, and climate resilience. Practices such as integrated nutrient management,
microbial formulations, crop diversification, agroforestry, conservation agriculture, natural
and organic farming, precision nutrient and water management, and ecological pest regulation
are therefore viewed as complementary levers rather than competing alternatives. Individually,
each practice delivers partial benefits; collectively, when strategically combined, they generate
synergistic effects that amplify nature positivity across scales, from the rhizosphere to the
landscape.

The extent to which nature positivity is maximized depends on how well soil-centric and crop-
centric practices are integrated to reinforce key ecosystem functions. For example, improved
soil organic matter through residue recycling or microbial inputs enhances water infiltration
and nutrient retention, which in turn increases the effectiveness of micro-irrigation, diversified
cropping, and precision nutrient management. Similarly, diversified rotations and
agroforestry provide habitat and resources for beneficial organisms, strengthening biological
pest regulation and reducing chemical dependency. These interactions highlight that maximum
nature-positive outcomes arise not from adopting individual practices in isolation, but from
designing coherent management systems that align soil processes, crop physiology, and
ecological regulation.

This chapter therefore examines the nature-positive contribution of major soil and crop
management practices relevant to Maharashtra’s agro-ecological context, focusing on how
each practice influences key indicators of soil health, water security, climate mitigation,
biodiversity recovery, productivity stability, and farmer livelihoods. By situating individual
practices within an integrated systems perspective, the discussion sets the foundation for
evaluating how combinations of management strategies can be optimized to achieve
regenerative, resilient, and climate-smart agricultural systems. This framing also prepares the
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ground for the subsequent chapter, which operationalizes these concepts through indicator-
based assessment of nature positivity at field and landscape scales.

6.1 Soil-Centric Regenerative Pathways
Nutrient Management Systems

Conventional nutrient management in India and Maharashtra has historically been dominated
by high chemical fertilizer use, particularly nitrogen, applied with the primary goal of
maximizing yield. This approach has contributed to widespread soil nutrient imbalance,
declining fertilizer-use efficiency, soil acidification in localized regions, organic matter
depletion, nitrate leaching, and greenhouse-gas emissions from excess nitrogen inputs (Ladha
& Reddy, 2020). Such nutrient regimes represent a nature-negative pathway, where
productivity gains come at the cost of long- term soil degradation, weakened soil biology, and
increased environmental footprints. In contrast, Nature-Positive Agriculture (NPS) promotes
nutrient management systems that regenerate soil fertility, improve nutrient circularity, reduce
pollution, and enhance ecological processes essential for sustainable productivity.

Integrated Nutrient Management (INM), combining organic sources, microbial biofertilizers,
and balanced chemical fertilizers, is central to this transition. INM enhances nutrient cycling
through the combined action of organic matter decomposition, microbial mineralization, and
improved nutrient retention in soil aggregates. Organic amendments such as farmyard
manure, compost, vermicompost, and crop residues contribute carbon inputs, support microbial
biomass growth, and increase the cation exchange capacity of soils, improving nutrient-
holding capacity and reducing leaching losses. Studies show that INM systems improve grain
yields while enhancing SOC, soil structural stability, and long-term nutrient availability
(Bhattacharyya et al., 2020). These improvements translate into stronger NPS indicator
performance, higher SOC levels, improved microbial activity, better nutrient balance, and
reduced environmental losses.

The incorporation of microbial-based nutrient management, including Rhizobium,
Azotobacter, Azospirillum, phosphate-solubilizing microorganisms (PSM), potassium-
mobilizing bacteria (KMB), and arbuscular mycorrhizal fungi (AMF), provides an additional
nature-positive pathway. These organisms mobilize nutrients that are otherwise inaccessible to
crops, reduce the need for synthetic NPK, and enhance nutrient-use efficiency. For example,
biological nitrogen fixation directly reduces synthetic nitrogen dependency, while PSM and
KMB increase the availability of phosphorus and potassium from soil reserves, reducing
mining pressure on natural resources (Singh et al., 2022). Microbial inputs also improve root
growth and stress tolerance, strengthening resilience under drought-prone conditions common
in Maharashtra. Unlike chemical fertilizers that can suppress soil microbial diversity,
microbial nutrient systems enrich soil biodiversity, directly enhancing NPS indicators for soil
biology and nutrient cycling (Microbial formulation and their contribution towards nature
positive in agriculture has already been discussed in the previous chapter).
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Nutrient recycling systems, especially those involving crop residue retention, green manuring,
and cover cropping, further contribute to nature positivity. Residue retention enhances carbon
inputs, moderates soil temperature, and supports decomposition pathways that stabilize soil
organic matter. Green manure crops such as sunnhemp enrich nitrogen and stimulate soil
microbial activity, while cover crops protect soil during dry periods, reduce erosion, and
improve infiltration. These practices counter the negative impacts of the widespread residue
burning seen in cereal systems, improving both soil health and atmospheric quality. On
degraded, shallow, or gravelly soils of Maharashtra, nutrient recycling through residue
retention is particularly important for restoring lost carbon pools and rebuilding soil structure.

Balanced chemical fertilizer use,guided by soil testing and crop nutrient requirement
principles, also plays an important role in NPS transitions when applied judiciously. The
Soil Health Card Scheme has revealed widespread nitrogen excess and phosphorus deficiency
in Maharashtra, indicating the need for scientific, site-specific recommendations rather than
blanket fertilizer doses. When balanced NPK is integrated with organic and microbial sources,
fertilizer- use efficiency increases and nitrous oxide emissions decline, improving climate-
related NPS indicators (Garcia-Fraile et al., 2015).

Site-specific nutrient management (SSNM) and precision nutrient and water management
represent another key class of climate-smart technologies supporting nature-positive
agriculture. SSNM tailors fertilizer application to crop demand and soil nutrient supply, while
precision approaches use tools such as soil testing, leaf color charts, optical sensors, remote
sensing, and digital decision-support systems to optimize the rate, timing, and placement of
inputs. In India, SSNM concepts have been widely promoted for rice and wheat through IRRI-
and ICAR-led initiatives, with documented benefits including 5-25 kg ha™* nitrogen savings,
improved nutrient- use efficiency, and reduced nitrous oxide (N2O) emission intensity
(Dobermann et al., 2004; Jat et al., 2023). In Maharashtra, adoption of SSNM occurs mainly
through Soil Health Card-based advisories, Krishi Vigyan Kendras (KVK) demonstrations,
and emerging ICT-based platforms, though advanced precision tools remain concentrated in
irrigated and high-value cropping systems. By reducing fertilizer excess and synchronizing
nutrient supply with crop demand, SSNM and precision management directly contribute to
nature-positive indicators related to nutrient circularity, emission reduction, and soil biological
health.

Overall, nature-positive nutrient management systems place emphasis on soil regeneration,
biological nutrient cycling, and reduced environmental footprints, rather than solely
maximizing yields. Compared with yield-centric, chemically intensive agriculture, these
systems improve SOC, microbial diversity, nutrient-use efficiency, crop resilience, and climate
mitigation while reducing nutrient losses and pollution. Such nutrient strategies are essential
for Maharashtra’s transition to sustainable, resilient, and ecologically balanced food-grain
production.
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Microbial Formulations

The transition from chemically intensive agriculture to microbial-based formulations
represents a fundamental shift toward ecological regeneration, improved resource efficiency,
and reduced environmental externalities. Microbial formulations, including biofertilizers
(Rhizobium, Azotobacter,  Azospirillum), PSM, KMB, plant-growth-promoting
rhizobacteria  (PGPR), mycorrhizal fungi (AMF), and decomposer consortia, replace or
complement chemical fertilizers and pesticides by harnessing soil biological processes to
supply nutrients, stimulate plant growth, suppress pathogens, and regulate nutrient cycling.
These bio-based inputs directly align with the principles of Nature-Positive Solutions (NPS)
because they rebuild soil biodiversity, enhance nutrient circularity, promote carbon
stabilization, and reduce greenhouse-gas emissions associated with synthetic agro-chemical
use (Basu et al., 2021; Singh et al., 2022).

Microbial formulations, including biofertilizers, biocontrol organisms, microbial consortia,
mycorrhizae, and decomposer cultures, are gaining increasing prominence in India as a
strategy for reducing chemical fertilizer dependence and improving soil health. Over the past
decade, India has witnessed rapid growth in microbial-input production capacity and market
expansion, driven by national soil health missions, organic farming programmes, and rising
concerns about nutrient imbalance and environmental degradation. Recent analyses estimate
that India’s biofertilizer market is expanding at over 10% annually, supported by improved
liquid formulations, multi- strain consortia, and enhanced carrier technologies (Basu et al.,
2021). Despite this growth, the actual on-ground adoption remains modest, with an estimated
usage of 80—100 thousand tonnes annually, far below the potential demand, due to inconsistent
product quality, variable farmer awareness, and limited access to reliable supply chains (Ladha
& Reddy, 2020).

India currently hosts more than 700 registered biofertilizer production units, with strong
manufacturing clusters in Maharashtra, Gujarat, Karnataka, Tamil Nadu, and Andhra Pradesh.
Government programmes, such as the Soil Health Card Scheme, Paramparagat Krishi Vikas
Yojana (PKVY), National Mission on Sustainable Agriculture (NMSA), and state-level
organic input subsidy programs, have played a key role in increasing farmer exposure to
microbial inputs. Field studies show that microbial inoculants can replace 20—-30% of nitrogen
and phosphorus fertilizers and enhance crop yields by 5-20% in cereals, pulses, and
horticultural crops by improving nutrient mobilization, root proliferation, and stress tolerance
(Singh et al., 2022). However, adoption is uneven across states: higher in organic-production
zones of Karnataka and Maharashtra, moderate in the Indo-Gangetic Plains, and lower in
eastern and central India.

The most widely used microbial formulations in India include Rhizobium for legumes,
Azotobacter and Azospirillum for cereals, PSMs, KMB, AMF, and Trichoderma and
Pseudomonas for biocontrol. Growth in microbial consortia and liquid formulations has
improved shelf life and field efficacy, addressing historical limitations of carrier-based
inoculants. Nevertheless, challenges persist, including poor storage conditions in rural
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markets, adulteration, low-quality strains, and mismatch between microbial strains and soil,
crop ecologies (Garcia- Fraile et al., 2015). These constraints limit the consistency of field
performance and slow down transitions to biological nutrient management.

In the context of Nature-Positive Agriculture, microbial formulations are increasingly
recognized as essential tools for restoring soil biodiversity, enhancing nutrient circularity,
reducing greenhouse-gas emissions from fertilizer use, and improving crop resilience,
especially in states like Maharashtra where SOC is low and fertilizer imbalance is widespread.
By promoting biological nitrogen fixation, P and K mobilization, and residue decomposition,
microbial inputs strengthen the soil food web and reduce chemical footprints. Although India’s
adoption level is still developing compared to its production capacity and policy ambitions,
the trajectory clearly indicates that microbial formulations will be central to India’s
regenerative agriculture transition over the next decade.

Microbial formulations strengthen soil health indicators by enhancing organic-matter turnover,
improving aggregate stability, and increasing microbial biomass, key proxies of soil
regenerative capacity. PGPR and mycorrhizal fungi stimulate root growth, biological nitrogen
fixation, and nutrient mobilization, thereby improving nutrient-use efficiency and buffering
crops against stress. Unlike chemical fertilizers, which often cause nutrient imbalance, soil
acidification, or microbial suppression, microbial formulations diversify the soil food web and
increase enzymatic activity associated with carbon, nitrogen, phosphorus, and sulfur
transformations (Garcia-Fraile et al.,, 2015). These changes manifest in measurable
improvements in NPS indicators such as higher soil microbial biomass carbon, enhanced
dehydrogenase and phosphatase activities, increased SOC, and improved soil structure through
fungal hyphae-mediated aggregation. Over time, these biological enhancements underpin
critical soil functions, nutrient cycling, organic matter stabilization, and disease suppression,
that regenerate degraded soils and strengthen long-term system resilience.

Microbial inputs also advance water-resource indicators by improving soil aggregation,
porosity, and infiltration. Mycorrhizal fungi extend hyphal networks that explore greater soil
volume for moisture, increasing plant-available water and drought tolerance. PGPR
produce exopolysaccharides that bind soil particles and promote micro-aggregate formation,
reducing evaporation and erosion while improving infiltration, outcomes that are particularly
essential for Maharashtra’s water-limited Deccan Plateau. In contrast, chemical fertilizers and
repeated tillage often degrade soil structure, reduce infiltration, and increase runoff losses,
thereby weakening water-use efficiency. Microbial-based nutrient management therefore
contributes directly to NPS water-resilience indicators such as higher infiltration rate,
improved WUE, and reduced runoff.

From a climate-change perspective, microbial formulations reduce greenhouse-gas (GHG)
intensity by lowering the dependence on nitrogenous fertilizers, the primary source of
agricultural N2O emissions. Biofertilizers based on Rhizobium, Azotobacter, or Azospirillum
decrease synthetic nitrogen demand while maintaining yields, reducing nitrous oxide fluxes per
unit output (Ladha & Reddy, 2020). Phosphate- and potassium-solubilizing microbes reduce
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the need for mining and manufacturing of mineral fertilizers, which are energy-intensive and
carbon-emitting processes. Microbial decomposers accelerate residue breakdown and increase
stable carbon pools through humification, contributing to higher soil carbon stocks. Together,
these effects enhance NPS climate indicators such as greenhouse-gas intensity (GHGI), net
ecosystem carbon balance, and soil carbon sequestration.

Biodiversity recovery, both above and below ground, is one of the strongest nature-positive
outcomes of microbial-based interventions. Chemical inputs often suppress beneficial soil
organisms, reduce microbial diversity, and disrupt ecological interactions. In contrast,
microbial formulations reintroduce functional groups of microbes, stimulate microbial
richness, and support soil macrofauna by improving food resources and microhabitat
conditions. Enhanced root exudation under microbial treatments promotes rhizosphere
colonization, supporting trophic networks and ecosystem services such as biological control,
nutrient mobilization, and disease suppression (Cardinale et al., 2015). These effects
strengthen NPS biodiversity indicators such as microbial richness indices, macrofauna
abundance, pollinator activity (through improved plant health and flowering), and landscape-
level ecological function.
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Fig 8. Soil-centric regenerative pathways restore ecological soil functions through integrated nutrient
management, residue retention, microbial enhancement, conservation agriculture, and diversified
cropping systems.

These interventions improve soil organic carbon, nutrient cycling, biological activity, and
water retention while reducing erosion, nutrient losses, and greenhouse-gas intensity. The
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combined effects strengthen productivity stability and resilience of Maharashtra’s rainfed food-
grain systems.

Nutrient circularity indicators are also transformed when microbial inputs are substituted for
chemical fertilizers. Biofertilizers improve biological nitrogen fixation, PSM solubilize
unavailable phosphorus, and KMB mobilize mineral-bound potassium, reducing nutrient
mining and enhancing internal nutrient flows. Decomposer consortia accelerate residue
recycling and improve nutrient return to soil, advancing the NPS goal of circular nutrient
cycling. In conventional systems, nutrient surpluses and imbalances often lead to leaching,
volatilization, and runoff, reducing nutrient-use efficiency and increasing pollution. Microbial
inputs mitigate these externalities by improving nutrient synchrony with crop demand,
lowering losses, and reducing reliance on external fertilizers.

Productivity and socio-economic indicators also benefit under microbial-based NPS systems.
Microbial inputs, when properly applied, can maintain or slightly increase yields while
reducing fertilizer expenditure, thereby improving net returns and lowering input-related risks.
In Maharashtra, where smallholder farmers face high costs of fertilizers and recurrent climatic
shocks, microbial formulations offer a low-cost, ecologically regenerative alternative that
enhances resilience, yield stability, and income diversification. Over time, the combined
impacts on soil fertility, water retention, and disease suppression make microbial-based
agriculture a viable pathway toward nature-positive intensification.

Overall, microbial formulations fundamentally reshape agricultural indicators from soil to
socio- economic dimensions, providing a measurable transition toward nature positivity
compared to chemically intensive systems. Their widespread adoption can help Maharashtra
achieve regenerative, low-emission, resilient crop production systems aligned with national
and global sustainability goals.

Conservation Agriculture

Conservation Agriculture (CA), defined by minimal soil disturbance, permanent soil cover,
and diversified rotations, offers one of the most promising Nature-Positive Solutions (NPS)
for Maharashtra’s ecologically stressed agricultural landscapes. CA directly addresses the
state’s persistent challenges of SOC decline, erosion, water scarcity, nutrient imbalance, and
climate vulnerability. Evidence from long-term CA research in South Asia confirms that CA
enhances soil structure, increases organic carbon, improves infiltration, and stabilizes yields
under climatic fluctuations (Jat et al., 2020; Jat et al., 2023). These improvements align closely
with the NPS indicator domains used to evaluate regenerative transitions in agriculture,
particularly those concerning soil health regeneration, water resource enhancement, circular
nutrient cycling, biodiversity recovery, and climate mitigation. Maharashtra’s dryland
sorghum-millet—pulses systems, shallow soils, and increasingly irregular monsoon patterns
make the ecological functions restored by CA especially valuable. Permanent residue cover and
reduced tillage slow soil carbon oxidation, support aggregate stability, and reduce erosion,
while diversified rotations, especially those including legumes, enhance internal nutrient flows
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and biological nitrogen fixation. These system-wide improvements underscore CA’s potential
as a foundation for nature-positive transformation in drought-prone districts of Marathwada,
Western Maharashtra, and Vidarbha.

Scientific assessments consistently demonstrate that CA enhances hydrological resilience by
increasing water infiltration and storage capacity while reducing evaporative losses and
surface runoff. Field studies from the Indo-Gangetic Plains and CA trials across semi-arid
ecologies show that residue retention and no-till practices can substantially improve water-use
efficiency and drought buffering (Jat et al., 2020). These hydrological benefits are highly
relevant for Maharashtra, where 70 percent of agriculture is rainfed and groundwater stress is
increasing. In rice-growing pockets of eastern Vidarbha, Direct-Seeded Rice (DSR) and zero-
tillage systems promoted by ICAR-NRRI have demonstrated reductions in irrigation demand,
lower establishment costs, and improved early-season soil aeration compared with puddled
transplanted systems (ICAR-NRRI, 2024). Such CA-based rice management practices also
reduce methane emissions by minimizing anaerobic conditions, thereby contributing to the NPS
climate mitigation indicator. Improved residue management and reduced tillage lower direct
CO: emissions and can reduce N-O emission intensity by synchronizing nitrogen application
and enhancing soil biological activity (Jat et al., 2023). CA thereby supports the NPS climate
indicator set by lowering greenhouse-gas emissions per unit of crop output while
simultaneously increasing long-term soil carbon stocks.

Biodiversity recovery under CA systems is also well documented. Permanent soil cover,
diversified rotations, and reduced disturbance create habitats for macrofauna such as
earthworms and arthropods while enabling microbial proliferation and enzymatic activity
critical for nutrient cycling. Meta-analyses reveal higher soil biological richness and ecosystem
stability in CA systems relative to fully tilled systems (Kassam et al., 2022). In Maharashtra’s
monoculture- dominated zones, such biodiversity gains help restore soil food webs, strengthen
natural pest control, and reduce reliance on chemical inputs. These improvements align
strongly with the NPS indicator domain on biodiversity recovery, providing evidence of
ecological regeneration both above and below ground.

Despite its strong ecological rationale, the spatial extent of CA in Maharashtra remains limited
and fragmented. At the national scale, CA/zero-tillage adoption is estimated between 1.5-2.0
million hectares, mostly concentrated in wheat systems of the northern Indo-Gangetic Plains
(Kassam et al., 2022). However, Maharashtra does not have a consolidated statewide estimate.
Adoption is localized around demonstration clusters led by ICAR institutes and State
Agricultural Universities, including DSR and conservation tillage initiatives in districts such as
Bhandara, Nagpur, Wardha, Beed, Solapur, and Jalna (ICAR-NRRI, 2024; Tripathi, 2016).
These project-level results confirm positive impacts on yield stability, establishment costs,
residue retention, and resource efficiency, but statewide CA adoption remains constrained by
challenges such as limited access to residue- compatible planters, competing uses of crop
residues for livestock, and weed management concerns in zero-till systems. As a result, the
state requires targeted mechanization support, enhanced extension services, and district-
specific CA implementation packages that integrate residues, cover crops, and legume
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rotations rather than promoting zero-till alone.

The implications of CA for Maharashtra’s NPS goals are substantial. CA strengthens soil
regeneration by improving SOC stocks and aggregate stability, enhances water security
through improved infiltration and soil moisture retention, and advances nutrient circularity
through intensified biological cycling. Its multi-functional benefits also improve yield stability
and reduce production costs, contributing to socio-economic resilience, another key
component of NPS evaluation. Scaling CA in Maharashtra will therefore require a coordinated
approach combining technical interventions, mechanization support for residue retention and
zero-till planting, incentive structures for residue recycling, and multi-year monitoring using
the NPS indicator framework. This integrated approach will allow CA to function not merely
as a production technology but as a systemic ecological strategy capable of restoring degraded
agro-ecosystems while sustaining food grain productivity.

6.2 Water-Centric Regenerative Pathways

Maharashtra’s agricultural sector is fundamentally constrained by water scarcity, high climatic
variability, and uneven access to irrigation. The state receives an average annual rainfall of
~1,130 mm, but the spatial and temporal distribution is extremely erratic, over 35% of its area
is drought-prone and experiences recurrent dry spells of 25-35 days during the monsoon
(NIDM, 2020). Groundwater resources have become increasingly stressed: the Central
Ground Water Board (2022) estimates Maharashtra’s annual extractable groundwater at 30.95
billion m3, of which nearly 54% is already being extracted, with several districts of Marathwada
and Vidarbha classified as semi-critical or over-exploited. Only 19-20% of the state’s net sown
area is irrigated, indicating that nearly four-fifths of agricultural land remains rainfed and highly
vulnerable to rainfall anomalies. This imbalance between water demand and availability has
driven widespread crop failures, yield instability, and soil degradation in drought years,
symptoms of a nature- negative agricultural trajectory in which resource depletion, groundwater
decline, and soil erosion reinforce each other.

The irrigation landscape of Maharashtra is dominated by canal systems in Western
Maharashtra and lift irrigation along river basins, while the majority of dryland farmers depend
on groundwater, bore wells, and monsoon rainfall. Over-extraction, coupled with intensive
water-demanding crops like sugarcane in select pockets, has tightened hydrological stress and
reduced base flows. Soil hydrological properties are further weakened by repeated tillage and
low organic carbon, leading to poor infiltration and high runoff. Thus, the existing system does
not support natural water regulation processes, nor does it conserve moisture at the landscape
scale. A shift toward Nature- Positive Solutions (NPS) in water management is therefore
essential to regenerate hydrological functions, reduce emissions, and stabilize food grain
productivity.

Micro-irrigation has emerged as a transformative tool for enhancing water-use efficiency in

Maharashtra. Under the Pradhan Mantri Krishi Sinchayee Yojana (PMKSY) and state micro-
irrigation schemes, Maharashtra has brought over 1.1-1.3 million hectares under drip and
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sprinkler irrigation, placing it among the leading states in micro-irrigation adoption.
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Figure. Xxx. Water-centric regenerative pathways illustrating integrated rainwater harvesting, soil
moisture conservation, groundwater recharge, micro-irigation, watershed development, and water-use
efficiency strategies for improving hydrological resilience, drought adaptation, and sustainable food-
grain production in Maharashtra

This expansion is particularly strong in horticulture districts such as Nashik, Pune, Solapur,
Sangli, and Jalgaon. Extending micro-irrigation to cereals, pulses, and oilseeds, which
currently remain largely rainfed, could drastically improve water productivity, reduce
groundwater extraction, and stabilize yields. Drip irrigation in pigeonpea, soybean, sorghum,
and millets has shown 30-50% water savings and improved biomass production in field trials
conducted by state agricultural universities and ICAR institutions. By increasing water-use
efficiency and reducing reliance on stressed aquifers, micro-irrigation directly contributes to
NPS indicators of water resource enhancement, reduced hydrological stress, and resilience to
drought. AWD offers a highly nature-positive shift in paddy cultivation, especially relevant
for districts in eastern Vidarbha where rice is the dominant kharif crop. Traditional puddled
transplanted rice creates prolonged anaerobic conditions that release methane. AWD reduces
the duration of field flooding by allowing the soil to dry periodically, thereby decreasing CHa
emissions by 30-70% without compromising yields. ICAR-NRRI studies in Maharashtra’s
Bhandara and Chandrapur districts show that AWD improves root health, reduces irrigation
demand by 15-25%, and lowers methane intensity, strongly aligning with NPS climate
mitigation indicators. Widespread adoption of AWD could significantly reduce the state's
agricultural greenhouse-gas footprint and conserve water in paddy-growing zones.
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Rainwater harvesting through farm ponds has emerged as a cornerstone of climate-resilient
agriculture in Maharashtra, especially after the large-scale Jalyukt Shivar Abhiyan, which
created thousands of farm ponds and desilted traditional tanks to enhance local water storage.
Farm ponds increase in-situ moisture availability, support protective irrigation during dry
spells, and improve groundwater recharge. Their hydrological benefits are magnified when
combined with contour trenches, compartment bunding, and mulching. These dryland soil and
water conservation practices are widely recommended for the Deccan Plateau’s shallow,
gravelly soils, where low infiltration and high runoff otherwise accelerate degradation.
Mulching, using residues, compost, or crop biomass, reduces surface evaporation, improves
soil moisture retention, enhances microbial activity, and protects soil aggregates. Contour
bunding slows runoff, increases infiltration, and reduces erosion, which is particularly valuable
in the sloping rainfed landscapes of Ahmednagar, Solapur, Osmanabad, Beed, and Jalna.
Collectively, these practices shift agricultural landscapes from rapid water loss to water capture,
retention, and regeneration, directly advancing NPS indicators related to hydrological
resilience, soil stability, and erosion reduction.

Integrating these irrigation and water-management interventions transforms Maharashtra's
agricultural system from nature-negative to nature-positive. AWD lowers emissions and
enhances water productivity in paddy; micro-irrigation improves efficiency and reduces
aquifer pressure; mulching and contour bunding enhance soil hydrology and biodiversity; and
farm ponds build landscape-scale water buffers. Together, these approaches regenerate
hydrological cycles, improve soil-water-plant interactions, and reduce climate risks, aligning
agricultural production with ecological renewal instead of ecological depletion. For
Mabharashtra’s food grain systems, this shift is essential for long-term sustainability,
productivity stability, and climate resilience.

6.3 Low-Carbon and Climate-Smart Technologies

Direct-seeded rice (DSR) is a low-carbon rice establishment method in which seeds are sown
directly into the field, eliminating nursery raising and puddled transplanting. In contrast,
conventional puddled transplanted rice (PTR) requires continuous flooding during land
preparation and early crop growth, creating anaerobic soil conditions that favor methane (CHa)
production. DSR avoids prolonged flooding and often operates under aerobic or intermittently
wetted soil conditions, resulting in substantial reductions in methane emissions and irrigation
water use (Liu et al., 2019; Jat et al., 2023). Experimental and on-farm studies across India
report 15— 50% water savings and 30-70% lower CH. emissions under DSR compared with
PTR, depending on soil type and water management (Jat et al., 2020). In Maharashtra, DSR has
been evaluated and promoted in eastern Vidarbha districts such as Bhandara and Chandrapur
through ICAR-NRRI and KVK demonstrations; however, there is no consolidated state-level
estimate of area under DSR, as adoption remains project- and district-specific (ICAR-NRRI,
2023). Given Maharashtra’s total rice area of ~1.5 million ha, even partial scaling of DSR in
irrigated rice belts could generate significant water savings and emission reductions,
contributing strongly to nature-positive indicators related to climate mitigation, water
productivity, and soil health.
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The System of Rice Intensification (SRI) is another climate-smart rice management approach
that modifies planting density, seedling age, water regime, and soil aeration to enhance plant
root growth and soil biological activity. Unlike PTR, SRI uses single young seedlings planted
at wider spacing and avoids continuous flooding, maintaining soils in mostly aerobic conditions.
Numerous studies and meta-analyses show that SRI can improve yields while reducing
irrigation water use and methane emissions, largely due to reduced anaerobic periods and
enhanced soil aeration (Uphoff et al., 2015; Jat et al., 2020). In India, SRI adoption has been
driven by NGO- and government-supported projects, particularly in eastern and southern
states. In Maharashtra, SR1 is practiced in localized pockets through watershed projects, NGOs,
and KVK initiatives, but, as with DSR, there is no officially aggregated state-level area
estimate (CEEW, 2021). From a nature-positive perspective, SRI improves resource-use
efficiency, strengthens soil structure, reduces CH4 emissions, and enhances yield stability,
making it a viable pathway for climate- resilient rice production where irrigation control and
farmer training are feasible.

Renewable energy use, particularly solar-powered irrigation, is a rapidly expanding component
of climate-smart agriculture in India. Under the PM-KUSUM scheme, India is promoting
large- scale replacement of diesel and grid-powered irrigation pumps with solar pumps to
reduce fossil- fuel dependence and agricultural carbon emissions. Maharashtra is among the
leading states in solar pump deployment; state government records indicate that over 2.6 lakh
solar agricultural pumps had been installed by September 2024 under schemes such as Magel
Tyala Saur Krushi Pump Yojana (Government of Maharashtra, 2024). Replacing diesel pumps
with solar pumps can reduce approximately 3—4 t CO: per pump per year, depending on usage
patterns (SwitchON, 2020). At scale, this translates into substantial emission reductions while
also lowering irrigation costs for farmers. When combined with micro-irrigation and
fertigation, solar irrigation enhances water- and nutrient-use efficiency, reduces groundwater
over-extraction, and aligns strongly with nature-positive goals related to low emissions,
efficient resource use, and resilience.

Collectively, DSR, SRI and solar-powered irrigation and water management form a
complementary portfolio of low-carbon and climate-smart technologies capable of shifting
Mabharashtra’s agriculture from a nature-negative, resource-intensive pathway toward a nature-
positive, regenerative trajectory. Their integrated adoption can substantially lower greenhouse-
gas emissions, improve water and nutrient productivity, strengthen soil function, and enhance
resilience of rice-based and mixed farming systems under increasing climate stress.

6.4 Biodiversity-Centric Pathways
Crop and Cropping System Diversification

Crop and cropping system diversification is a central pillar of Nature-Positive Agriculture
because it strengthens ecological resilience, enhances nutrient cycling, builds SOC, and
reduces vulnerability to climatic and market shocks. In Maharashtra, where cereal—cotton—
soybean dominated systems have led to nutrient mining, recurring pest outbreaks, and soil
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organic matter decline, introducing short-duration pulses and millets such as pigeonpea,
cowpea, green gram, and bajra provides a biologically regenerative alternative. Legume
integration contributes to biological nitrogen fixation, improving soil nitrogen economy and
reducing dependence on synthetic fertilizers, while also enhancing microbial activity, root
biomass, and soil aggregation (Giller, 2017). Millets, with their deep root systems and lower
water requirements, improve drought resilience and stabilize yields under rainfall variability
common in Marathwada and Vidarbha. Diversified rotations disrupt pest and disease cycles,
break monoculture fatigue, and enhance above-ground biodiversity, key NPS indicators for
ecological recovery.

Short-duration legumes and millets fit well within Maharashtra’s rainfall patterns and can be
inserted into existing cereal systems without compromising total cropping time. They improve
nutrient balance through N, P, and K mobilization and contribute substantial organic residues
that stimulate microbial decomposition and humus formation. Studies demonstrate that
replacing a portion of continuous soybean or sorghum with pulses increases SOC, improves soil
structure, and enhances nutrient-use efficiency, thereby advancing NPS indicators related to
soil health and nutrient cycling (Singh et al., 2022). Diversified rotations also enhance water
infiltration and reduce runoff, protecting soils from erosion in sloping dryland agro-
ecosystems. Although agroforestry models also support diversification, the present discussion
highlights cropping-based interventions. Orchard—intercrop systems such as custard apple +
sorghum or mango + legume intercrops are widely practiced in marginal, shallow, or gravelly
soils of the Deccan Plateau and contribute to microclimate moderation, soil carbon buildup,
and erosion control. However, even without trees, diversification through legumes, millets, and
short-duration fodder crops significantly enhances ecosystem service indicators and reduces
the ecological footprint of conventional cropping.

A critical dimension of diversification is the integration of crop—livestock systems, especially
in dryland regions where livestock serve as both an economic buffer and a nutrient-recycling
engine. Mixed farming systems recycle nutrients through manure, compost, and dung-based
amendments, improving soil fertility and reducing the need for purchased chemical fertilizers.
Livestock integration increases system resilience by providing diversified income, improving
household stability during droughts, and supporting fodder-based rotations that restore soil
cover and reduce erosion (Rufino et al., 2019). Manure application strengthens microbial
biomass, enhances enzymatic activities, and contributes to SOC accrual, direct indicators of
nature-positive transitions.

Crop diversification also contributes to climate mitigation by promoting crops with lower
emissions intensity, stabilizing yields under climatic extremes, and enabling more efficient
water use. Millets and pulses emit substantially fewer greenhouse gases per kilogram of edible
yield compared with rice or sugarcane, aligning diversification with NPS climate indicators
(Smith et al., 2019). Through improved soil carbon sequestration, lower fertilizer requirements,
and reduced reliance on water-intensive systems, diversified crops contribute to systemic
climate resilience.
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BIODIVERSITY-CENTRIC REGENERATIVE PATHWAYS

KEY BIODIVERSITY-CENTRIC
REGENERATIVE PRACTICES .
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SYSTEMS Nature-Positive Food Production Systems in Maharashtra
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Fig 9. Biodiversity-centric regenerative pathways illustrating how diversified cropping systems,
agroforestry, habitat management, microbial enrichment, and ecological pest regulation restore
biodiversity, strengthen ecosystem services, improve resilience, and support nature-positive food
production systems in Maharashtra.

Overall, crop and cropping system diversification shifts Maharashtra’s agricultural systems
from nature-negative, input-heavy monocultures to nature-positive, biologically rich, and
resource- efficient production systems. By integrating legumes, millets, fodder crops, and
mixed crop— livestock practices, farmers can rebuild soil fertility, enhance water resilience,
boost biodiversity, and stabilize income, all central to achieving regenerative, sustainable food
grain production in the state.

Agroforestry

Agroforestry plays a central role in advancing NPS because it restores ecological processes
that are often degraded under conventional monocropping systems. By integrating trees with
annual crops, livestock, or pastures, agroforestry enhances SOC, improves infiltration,
moderates microclimate, and strengthens biodiversity, attributes essential for regenerating
Mabharashtra’s fragile and drought-prone agro-ecosystems. Trees contribute substantial litterfall
and root biomass, which enrich soil organic matter and stimulate microbial activity, thereby
improving aggregation, nutrient cycling, and moisture storage. These ecological benefits align
directly with NPS indicators focused on soil health regeneration, water resilience, carbon
sequestration, biodiversity recovery, and circular nutrient cycling. Scientific studies
consistently demonstrate that tree—crop systems improve soil structure, increase carbon stocks,
reduce erosion, and promote hydrological stability compared with annual monocropping (Jose,
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2009; Nair, 2014). In Maharashtra, where low SOC, nutrient mining, and water scarcity
constrain  food-grain productivity, agroforestry offers a multifunctional ecological
infrastructure that enhances both farm productivity and ecosystem resilience.

Maharashtra hosts several agroforestry models shaped by geographical, climatic, and socio-
economic conditions. Fruit-tree-based agroforestry, such as mango—millet, pomegranate—
onion, sweet orange—gram, and custard apple—sorghum systems, is widely practiced in
Western Maharashtra, Marathwada, and Vidarbha. These systems improve soil carbon through
continuous leaf litter and root turnover, provide shade that reduces soil evaporation, and create
multi-layered vegetation that supports pollinators and natural enemies. Timber-cum-crop agri-
silvicultural systems based on Gliricidia sepium, Leucaena leucocephala, Neem (Azadirachta
indica), or Teak (Tectona grandis) are common in dryland districts such as Solapur,
Osmanabad, Washim, and Beed. These nitrogen-fixing and fast-growing species supply
biomass for mulching and green manuring, thereby improving nutrient cycling and increasing
soil organic matter content. Silvi- pastoral systems combining trees with fodder grasses
dominate tribal belts and community lands in Nashik, Nandurbar, and Gadchiroli, where they
enhance soil stability, carbon sequestration, and fodder availability. Linear agroforestry,
planting trees along field boundaries, is widespread across the state and offers biodiversity and
soil conservation benefits with minimal competition to food crops. Bamboo-based systems,
found in Vidarbha and Konkan, contribute significantly to soil stabilization, carbon
accumulation, and rural livelihoods. These diversified models illustrate how agroforestry is
deeply embedded in Maharashtra’s landscape and how each contributes uniquely to nature-
positive agriculture.

When evaluated against core NPS indicators, fruit-tree-based agroforestry emerges as the
strongest performer for Maharashtra’s conditions. Fruit systems such as pomegranate, mango,
custard apple, and sweet orange contribute substantial carbon inputs, improve soil structure,
and enhance microbial activity while also providing high-value market produce. Studies show
that agroforestry can increase SOC stocks by 20-50% relative to adjacent croplands,
depending on species and management (Nair et al., 2009; Sharma et al., 2016). Enhanced
canopy cover reduces raindrop impact and soil erosion, while deeper root systems increase
infiltration and support groundwater recharge, important hydrological functions in the semi-
arid Deccan Plateau. The multi-strata vegetation typical of fruit-based agroforestry improves
habitat availability for pollinators and beneficial insects, supporting above-ground biodiversity
that is often lost under monocropping (Kremen & Merenlender, 2018). Furthermore,
agroforestry systems sequester considerable biomass carbon: in tropical semi-arid regions,
tree-based systems typically store 12-35 t C ha™! over a decade, reducing greenhouse gas
intensity and contributing directly to climate mitigation (Nair, 2012).

Agri-silvicultural systems based on Gliricidia and Subabul offer strong benefits for nutrient
cycling and soil fertility. Gliricidia hedgerows, for example, can add 50-120 kg N ha™* yr!
through prunings, improving soil nitrogen availability and reducing dependence on synthetic
fertilizers (Kang et al., 1984). These systems are particularly valuable in drought-prone regions
where soil fertility decline is rapid. Silvi-pastoral systems yield high levels of soil carbon
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sequestration and support fodder availability, key socio-economic indicators for smallholders
dependent on livestock. In tribal and forest-fringe regions, agroforestry models based on
Aonla, custard apple, bamboo, and tamarind have demonstrated strong ecological restoration
potential, especially on degraded and shallow soils.

Across Maharashtra’s major NPS indicators, soil health, water resilience, biodiversity
enhancement, climate mitigation, nutrient recycling, productivity performance, and socio-
economic benefits, agroforestry provides a highly synergistic and scalable strategy for nature-
positive agricultural transformation. Fruit-based agroforestry performs best overall,
particularly in rainfed regions, while agri-silvicultural and silvi-pastoral systems excel in soil
fertility enhancement and landscape restoration. Integrating these models into district-level and
watershed- scale planning can accelerate Maharashtra’s transition toward regenerative,
climate-resilient, and economically viable agricultural systems

IPM and habitat-Based Pest Management: Border Crops, Trap Crops and Flowering
Strips

The promotion of border crops, trap crops, and flowering strips represents a habitat-based pest
management strategy that directly advances Nature-Positive Agriculture by restoring
ecological regulation of pests. These practices work by providing nectar, pollen, shelter, and
alternative prey that sustain predators, parasitoids, and pollinators throughout the cropping
season. Trap crops attract pests away from the main crop, concentrating them in manageable
zones while simultaneously supporting natural enemies, whereas flowering strips enhance the
abundance, diversity, and longevity of beneficial insects across the field margin—crop
interface. Empirical studies consistently demonstrate that such habitat manipulations increase
populations of predators and parasitoids and reduce pest pressure in adjacent crops, thereby
lowering reliance on synthetic pesticides and strengthening ecosystem services (Tschumi et
al., 2015; Hunt et al., 2021).

Evidence from India confirms similar “beneficial insect shifts” under habitat-based practices.
Reviews and applied studies show that trap cropping and companion planting in smallholder
and vegetable systems increase predator and parasitoid abundance and suppress key pests,
contributing to reduced pesticide applications and improved yield stability (Sarkar, 2018;
Panwar, 2021). International studies corroborate these findings: tailored flower strips and
flowering margins have been shown to significantly enhance natural enemy richness and
abundance while reducing aphid and other pest populations in potatoes, cereals, and
horticultural crops (Tschumi et al., 2015; Tschumi et al., 2016; Obanyi et al., 2024).
Companion plants have also been demonstrated to improve pest suppression through enhanced
predator activity in orchard and field crops (Han et al., 2025). Collectively, these studies
provide robust evidence that border crops, trap crops, and flowering strips are effective nature-
positive interventions that rebuild above-ground biodiversity and restore biological pest
control.

Reduced pesticide use through Integrated Pest Management (IPM) further strengthens nature
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positivity by conserving beneficial organisms, reducing non-target toxicity, and lowering
environmental contamination. IPM emphasizes pest monitoring, economic thresholds,
biological control, cultural practices, and selective pesticide use only when necessary. Across
India, IPM programs have documented substantial reductions in pesticide use, often in the
range of 30-70%, and in some cases approaching near-elimination of insecticide sprays in
specific crops without yield loss (Dhawan, 2009; Pecenka et al., 2021). A recent global meta-
analysis showed that threshold-based IPM strategies reduced insecticide applications by an
average of 44% while maintaining productivity, underscoring the ecological and agronomic
robustness of IPM approaches (Leach et al., 2025).

In Maharashtra, pesticide consumption data from Government of India annexures to
Parliamentary replies indicate that the state remains among the highest pesticide-consuming
states in the country in recent years (Government of India, 2021-2024). Crop-wise patterns
show strong concentration of pesticide use in cotton and vegetable systems, while cereals and
pulse-based systems generally receive far lower pesticide inputs per hectare (Birthal, 2000;
Reddy, 2024). Cotton-based intercropping systems, despite occupying a smaller share of
cropped area, historically account for a disproportionately large share of insecticide use,
making them priority targets for IPM-led reductions. Studies and ICAR-IPM module
evaluations indicate that adoption of IPM in cotton, rice, and vegetable systems can reduce
spray frequency and active ingredient use by 30-70%, while increasing natural enemy
abundance and improving benefit—cost ratios (Sharma, 2015).

From a Nature-Positive perspective, the combined use of habitat-based pest management and
IPM transforms pest regulation from a chemical-driven, nature-negative process to an
ecosystem-driven, regenerative one. These practices enhance above-ground biodiversity,
protect pollinators, reduce chemical residues in soil and water, and support stable yields through
biological regulation. Monitoring indicators such as natural enemy abundance, pollinator
visitation, pesticide application intensity (kg ha™), spray frequency, and yield stability provides
clear evidence of progress toward nature positivity. In Maharashtra, prioritizing IPM and habitat
management in cotton and vegetable belts, while establishing flowering strips and border crops
across cereal and pulse landscapes, offers a rapid and scalable pathway to reduce pesticide
loads and restore ecological balance in agricultural systems.

6.5 System-Level Transitions
Natural Farming

Natural Farming has emerged as a major national focus in India, promoted as a low-input,
ecologically regenerative alternative to chemically intensive agriculture. Approaches such as
Subhash Palekar’s Zero Budget Natural Farming (ZBNF) emphasize the use of on-farm,
microbial- rich inputs, Jeevamrutha, Beejamrutha, mulching, crop diversity, and minimal soil
disturbance, to rebuild soil biological activity, enhance nutrient circularity, and improve farm
resilience. Unlike conventional systems driven by external fertilizers, pesticides, and deep
tillage, Natural Farming relies on soil biota and organic residues to drive nutrient cycling and
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plant health. Field evaluations indicate that natural farming systems can significantly improve
microbial biomass, enzymatic activity, SOC, and aggregate formation, key soil health
indicators for Nature-Positive Solutions (NSSO, 2022; Smith et al., 2019). These biological
improvements help reverse the degradation trends commonly observed under chemically
intensive, monoculture-dominated systems.

From a nutrient-management perspective, Natural Farming strengthens circular nutrient flows
by recycling cow dung, urine, crop residues, and bio-cultures that stimulate decomposition and
nutrient mobilization. This reduces dependence on synthetic fertilizers and, in turn, lowers
nitrous oxide (N:20) emissions associated with high nitrogen application rates. Microbial
inoculants in Jeevamrutha enhance root-microbe interactions, nitrogen fixation, and
phosphorus mobilization, fostering nutrient-use efficiency and improving NPS indicators
related to fertilizer loss reduction, soil biological activity, and nutrient balance. As Maharashtra
struggles with persistent nutrient imbalance and declining nutrient-use efficiency under
conventional agriculture, Natural Farming offers a biologically driven pathway for nutrient
regeneration. Natural Farming also contributes strongly to water-use sustainability. Mulching,
living soil cover, and reduced tillage enhance water retention, improve soil infiltration, and
lower evaporation losses. These practices provide ecological buffers against drought and dry
spells, which are increasingly frequent in Maharashtra’s semi-arid agro-ecologies. By
improving soil structure and porosity, Natural Farming increases the plant-available water
capacity and reduces the need for irrigation, directly addressing NPS water indicators such as
soil moisture conservation and water- use efficiency.

Biodiversity restoration is another key nature-positive outcome. Diverse cropping,
intercropping, border crops, and the absence of chemical pesticides support higher populations
of pollinators, natural enemies, earthworms, and beneficial soil microbes. Research shows that
diversified and chemical-free systems restore trophic interactions and strengthen ecological
regulation of pests and diseases (Kremen & Merenlender, 2018). Above-ground biodiversity
increases through habitat diversification, while below-ground biodiversity flourishes under
biologically enriched soil conditions, critical indicators for evaluating NPS advancement. By
reducing chemical exposure, Natural Farming helps restore farmland bird populations and
beneficial arthropods, improving ecosystem services.

Economically, Natural Farming reduces input costs and supports livelihood resilience,
especially for smallholders facing rising fertilizer prices and climate-induced instability.
Studies in Andhra Pradesh’s large-scale Natural Farming initiative show stable yields in
several crops, increased SOC, lower costs, and improved farmer wellbeing over time (Rao et
al., 2020). While yield responses may vary in the initial years, long-term system-level
productivity stabilizes as soil fertility recovers. These socio-economic outcomes align with
NPS indicators related to farm profitability, reduced risk, and inclusive growth.

Overall, Natural Farming represents a distinctly nature-positive pathway by eliminating
synthetic inputs, restoring soil biology, strengthening circular nutrient flows, enhancing

biodiversity, and reducing environmental footprints. Though scaling requires careful region-
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specific validation in Maharashtra, its principles strongly complement other regenerative
approaches such as agroforestry, conservation agriculture, and integrated nutrient
management, collectively advancing the state toward sustainable and resilient food systems.

Organic Farming

Organic farming is an ecologically based agricultural system that avoids synthetic fertilizers,
pesticides, genetically modified organisms (GMOs), and growth regulators, focusing instead
on biological nutrient cycling, ecological balance, soil health, and biodiversity conservation.
It is guided by four internationally accepted principles defined by IFOAM: Health, Ecology,
Fairness, and Care. These principles emphasize maintaining soil biological integrity, using
natural inputs, recycling biomass, promoting biodiversity, and ensuring long-term ecosystem
sustainability. Organic farming relies on practices such as composting, crop rotation, green
manuring, biofertilizers, biological pest control, livestock integration, and the avoidance of
harmful chemicals to maintain productivity.

The benefits of organic farming arise primarily from its ecological orientation. Organic
systems demonstrate improved SOC, higher microbial biomass, and greater enzymatic activity,
all of which strengthen soil structure, enhance infiltration, and improve nutrient retention
(Reganold & Wachter, 2016). Organic farms generally show richer biodiversity of pollinators,
earthworms, arthropods, and beneficial microbes due to habitat diversification and elimination
of synthetic pesticides. Crop rotations and organic amendments improve nitrogen use
efficiency and reduce nutrient leaching, making organic systems environmentally safer and
more resilient to climatic fluctuations. Though yields may be lower in some crops during the
initial conversion period, long- term productivity often stabilizes as soil fertility and ecological
Processes recover.

India has emerged as a global leader in organic farming adoption, driven by policy initiatives,
export opportunities, and traditional knowledge. According to APEDA (2023), India has over
4.43 million hectares under certified organic cultivation, one of the largest areas globally,
though much of it is concentrated in rainfed regions such as Madhya Pradesh, Rajasthan,
Maharashtra, and the Northeastern states. Organic farming is successful in India where
agroecological conditions, market access, and institutional support are strong. Export-oriented
organic crops, spices, cotton, fruits, and cereals, have shown consistent economic gains.
However, challenges remain: yield reductions during transition, limited domestic market
premiums, pest pressure in humid environments, and variable quality of organic inputs.

In terms of sustainability, organic farming is widely recognized as environmentally sustainable
due to its strong reliance on ecological processes rather than external inputs. It also aligns
closely with the principles of regenerative agriculture, particularly through its emphasis on
SOC buildup, biodiversity restoration, and nutrient recycling. However, regenerative
agriculture extends beyond organic standards by incorporating reduced tillage, cover cropping,
continuous soil cover, diversified rotations, and sometimes livestock integration, practices that
are not universally adopted in all organic systems. Thus, while organic farming contributes
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significantly to ecological regeneration, it is most regenerative when combined with
conservation agriculture, agroforestry, or integrated livestock systems.

Organic farming can contribute substantially to Nature-Positive Agriculture. By reducing
chemical dependency, it restores soil biology; by increasing SOC, it contributes to climate
mitigation; by enhancing biodiversity, it strengthens ecosystem services; and by lowering
pollution, it improves water quality. The extent of nature positivity depends on management
intensity, systems with diverse rotations, residue retention, compost application, and minimal
tillage exhibit the strongest nature-positive outcomes. However, organic monocultures or
systems with excessive soil disturbance may achieve only partial nature-positive benefits.

Overall, organic farming is an important component of India’s transition toward regenerative
and nature-positive agriculture. It strengthens soils, reduces environmental externalities,
enhances biodiversity, and aligns farmers with sustainable, long-term production systems.
When integrated with complementary regenerative practices, organic farming can deliver
profound ecological and socio-economic benefits at scale.

Livestock-crop integrated system

Integrated crop-livestock systems (ICLS) represent a scientifically validated pathway for
shifting conventional agriculture toward nature-positive agriculture, particularly in rainfed and
semi-arid regions such as Maharashtra. ICLS are defined as systems where crops and livestock
are managed in an integrated manner so that biomass, nutrients, and energy flows are recycled
within the farm, thereby reducing external inputs and ecological losses (Herrero et al., 2009;
FAO, 2010). This integration transforms agriculture from a linear “input—output” model to a
circular agroecosystem, which is a core principle of nature-positive food systems.

Livestock integration directly contributes to nutrient circularity and reduced fertilizer
dependence, a critical concern for food-grain systems. Cattle manure typically contains about
0.5-0.8% N, 0.2—0.4% P-0s, and 0.5-0.7% K-0, and when recycled through farmyard manure
(FYM) or compost, it supplies nutrients in synchrony with crop demand (Giller et al., 1997;
ICAR, 2012). Long-term experiments in India have shown that partial substitution of mineral
fertilizers with FYM improves nitrogen use efficiency (NUE) by 10-25% compared with sole
chemical fertilization, primarily due to reduced N losses and improved soil biological activity
(Ramesh et al., 2009; Ladha et al., 2016). Such nutrient recycling is a defining feature of
nature-positive agriculture because it minimizes off-farm nutrient extraction and
environmental pollution.

From a soil health perspective, ICLS enhance SOC sequestration, which underpins
productivity, resilience, and ecosystem services. Meta-analyses and long-term trials indicate
that integrated crop—livestock systems can increase SOC stocks by 0.2-0.5 Mg C ha! yr!,
depending on climate, soil type, and manure management (Franzluebbers & Stuedemann,
2014; Conant et al., 2017). Indian long-term fertilizer experiments consistently show higher
SOC, microbial biomass carbon, and aggregate stability under FYM-integrated treatments
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compared with fertilizer-only plots (Bhattacharyya et al., 2013; Mandal et al., 2018). These
improvements are particularly relevant for Maharashtra, where many Vertisols and shallow
Inceptisols are inherently low in organic carbon (<0.5%), limiting water retention and yield
stability.

Livestock integration also strengthens soil biological functioning, which is central to nature-
positive outcomes. Organic inputs from dung, urine, and bedding materials stimulate microbial
biomass and enzyme activities involved in C, N, and P cycling (urease, dehydrogenase,
phosphatase), thereby accelerating nutrient turnover in biologically active pools (Nannipieri et
al., 2012). Studies under mixed crop—livestock systems report significantly higher microbial
biomass carbon (20-60%) and enzyme activity compared with crop-only systems, reflecting
improved below-ground biodiversity and ecosystem functioning (Franzluebbers, 2007;
Bhattacharyya et al., 2016). Enhanced biological activity improves soil structure and
infiltration, which is crucial under Maharashtra’s erratic monsoon rainfall. At the landscape
and system level, ICLS improve resilience and climate adaptation, a key pillar of nature-
positive agriculture. Rainfed mixed farming systems that integrate livestock show lower yield
variability under drought conditions because organic matter—rich soils retain more plant-
available water and support sustained nutrient supply (Rockstrém et al., 2010; FAO, 2017).
Furthermore, when assessed on an emission-intensity basis, integrated systems often exhibit
lower greenhouse gas emissions per unit of food produced, as soil carbon gains and reduced
fertilizer manufacture offset emissions from livestock, particularly in low-input smallholder
systems (Herrero et al., 2011; Gerber et al., 2013).

The suitability of ICLS for Maharashtra’s food-grain production systems is strongly supported
by agro-ecological and socio-economic evidence. More than 60% of the state’s cultivated area
is rainfed, and mixed crop—livestock farming is already the dominant livelihood strategy
among smallholders (ICAR-NIASM, 2019; GOI, 2022). Major food-grain systems, sorghum,
pearl millet, maize, rice (rainfed), and rabi pulses, produce substantial crop residues that are
traditionally used as fodder. Integrating livestock ensures that these residues are partially
returned to soil as manure, preventing carbon mining and residue burning, both of which are
inconsistent with nature-positive objectives (Lal, 2015). Research from semi-arid India shows
that residue-fed livestock can return 30-40% of consumed carbon and nutrients back to fields
through manure, maintaining soil fertility even where residue retention on the surface is limited
(Giller et al., 2009).

In synthesis, livestock integration enables Maharashtra’s food-grain systems to meet the core
criteria of nature-positive agriculture: regeneration of soil health, efficient nutrient cycling,
biodiversity enhancement, climate resilience, and reduced external dependency. Rather than
increasing livestock numbers, the nature-positive pathway lies in optimizing livestock—crop
linkages, improving manure management, and aligning integration with local soil-climate
contexts. Evidence from long-term experiments, global syntheses, and Indian research clearly
indicates that well-designed ICLS can sustain food-grain productivity while restoring
ecosystem functions, making them a scientifically robust and context-appropriate strategy for
Maharashtra.
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7. ENABLING NATURE-POSITIVE AGRICULTURE THROUGH POLICY
ALIGNMENT, OUTCOME-BASED RESEARCH, AND INSTITUTIONAL SCALING

Indian agriculture is at a critical transition point. While decades of input-intensive growth have
enhanced food production, they have also resulted in soil degradation, water stress, declining
input efficiency, biodiversity loss, and rising climate vulnerability. These challenges directly
affect productivity, farm incomes, and long-term sustainability, particularly in rainfed and
semi-arid regions such as Maharashtra.

In response, the concept of NPA has gained prominence, emphasizing agricultural systems
that restore soil health, enhance ecosystem services, reduce emissions, and improve resilience
while sustaining farmer livelihoods. Importantly, India already possesses a robust policy
architecture that can support this transition. The key challenge is not policy absence, but policy
alignment, outcome measurement, and institutional convergence.

This policy brief outlines how existing national missions, targeted research reforms, and
institutional mechanisms can jointly enable the large-scale adoption of nature-positive
practices, without introducing new schemes or imposing additional burdens on farmers.

7.1. Leveraging Existing Agricultural Policies for Nature-Positive Outcomes National
Mission for Sustainable Agriculture (NMSA)

The National Mission for Sustainable Agriculture (NMSA) was designed to strengthen climate
resilience through improved soil health, water management, and diversification of farming
systems. Many of the activities promoted under NMSA, such as organic matter addition,
conservation agriculture, and climate-adaptive practices, are inherently aligned with nature-
positive objectives.

However, NMSA currently emphasizes activity-based implementation rather than outcome-
based performance. Strengthening the mission requires explicitly linking incentives to
measurable ecological improvements, such as enhanced soil carbon stocks, improved water-use
efficiency, and reduced yield variability. Such a shift would enable NMSA to function not only
as a climate adaptation program but also as a vehicle for rewarding ecosystem stewardship by
farmers.

Pradhan Mantri Krishi Sinchayee Yojana (PMKSY)

The Pradhan Mantri Krishi Sinchayee Yojana (PMKSY) focuses on improving irrigation
efficiency and ensuring “more crop per drop.” In water-stressed states like Maharashtra,
PMKSY plays a critical role in reducing drought vulnerability and stabilizing production.

To strengthen its nature-positive impact, PMKSY can move beyond infrastructure-centric

metrics toward hydrological outcomes, such as groundwater recharge, reduced runoff, and
improved soil moisture retention. Recognizing farms and landscapes that demonstrate
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improved water balance would align PMKSY investments with long-term ecosystem
sustainability rather than short-term water extraction.

Paramparagat Krishi Vikas Yojana (PKVY)

The Paramparagat Krishi Vikas Yojana (PKVY) promotes organic and natural farming
through cluster-based incentives. PKVY has been instrumental in reducing chemical input use
and encouraging diversified cropping systems.

Its future effectiveness, however, depends on transitioning from compliance-based support
(certification and input substitution) to performance-based recognition. Linking PKVY
incentives to improvements in SOC, biodiversity indicators, and emission intensity would
enhance its credibility and ensure that public investments deliver verifiable environmental
benefits.

National Agroforestry Policy

India’s National Agroforestry Policy provides a strong framework for integrating trees into
agricultural landscapes. Agroforestry systems offer multiple benefits, including carbon
sequestration, microclimate regulation, soil stabilization, and diversified income sources.

Stronger convergence between agroforestry incentives and climate, soil, and biodiversity goals
would allow farmers to benefit from both production and ecosystem service values.
Agroforestry also offers one of the most promising entry points for linking farmers to carbon
and environmental credit markets.

7.2. Research Imperatives: Measuring What Matters From Practice Adoption to
Outcome Measurement

A critical bottleneck in scaling nature-positive agriculture is the lack of indicator-based
monitoring systems that translate farm practices into measurable ecosystem services.
Research efforts must

therefore move beyond demonstrating technologies to quantifying outcomes that matter for
policy, markets, and incentives.

Priority indicators include:

e SOC and soil health status

e Water-use efficiency and moisture retention

e Nutrient-use efficiency and input response

e Cropping diversity and biodiversity proxies

e Emission intensity (CHa4, N2O, and soil carbon dynamics)

These indicators must be simple, scalable, and cost-effective, allowing their use in large
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government programs and farmer incentive schemes.
Linking Ecosystem Services to Incentives and Carbon Markets

Quantified ecosystem services open pathways for performance-based incentives and
environmental markets. Soil carbon sequestration, biomass carbon from agroforestry, and
reduced emission intensity represent climate benefits that can potentially be monetized through
voluntary carbon markets.

Research institutions play a pivotal role in:

e Establishing credible baselines
e Developing region-specific emission and sequestration factors
e Designing verification protocols suitable for smallholders

When appropriately designed, these mechanisms can provide farmers with supplementary
income streams, transforming nature-positive practices from a perceived risk into a tangible
economic opportunity.

7.3. Institutional Roles in Scaling Nature-Positive Agriculture
State Agricultural Universities (SAUs)

SAUs are central to generating region-specific evidence, validating indicators, and embedding
nature-positive principles into education, research, and extension. Their long-term experiments
provide the empirical foundation needed for outcome-based policy frameworks.

Indian Council of Agricultural Research (ICAR)
ICAR, through its national research network, is uniquely positioned to:

e Standardize indicators and methodologies

e Support cross-regional learning

e Integrate abiotic stress, soil health, and climate research into NPA frameworks

e Institutes such as ICAR-NIASM can bridge scientific research with policy-
relevant ecosystem service assessments.

Krishi Vigyan Kendras (KVKS)
KVKs act as the frontline interface with farmers. By incorporating outcome-oriented indicators
into demonstrations and advisories, KVVKs can help farmers understand the productivity, risk-

reduction, and livelihood benefits of nature-positive practices.

Farmer Producer Organizations (FPOs)
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FPOs are critical for aggregation, cost sharing, and market access. They can enable collective
participation in:

e Incentive-linked schemes
e Carbon and ecosystem service markets
e Value chains that reward sustainability attributes

By reducing transaction costs, FPOs make participation feasible for small and marginal
farmers.

7.4.  Policy Implications and Way Forward

India does not need new agricultural schemes to promote nature-positive agriculture. What is
required is a strategic shift from input-based support to outcome-based recognition, supported
by credible indicators, aligned research, and institutional convergence.

By rewarding farmers for ecosystem services, such as soil carbon enhancement, water
conservation, and emission reduction, agriculture can transition from being viewed as an
environmental liability to being recognized as a provider of public ecological goods.

Aligning policies, research, and institutions around this vision can transform nature-positive
agriculture from isolated pilots into a scalable, economically viable pathway for sustainable
food production and resilient rural livelihoods.
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8. SUMMARY AND CONCLUSIONS

Summary

Mabharashtra’s food production systems are undergoing a critical transition shaped by
intensifying ecological stress, climatic uncertainty, and structural changes in land use and
livelihoods. This Technical Bulletin set out to examine these challenges through a
comprehensive, evidence-based lens, moving from contextual analysis and environmental
diagnosis to the conceptualization of nature-positive pathways for sustainable and resilient
food-grain production. By integrating agro- climatic diversity, production trends, resource
degradation processes, and emerging regenerative frameworks, the bulletin provides a coherent
understanding of why existing agricultural paradigms are increasingly untenable and why a
shift toward nature-positive agriculture has become imperative.

The analysis highlights that Maharashtra’s agricultural landscape is highly heterogeneous,
encompassing five distinct agro-climatic regions with contrasting rainfall regimes, soil depth,
and resource endowments. Despite diversification toward oilseeds and horticulture, food-grain
systems remain central to food security and rural livelihoods, particularly in rainfed regions
such as the Central Plateau, Marathwada, and parts of Vidarbha. However, recent trends
indicate contraction in food-grain area, declining production, and pronounced yield instability,
reflecting the growing sensitivity of these systems to climatic variability and ecological stress.

The diagnostic sections of the bulletin clearly establish that current agricultural trajectories are
predominantly nature-negative. Soil degradation, manifested through erosion, shallow and
gravelly profiles, and declining SOC has emerged as a foundational constraint, undermining
nutrient cycling, water retention, and biological functioning. Water stress, driven by erratic
monsoon patterns, frequent dry spells, and groundwater overexploitation, has further increased
production risk, particularly in rainfed systems. Nutrient management is characterized by
imbalanced fertilizer use and declining input efficiency, leading to both nutrient mining in
dryland regions and environmental losses in high-input systems. Simultaneously, agricultural
intensification has simplified agroecosystems, resulting in loss of above- and below-ground
biodiversity and weakening of critical ecosystem services such as pest regulation, pollination,
and soil biological activity. Climate change compounds these stresses by increasing heat
exposure, drought frequency, and greenhouse gas emissions from crop and soil management.

The bulletin demonstrates that these environmental stresses translate directly into adverse
outcomes for productivity, stability, and farmer livelihoods. Yield stagnation and high inter-
annual variability, rising costs of cultivation, increased crop failure risk, and widening
disparities between irrigated and rainfed regions collectively undermine the economic viability
of food-grain farming. Environmental degradation is therefore not merely an ecological
concern but a fundamental determinant of income stability, resilience, and social well-being
in rural Maharashtra.

Against this backdrop, the bulletin introduces NPA as a unifying framework capable of
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reversing degradation trends while sustaining productivity. Nature-positive agriculture is
conceptualized not as a single practice or prescriptive model, but as an integrated systems
approach that restores soil health, enhances biodiversity, improves water regulation,
strengthens nutrient circularity, and reduces emission intensity. The bulletin emphasizes that
productivity, resilience, food security, and climate action are not competing objectives under
NPA, but mutually reinforcing outcomes when agriculture works with ecological processes
rather than overriding them.

A major contribution of the bulletin is the development and articulation of an indicator-based
framework for evaluating nature positivity in soil and crop management systems. By
organizing indicators across soil health, water resources, climate mitigation, biodiversity
recovery, nutrient circularity, productivity stability, socio-economic performance, and
institutional support, the framework provides a scientifically grounded basis for assessing
whether agricultural systems are genuinely regenerating natural capital. Importantly, the
bulletin anchors these indicators in well- established analytical methods and long-standing soil,
agronomic, ecological, and climate science protocols, ensuring credibility, comparability, and
scalability.

The bulletin further situates nature-positive pathways within India’s existing policy and
institutional landscape. National missions such as the National Mission for Sustainable
Agriculture (NMSA), Pradhan Mantri Krishi Sinchayee Yojana (PMKSY), Paramparagat
Krishi Vikas Yojana (PKVY), and the National Agroforestry Policy already promote many
practices aligned with nature-positive objectives. However, the analysis underscores that these
policies currently emphasize activity- or input-based implementation rather than outcome-
based ecological performance. Aligning incentives with measurable improvements in
ecosystem services, such as soil carbon enhancement, water-use efficiency, biodiversity
recovery, and emission reduction, represents a critical opportunity to accelerate adoption and
scaling.

Conclusion

The overarching conclusion of this Technical Bulletin is that Maharashtra’s food-grain
systems have reached ecological and economic thresholds beyond which incremental
adjustments to conventional input-intensive agriculture are insufficient. The cumulative
evidence presented demonstrates that soil degradation, water stress, nutrient imbalance,
biodiversity loss, and climate risks are structurally embedded in prevailing production systems
and are increasingly constraining productivity, stability, and farmer livelihoods. Continuing
along a nature-negative trajectory will likely deepen yield instability, increase production
costs, and exacerbate regional and social inequalities.

Nature-positive agriculture offers a scientifically credible and policy-relevant pathway to
address these challenges. By focusing on regeneration rather than mere conservation, NPA
reframes agriculture as a system that can rebuild soil carbon, restore ecosystem services, and
reduce environmental externalities while maintaining food production. Crucially, the bulletin
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establishes that nature positivity is not achieved through isolated interventions, but through
coherent integration of soil, crop, water, biodiversity, and climate management practices that
reinforce one another across scales.

A Kkey conclusion is the centrality of soil health as the entry point and foundation of nature-
positive transitions. Improvements in SOC, biological activity, and structure underpin gains in
water-use efficiency, nutrient retention, crop resilience, and climate mitigation. Without
restoring soil function, gains achieved through irrigation, fertilization, or varietal improvement
remain fragile and short-lived. Similarly, biodiversity, both above and below ground, is not an
optional add- on but a core mechanism that stabilizes agroecosystems, reduces input
dependence, and enhances resilience to climatic shocks.

The bulletin also concludes that measurement matters. Transitioning to nature-positive
agriculture at scale requires moving beyond narrative claims toward indicator-based
assessment and accountability. The proposed indicator framework provides a practical bridge
between science, policy, and farmer incentives by translating ecological processes into
measurable outcomes. Such indicators are essential for enabling performance-based
incentives, guiding public investments, and linking farmers to emerging opportunities such as
carbon and ecosystem service markets.

From an institutional perspective, the bulletin underscores that scaling nature-positive
agriculture is not solely a technical challenge but a governance and coordination challenge.
State Agricultural Universities, ICAR institutes, Krishi Vigyan Kendras, and Farmer Producer
Organizations each have distinct and complementary roles to play. ICAR and its affiliated
institutes, including ICAR— NIASM, are uniquely positioned to provide national-level
scientific leadership by harmonizing indicators, refining methodologies, and linking abiotic
stress research with ecosystem service outcomes. KVKs serve as the critical interface for
translating concepts into farmer-relevant demonstrations, while FPOs enable aggregation,
reduce transaction costs, and facilitate participation in incentive mechanisms and
sustainability-linked markets.

In conclusion, this Technical Bulletin establishes that nature-positive agriculture is not a future
aspiration but an immediate necessity for sustaining food-grain production, farmer livelihoods,
and ecological integrity in Maharashtra. The evidence presented makes it clear that
productivity, resilience, and environmental restoration must be pursued together, not
sequentially. By adopting outcome-oriented policies, indicator-based monitoring, and
integrated institutional approaches, Maharashtra can transform its food-grain systems from
resource-depleting to resource- regenerating systems. Such a transition would position
agriculture not as a driver of environmental decline, but as a central solution for climate
resilience, rural prosperity, and long-term food security.
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Annexure 1: Soil-Based Indicators and Their Linkages to Soil Functions, Processes, and
Nutrient Management Systems

Soil Organic
Carbon (SOC)

Particulate
Organic Carbon
(POC)

Microbial
Biomass Carbon
(MBC)

Soil pH

Cation Exchange
Capacity (CEC)

Bulk Density
(BD)

Aggregate
Stability
(MWD/GMD)

Available
Nitrogen (NHa4",
NOs")

Hydrolysable N
Fractions (Amino
acid N, Amino
sugar N)

Soil Enzyme
Activities (Urease,
DHA,
Phosphatase)

Soil Moisture /
Water Holding
Capacity (WHC)

Electrical
Conductivity (EC)

Base Saturation

Carbon
sequestration,
soil fertility,
aggregation

Labile C pool for
microbes,
structural
stability
Microbial
activity, nutrient
mineralization

Nutrient
availability,
microbial habitat

Nutrient
retention and
buffering

Root growth,
infiltration,
aeration

Erosion control,
water retention

Plant nutrition,
yield formation

Slow-release N
pool, microbial
N

Biocatalytic
regulation of
nutrient cycling

Water supply,
drought
resilience

Salt balance,
nutrient mobility

Soil nutrient

Carbon cycling,
humification,
residue
decomposition

Rapid C turnover,

microbial activation

Decomposition,
immobilization—
mineralization

Acidification—
alkalization, buffer
reactions

Surface charge
formation, humus—
clay interactions

Compaction,
aggregation,
porosity

Microbial glues,
organic binding

agents, clay—humus

bonds
Mineralization,
nitrification,
denitrification

Protein breakdown,

microbial turnover

N,C,P
transformation by
microbes

Organic matter—
texture interactions

Solute
accumulation, ion
exchange

Cation retention,

Organic manures,
residue retention, cover
crops, reduced tillage
build SOC; excessive
chemical inputs reduce
SOC

FYM, compost, green
manure increase POC;
integrated NMS
stabilize active carbon
INM, biofertilizers,
organic inputs enhance
MBC; sole chemical
fertilizers may reduce
populations

Balanced fertilization,
lime/gypsum, organic
inputs regulate pH

SOC-improving and
organic NMS increase
CEC; ammonium-based
fertilizers may alter
CEC

Residue retention,
organics reduce BD;
excessive machinery
and sole chemical
fertilizers increase BD
NMS with organics,
cover crops, reduced
tillage improve
aggregation

INM, biofertilizers
enhance mineralization;
balanced N reduces
losses

Organic inputs increase
stable N fractions;
chemical-only reduces
them

Organics, compost,
biofertilizers
significantly elevate
enzymes

SOC buildup under
integrated NMS
increases WHC; residue
removal reduces WHC
Balanced fertilization,
gypsum, organics
regulate EC

Organics improve BS;

Enhances carbon
stocks, improves
soil health,

lowers emissions

Improves soil
structure,
regenerative
nutrient cycling
Supports
biodiversity,
enhances nutrient
cycling

Prevents nutrient
toxicity,
promotes
microbial
diversity
Enhances
nutrient use
efficiency,
reduces leaching
loss

Improves soil
structure, reduces
erosion

Reduces
degradation,
improves
infiltration
Higher NUE,
lower pollution

Supports long-
term nitrogen
sustainability

High soil
biological
quality;
regenerative
nutrient cycling
Higher resilience,
lower irrigation
need

Prevents salinity
and improves soil
function
Improves nutrient
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(BS%)

Micronutrients
(Fe, Zn, Mn, B)

Soil Respiration
(CO: flux)

balance (Ca?,
Mg2+’ K+)
Enzyme
activation, crop
quality

Microbial
activity, C
turnover

weathering

Weathering,
chelation, organic
complexes

Decomposition,
root respiration

excessive urea/NPK
depletes cations

INM increases
micronutrients via
organics; chemical-only
systems cause decline
Organics, cover crops
increase respiration;
degraded soils show
low activity

balance, reduces
acidification
Supports plant
health and
ecosystem
function
Indicator of
ecosystem
vitality

Annexure 2: Water Resource Enhancement Indicators at Regional / Watershed Scale and Their
Linkages to Hydrological Processes and Nature-Positive Agriculture

Groundwater
Recharge Rate

Water-Use
Efficiency
(WUE)
Infiltration Rate

Surface Runoff
Reduction

Soil Moisture
Retention

Groundwater
Extraction Ratio

Irrigation Water
Productivity

Watershed
Vegetative
Cover
Sediment Load
Reduction

Streamflow
Stability

Water
Harvesting
Capacity
Evaporation
Loss Reduction

Aquifer Water
Quality

Flood

Aquifer
replenishment

Productive water
utilization

Rainwater entry
into soil

Water
conservation

Drought
buffering

Sustainability of
aquifer use

Yield per unit
irrigation water

Landscape
hydrological
regulation
Reservoir and
stream protection

Hydrological
resilience

Rainwater
storage and reuse

Efficient water
conservation

Drinking and
irrigation
suitability
Hydrological

Infiltration and
percolation

Crop-water conversion
efficiency

Macropore flow and
percolation

Overland flow
regulation

Water storage in soil
matrix

Withdrawal-recharge
balance

Crop response to water
supply

Evapotranspiration and
infiltration dynamics

Erosion and sediment
transport

Baseflow maintenance
and runoff moderation
Surface water retention
Soil surface heat and

moisture regulation

Nutrient and salt
transport

Peak runoff attenuation

Farm ponds, contour
bunding, agroforestry
improve recharge
Drip irrigation, AWD,
mulching increase
WUE

Residue retention,
reduced tillage
improve infiltration
Contour bunds,
vegetative barriers
reduce runoff

SOC buildup,
mulching, cover crops
increase retention
Micro-irrigation and
recharge structures
reduce extraction stress
Precision irrigation
improves productivity

Agroforestry and
revegetation improve
cover

Vegetative barriers and
conservation
agriculture reduce
sedimentation
Watershed restoration
improves streamflow
continuity

Farm ponds and check
dams increase storage

Mulching and canopy
cover reduce
evaporation

Balanced fertilization
and reduced chemical
load improve quality
Wetlands and

Enhances long-
term water
security
Reduces
irrigation
demand
Reduces runoff
and erosion

Prevents soil and
nutrient loss

Enhances climate
resilience

Supports
hydrological
sustainability
Promotes
efficient resource
use

Stabilizes
watershed
hydrology
Improves water
quality

Enhances
ecosystem
resilience
Supports drought
adaptation

Improves water
conservation

Protects
ecosystem and
human health
Enhances
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Moderation
Capacity
Watershed
Hydrological
Balance

buffering

Integrated water
sustainability

Recharge—runoff-
storage interactions

vegetative landscapes

reduce flood peaks
Integrated watershed

management improves

balance

watershed
resilience
Supports long-
term ecological
stability

Annexure 3: Biodiversity Recovery Indicators (Above- and Below-Ground) and Their
Linkages to Ecosystem Processes and Nature-Positive Agriculture

Crop Diversity
Index

Pollinator
Abundance

Natural Enemy
Population

Soil Microbial
Diversity

Earthworm
Population

Soil Enzyme
Activity

Rhizosphere
Microbial
Biomass

Farmland Bird
Diversity

Habitat
Connectivity

Above-Ground
Biomass
Diversity

Soil
Macrofauna
Richness

Weed Species

System resilience
and productivity
stability

Pollination and

reproductive success

Biological pest
control

Nutrient cycling and
decomposition

Soil aggregation and
aeration
Nutrient

transformation

Root-microbe
interactions

Ecological balance
and food-web
stability

Ecological resilience

Ecosystem

multifunctionality

Organic matter
decomposition

Ecological buffering

Resource
partitioning, pest
suppression

Pollination ecology
and habitat
interactions

Predator—prey and
parasitoid
interactions

Biochemical
transformations and
rhizosphere activity

Bioturbation and
organic matter
incorporation
Enzymatic catalysis
of C, N, P cycles

Nutrient
mobilization and
disease suppression

Trophic interactions
and habitat
regulation

Species migration
and genetic
exchange

Carbon
accumulation and
trophic diversity

Detritus food-web
functioning

Habitat provision

Diversified
rotations,
intercropping
increase diversity
Flowering strips,
reduced pesticides,
agroforestry enhance
pollinators

IPM, trap crops,
flowering strips
increase beneficial
insects

Organics,
biofertilizers,
residue retention
improve diversity
Reduced tillage and
organics enhance
earthworm activity
Compost, INM,
microbial inoculants
increase enzyme
activity
Biofertilizers and
cover crops
stimulate
rhizosphere biology
Agroforestry and
habitat
diversification
support birds
Agroforestry
corridors and
landscape mosaics
improve
connectivity

Mixed cropping and
perennial systems
enhance biomass
diversity

Residue retention
and minimal
disturbance improve
richness

Reduced herbicide

Enhances resilience
and ecosystem
stability

Supports food
production and
biodiversity

Reduces pesticide
dependency

Restores soil
ecological
functioning

Improves soil
structure and
infiltration
Indicates
regenerative
biological activity

Enhances nutrient-
use efficiency

Indicates healthy
agroecosystems

Supports long-term
biodiversity
conservation

Improves
ecosystem services

Strengthens nutrient
cycling

Supports ecological
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Diversity

Beneficial
Arthropod
Abundance

Landscape

Heterogeneity

Mycorrhizal
Colonization

Pest regulation and
pollination

Ecosystem resilience

Nutrient uptake and
stress tolerance

and nutrient cycling

Ecological control
mechanisms

Habitat complexity
and ecological
interactions

Symbiotic nutrient
exchange

dependency
improves balanced
weed flora
Ecological
engineering and
flowering strips
increase abundance
Agroforestry and
diversified land use
improve
heterogeneity
Reduced tillage and
microbial
inoculation enhance
colonization

stability

Promotes biological
pest management

Enhances
multifunctional
landscapes

Improves drought
resilience and
nutrient acquisition

Annexure 4: Climate Change Mitigation & Carbon Outcome Indicators and Their Linkages to

Ecological Processes and Nature-Positive Agriculture

Soil Organic
Carbon (SOC)
Stock

Soil Carbon
Sequestration
Rate

Methane
Emission (CHa4)

Nitrous Oxide
Emission (N20)

Greenhouse Gas
Intensity (GHGI)

Net Ecosystem
Carbon Balance
(NECB)

Above-Ground

Biomass Carbon

Root Biomass
Carbon

Carbon
sequestration, soil
fertility,
aggregation

Long-term C
storage

Greenhouse gas
regulation in rice
systems

Nitrogen-use
efficiency and
climate regulation

Emission
efficiency per
unit yield

Whole-system
carbon balance

Biomass
productivity and
C storage

Soil stabilization
and subsurface C
storage

Carbon stabilization,
humification,
aggregate formation

Organic matter
accumulation,
reduced
decomposition

Anaerobic
decomposition,
methanogenesis

Nitrification—
denitrification
processes

Interaction between
productivity and
emissions

Carbon inputs vs
carbon losses

Photosynthesis,
biomass
accumulation

Rhizodeposition, root

turnover

Residue retention,
COVer crops,
agroforestry, reduced
tillage increase SOC
stocks

Conservation
agriculture,
agroforestry, INM
enhance C
sequestration

AWD, DSR, aerobic
rice systems reduce
CH4 emissions

Precision N
management,
biofertilizers,

nitrification inhibitors

lower N2O
Climate-smart
practices reduce
emissions while
sustaining yields
Agroforestry, residue
recycling, minimal

tillage improve NECB

Agroforestry,
diversified cropping,
cover crops increase
biomass carbon
Perennials, legumes,
conservation
agriculture enhance

Enhances carbon
sink capacity and
climate resilience

Mitigates
atmospheric CO:
accumulation

Reduces
agricultural
greenhouse-gas
footprint
Improves NUE
and lowers
emission intensity

Promotes low-
emission food
production

Indicates
regenerative
ecosystem
functioning
Enhances
landscape-level
carbon storage

Improves below-

ground carbon
stabilization
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Carbon Input
Through
Residues
Carbon
Mineralization
Rate

Soil Respiration
(CO: Flux)
Carbon Footprint
of Production
Energy-Use
Efficiency
Residue Burning

Incidence

Soil Temperature
Regulation

Annexure 5: Crop and Nutrient-Use Indicators and Their Linkages to

Soil organic
matter
replenishment
Soil biological
activity

Microbial
metabolism and
ecosystem
activity
Sustainability of
production
systems
Resource-use
sustainability

Air quality and
carbon loss

Microclimate
buffering

Residue
decomposition and
microbial turnover
Decomposition and
microbial respiration

Root respiration and
decomposition

Aggregate emissions
from inputs and
operations
Input-output energy
balance

Rapid oxidation and
aerosol release

Heat flux moderation

root biomass
Residue retention and
mulching increase C
inputs

Balanced organic
inputs regulate
mineralization
dynamics

Organics and
diversified systems
enhance biological
respiration

Precision agriculture,
renewable energy,
INM lower footprint
Solar irrigation,
reduced tillage,
precision systems
improve efficiency
Residue recycling and
mulching eliminate
burning

Mulching, cover
crops, agroforestry
stabilize soil
temperature

Supports circular
carbon cycling

Indicates active
yet stable soil
biological
functioning
Reflects
ecosystem vitality
and recovery

Supports climate-
smart agriculture

Reduces fossil-
fuel dependence

Reduces
emissions and
nutrient loss
Enhances climate
adaptation
capacity

Plant Functions,

Physiological Processes, and Nature-Positive Nutrient Management Systems (NMS)

Grain Yield /
Biomass Yield

Root Length
Density / Root
Biomass

Yield Stability
AcCross Seasons

Nutrient Uptake
(Ny P'l K7
micronutrients)

Nitrogen Use
Efficiency

Productivity, Photosynthesis, nutrient  INM, residue retention, Improves
system assimilation, biomass organics enhance balanced productivity
performance  partitioning nutrient supply and root with lower
growth environmental
cost
Water & Root proliferation, Organic inputs, biofertilizers, = Enhances
nutrient rhizosphere interactions  and improved soil structure resilience,
acquisition, encourage deeper rooting improves
stress resource
resilience capture
Adaptation Soil-plant-climate Balanced NMS buffer Greater
and interactions climatic variability through climate
resilience improved soil moisture and resilience and
nutrient reserves consistent
production
Nutritional Absorption, NMS increase nutrient Reduces
sufficiency  translocation, enzymatic  availability, chelation, and deficiency,
for growth regulation improve root access enhances
nutrient
balance
Use of Synchrony between N Organics + fertilizers improve  Lowers N
applied Nto  demand and supply timing of release; reduce N losses,
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(NUE)

Agronomic

Efficiency (AE)

Physiological
Efficiency (PE)

Internal
Utilization
Efficiency
(IUE)

Partial Factor
Productivity
(PFP)

Crop Quality
(protein, Zn,
Fe, vitamins)

Water-Use
Efficiency
(Paramesh E)

Carbon-Use
Efficiency

Energy-Use
Efficiency

Crop Nutrient
Stoichiometry
(N:P:K ratios)

produce
yield

Yield
increase per
unit of
nutrient
applied
Conversion
of absorbed
nutrients
into biomass

Biomass
produced
per unit of
nutrient in
plant tissue
Yield per
unit nutrient
applied
Nutritional
value,
market
quality

Yield per
unit water
used

Biomass C
gainvs. C
loss

Energy
output vs.
energy input

Balanced
growth,
disease
resistance

Crop response to
nutrient input

Metabolic efficiency,
nutrient assimilation

Nutrient partitioning,
remobilization

Nutrient-use efficiency
at system scale

Protein synthesis,
micronutrient
assimilation

Stomatal regulation, root

water uptake

Photosynthetic

efficiency, respiration

Energy conversion,
photosynthate efficiency

Nutrient coordination
and metabolic balance

loss pathways

Enhanced by improving
nutrient availability through
organics and balanced
fertilization

INM improves plant
metabolic balance and
reduces luxury consumption

Better stoichiometric balance
under organic-amended NMS

Increased under integrated,
balanced nutrient supply

Organics, micronutrient-
enriched amendments
improve quality attributes

SOC-enhancing NMS
increase WHC and root
access to water

Enhanced soil biology and
NMS energize root-microbe
interactions

Reduced dependency on
synthetic fertilizers lowers
energy inputs

INM restores balanced
nutrient supply and prevents
excess or deficiency

reduces GHG
emissions
Higher
productivity
with fewer
inputs

Supports
efficient
resource-use
and low
emissions
Sustains high
yield with less
nutrient load

Increases
system-level
sustainability
Better human
nutrition,
reduced
chemical
residues
Reduces
irrigation
needs,
improves
drought
resilience
Strengthens
carbon
sequestration
in biomass
Supports low-
carbon
sustainable
agriculture
Enhances
plant health
and stability
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1. Farm Income / Net
Returns

2. Benefit—Cost Ratio (B:C)

3. Input Cost Reduction
(fertilizer, pesticides)

4. Yield Stability & Risk
Reduction

5. Labour Use Efficiency

6. Adoption Rate of
Nature-Positive NMS

7. Farmer Knowledge &
Awareness

8. Access to Organic Inputs
& Biofertilizers

9. Access to Soil Testing &
Advisory Services

10. Policy Incentives
(subsidies, support
schemes)

11. Regulatory Measures
(fertilizer control, N
pollution limits)

12. Carbon Credit / Payment
for Ecosystem Services
(PES) Eligibility

13. Social Equity Indicators
(smallholder inclusion)

14. Community Participation
& Collective Action

Economic viability

Profitability
Cost efficiency

Climate and market
resilience

Labour
productivity

Technology uptake
Capacity building

Resource
availability
Evidence-based
decision-making
Enabling
environment

Environmental
governance

Monetizing
ecosystem services

Inclusiveness &
fairness
Community
resilience

Cost of inputs, market price
realization, resource-use
efficiency

Input—output balance,
economic efficiency

Input substitution, resource
recycling

Variability in yield response
across seasons

Labour allocation,
mechanization compatibility

Perceived benefits, access to
resources, extension
Training, extension, local
institutional support

Market access, supply
chains, subsidies
Diagnostics, tailored
nutrient recommendations
Regulatory and institutional
support

Compliance, monitoring,
enforcement

Carbon markets, PES
schemes

Distribution of benefits,
access to opportunities
Farmer groups,
cooperatives, SHGs

INM and reduced fertilizer dependency
lower costs; diversified systems enhance
income stability

Lower chemical use + higher yields under
NMS increase B:C

Organics, biofertilizers, residue recycling
reduce external input costs

NMS improve soil moisture and nutrient
buffering — more stable yields

NMS with organics & reduced tillage can
optimize labour; crop diversification spreads
labour demand

Higher returns, visible soil improvement
motivate adoption

Demonstrations, soil health cards, nutrient
literacy programmes improve knowledge
Availability of quality organic inputs
improves implementation of NMS

Soil health cards, digital advisories enhance
precision nutrient use

Incentives for composting, biofertilizers,
carbon credits encourage NMS

Restrictions on excess N encourage efficient
NMS practices

Higher SOC under NMS increases eligibility
for PES and carbon payments

NMS based on low-cost, local resources
enhance equity and inclusion

Collective composting, residue management,
input sharing strengthen adoption

Annexure 6: Socio-Economic and Policy Indicators Linked to Farm Viability, Decision Processes, and Nature-Positive Nutrient Management
Systems

Ensures financial sustainability of
nature-positive adoption

Incentivizes regenerative practices
economically

Supports low-input, environmentally
sound systems

Enhances resilience of smallholders
under climate stress

Supports socially sustainable labour
distribution

Accelerates landscape-scale nature-
positive transitions

Empowers communities to adopt
regenerative nutrient practices
Strengthens circular nutrient
economies

Improves NUE and reduces
environmental impact

Aligns farm policy with nature-
positive goals

Reduces pollution and supports
ecosystem health

Creates financial incentives for soil
regeneration

Ensures just and inclusive nature-
positive transitions

Builds community-scale ecological
stewardship
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