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Abstract
Soil health is the underlying basis of all sustainable horticultural production systems. Stipulated global demand for fruits, vegetables, flowers, and plantation crops are increasing at an unprecedented rate and putting more pressure on the limited soil resources that often leads to deterioration of physical, chemical and biological properties of soils. The chapter discusses the dynamics of soil health in different horticulture systems around the world with special reference to India. Analyses the interplay between soil organic carbon, microbial biodiversity, nutrient cycling efficiency and crop productivity across the three management paradigms: conventional, integrated and organic. The potential for restoration and improvement of soil health indicators with sustainable practices such as cover cropping, vermicomposting, biochar application, integrated nutrient management, mulching, biofertilizer inoculation and conservation tillage is reviewed. In detail, the function of essential microbial communities (e.g., arbuscular mycorrhizal fungi, plant growth-promoting rhizobacteria and nitrogen-fixing organisms) in mediating soil-to-plant nutrient exodus are reviewed. We comparatively evaluate global policy frameworks, including the Indian Soil Health Card scheme, European Union Farm to Fork Strategy and United States NRCS conservation programs. Long-term field experiment data under tropical, subtropical, and temperate horticultural zones show that integrated approaches combining organic amendments with judicious use of mineral fertilization provide optimal productivity and soil conservation trade-offs. This chapter synthesises information from more than 50 peer-reviewed publications to present an integrated soil health management framework applicable in various agro-ecological zones and horticultural cropping systems.
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1. Introduction
Horticulture develops fruits, vegetables, flowers, spices, medicinal plants and plantation. Crops are one of the most happening economically as well as nutritionally crucial sectors within world agriculture The horticultural sector plays a significant role in both developing and developed countries by contributing substantially to food and nutritional security, generation of livelihoods as well as export earnings. India, being the second-largest producer of fruits and vegetables in the world, has been cultivated 26.9 million hectares under horticultural crops during 2022–2023, which registered more than 342 million tonnes of different types of produce. Nonetheless, the constant intensification of horticultural production systems has led to a widespread degradation of soil health indicators and threatens the long-term viability of these highly productive agro-ecosystems. The heavy reliance on synthetic chemical inputs, while initially driving productivity, often disrupts the delicate equilibrium of soil microbial communities and exacerbates nutrient runoff issues (Kaushik et al., 2025), (Ramteke et al., 2023). Consequently, adopting integrated nutrient management strategies, which utilize a judicious combination of biofertilizers, organic manures, and inorganic fertilizers, is essential to mitigate these negative impacts and improve nutrient use efficiency (Sepehya et al., 2020). By harmonizing these resources, INM facilitates a balanced nutrient supply that sustains long-term soil fertility while simultaneously mitigating the deleterious environmental consequences of nutrient leaching and runoff (Kushwah et al., 2023; Samanta & Sengupta, 2024). 
Soil health, which can be described as the ongoing capacity of soil to function as a living system that sustains plants, animals and humans, is driven by a complex web of physical, chemical and biological processes. Soil health is of utmost importance in horticultural systems, since most horticultural crops are extremely sensitive to the soil environment and require well balanced organic matter, nutrition, moisture retention capacity and microbial population for maximum yield and quality. Despite these various measures, soil organic carbon depletion and some significant multi-nutrient deficiencies coupled with a decline in soil structure along with the loss of beneficial microbial diversity have now been reported widely from the intensive horticultural production region in India, China, Mediterranean basin and sub-Saharan Africa. These challenges are further exacerbated by climate-induced shifts in rhizosphere microbial activity, which disrupt nutrient cycling and accelerate the depletion of essential soil carbon pools (Srivastava et al., 2019). The resulting decline in soil organic matter exacerbates the vulnerability of agricultural landscapes to environmental degradation, significantly contributing to net global greenhouse gas emissions (Paramesh et al., 2023). To counteract these trends, implementing integrated nutrient management strategies that prioritize soil nutrient cycling can effectively minimize nutrient losses through leaching and volatilization while enhancing the soil’s carbon sequestration potential (Paramesh et al., 2023). 
Clear pathways exist for reversing soil degradation trends if we resort to sustainable agricultural systems supported by scientific evidence, that can sustain or increase crop output in the post Green-revolution era. These practices include integrated nutrient management (farmyard manure, vermicompost, green manuring), biological amendments (N-fixing bacteria, phosphate solubilising microorganisms and mycorrhizal fungi), conservation agriculture (reduced tillage, cover cropping and crop rotation), precision farming technologies that permit the site-specific application of fertilizers and water. The amalgamation of these multifaceted methods into integrated management frameworks embodies the modern approach to sustainable soil health stewardship in horticultural varieties. This holistic paradigm requires shifting focus toward monitoring soil microbial diversity and functional ecosystem services, which are critical determinants of nutrient cycling and long-term soil resilience (Shahane & Shivay, 2021; Wang et al., 2023). 
The current chapter elucidates the soil health dynamics and sustainable management practices in global horticultural systems. Based on evidence derived from long-term field experiments, multi-location trials and meta-analytical studies, the chapter assesses the effectiveness of different soil health restoration measures. The importance of the Indian context cannot be minimised, given that policy initiatives such as the National Mission for Sustainable Agriculture, Soil Health Card scheme and Paramparagat Krishi Vikas Yojana has catalysed large scale policy-driven transitions in soil management trajectories. It discusses future directions such as soil carbon sequestration potential, digital soil maps, microbiome engineering and climate-resilient soil management practices that are likely to influence the sustainable horticulture journey in diverse agro-climatic regions across the globe. Furthermore, integrating economic incentives with sustainable technological adoption is essential for ensuring that these agricultural improvements reach smallholder farmers, thereby enhancing both economic viability and nutritional outcomes (Timilsina et al., 2025). Successfully scaling these interventions necessitates bridging the gap between smallholder resource constraints and the data-intensive requirements of precision monitoring, ultimately facilitating the strategic recarbonization of depleted agro-ecosystems (Das et al., 2025; Nayak et al., 2022). 
 2. Soil Health: Conceptual Framework and Indicators
2.1 Defining Soil Health in Horticultural Context
The generalised or simplified measures of soil fertility in horticultural systems are no longer suitable as health approaches focus on the functional capacity of soil as a living biological system. Soil health is a term defined by The Soil Science Society of America as the ability of a soil, in the natural or managed ecosystem context, to sustain plant and animal productivity, maintain or enhance water and air quality, and support human health. Within horticultural production systems, this definition takes on new dimensions involving the ability of soils to support high-value cropping while remaining resilient to both biotic and abiotic stresses.
This entails understanding physical characteristics like bulk density, porosity, aggregate stability and water-holding capacity; chemical properties including pH, electrical conductivity, cation exchange capacity and the available nutrient status; biological parameters such as microbial biomass carbon, enzyme activities earthworm populations and functional microbial diversity. Such multi-dimensional indicators of soil health are aggregated into composite soil health indices that can be used for quantitative comparisons across management systems and agro-ecological zones. To facilitate the widespread adoption of these indices, it is essential to develop standardized measurement techniques and user-friendly tools that allow practitioners to translate complex data into actionable management strategies (Nikita et al., 2022). 
2.2 Physical Indicators of Soil Health
The physical properties of soil have a significant impact on root formation, water through flow and intake rates, and gas exchange in horticultural rhizospheres. Soil bulk density, an important physical parameter that has a direct relationship with root penetration ability, is preserved in the range of 1.10–1.30 g cm⁻³ for maximum horticultural crops [4]. The bulk density of soils in vegetable production systems in the Indo-Gangetic plains has been reported to increase by 15–25%, due to intensive cultivation practices, i.e., repeated tillage, heavy machinery traffic and continuous monocropping. Water-stable aggregate (WSA) percentage, a second important physical indicator, indicates the soil structure resistance to disintegrating forces of irrigation and rainfall; it is ordinarily above 60% under sustainable practices compared with 30–40% values under conventional management. Furthermore, parameters such as porosity and infiltration rates function as essential determinants of oxygen diffusion and hydraulic conductivity, which are vital for maintaining aerobic conditions in the rhizosphere (Ra, 2020; Sharma et al., 2023). 
2.3 Chemical Tracers and Nutrient Dynamics
Chemical health of horticultural soils is represented by balanced nutrient availability, optimal ranges of pH and lack of toxic accumulations. Soil organic carbon is a master variable controlling overall chemical health, which includes cation exchange capacity (how many nutrients can be retained by the soil), nutrient retention, buffering action and micronutrient chelation. That is, this statement has ample backing for proof: Long-term experiments conducted at the Indian Institute of Horticultural Research, Bengaluru, indicate that soils receiving continuous vegetable cultivation without organic manuring have decreased in their organics; for instance between 0.85%– 0.42%, a staggering decline over fifteen years by which soil's critical marker dropped to 50%. On the other hand, organic carbon levels above 2.0% were noted with integrated nutrient management practices all the time and promoted better nutrient use efficiencies besides improved crop quality parameters. Beyond organic carbon, maintaining soil pH within the optimal 6.0–7.5 range is critical for nutrient accessibility, while regulated electrical conductivity minimizes the risk of soluble salt toxicity that can detrimentally affect germination and water absorption (Ileana et al., 2020). 
2.4 Biolog indicators and Microbial Diversity
Biological indicators are the most sensitive and responsive parameters of soil health status in horticultural ecosystems. The quantity of microbial biomass carbon, which varies from 150–500 μg g⁻¹ in productive horticultural soils reflects the living fraction of soil organic matter as well as acts as a source and sink of plant-available nutrients. Activities of soil enzymes, such as dehydrogenase, phosphatase, urease, and β-glucosidase provide functional evaluations of nutrient transformation potentials. In well-managed horticultural soils the usual Shannon diversity index (H′ ) for soil microbial community is greater than 3.0 and less than 2.0 in degraded fields. Pseudomonas, Bacillus, Trichoderma and the arbuscular mycorrhizal fungi (AMF) of the genus Glomus are key microbial groups that can fulfil functions related to solubilisation of nutrients, suppression of plant pathogens and induction of stress tolerance in horticultural rhizospheres. Integrating these biological parameters into routine monitoring frameworks facilitates the early detection of soil ecological stress, as microbial community dynamics frequently exhibit shifts well before significant alterations in soil chemical properties become apparent (Bhaduri et al., 2022). 
Table 1: Soil Health Parameters Under Different Management Systems
	Parameter
	Conventional
	Organic
	Integrated
	Unit
	Optimal Range

	Soil Organic Carbon
	0.8–1.2
	2.5–3.5
	1.8–2.5
	%
	2.0–4.0

	Microbial Biomass C
	150–200
	380–450
	280–350
	μg g⁻¹
	300–500

	Available Nitrogen
	180–220
	250–320
	220–280
	kg ha⁻¹
	250–350

	Available Phosphorus
	12–18
	22–35
	18–25
	kg ha⁻¹
	20–40

	Available Potassium
	140–180
	210–280
	180–240
	kg ha⁻¹
	200–300

	Bulk Density
	1.40–1.55
	1.10–1.25
	1.20–1.35
	g cm⁻³
	1.10–1.30

	Water Holding Capacity
	28–35
	42–55
	36–45
	%
	40–60

	Soil pH
	5.5–6.5
	6.5–7.2
	6.0–6.8
	–
	6.0–7.5

	Dehydrogenase Activity
	40–60
	95–140
	70–100
	μg TPF g⁻¹ 24h⁻¹
	80–150

	Earthworm Density
	2–5
	15–30
	8–18
	No. m⁻²
	10–25



3. Sustainable Soil Management Practices in Horticulture
3.1 Organic Amendments and Composting
Organic amendments are the bedrock of sustainable soil health management in horticultural systems globally. Farmyard manure (FYM) is recommended at the rate of 20–25 t ha⁻¹ as it contains a balanced range of macro- and micronutrients, besides increasing soil organic carbon, water holding capacity and microbial activity. Eisenia fetida and Eudrilus eugeniae are example of earthworm species used in vermicomposting, a process through which such horticultural waste is converted into highly nutritious vermicompost with 1.5–2.5% nitrogen, 0.8–1.2% phosphorus and 1.0–1.5% potassium [32]. In a study conducted at Tamil Nadu Agricultural University, it was observed that application of vermicompost @ 5 t ha⁻¹ along with maintaining 50% recommended dose of fertilisers led to increased yield in tomato (Solanum lycopersicum L.) which recorded an increase of 28%, and also enhanced soil organic carbon by 0.6% over three cropping seasons when compared with conventional approaches.
Composting systems have evolved considerably in response to the various waste streams produced by horticultural production. Aerobic composting, windrow composting, in-vessel composting and the NADEP method all have unique advantages depending on feedstock characteristics, operation scale & climatic conditions. The rapid composting method devised at the Indian Agricultural Research Institute (IARI) decomposes household waste within 30 days by optimising carbon-to-nitrogen ratios, moisture content, and periodic turning to yield mature compost containing nitrogen above 1.8% content. Beyond their direct nutritional contributions, these organic inputs significantly bolster rhizosphere microbial communities, which facilitate critical processes such as nitrogen fixation, nutrient solubilization, and the suppression of soil-borne pathogens (Abraham et al., 2025; Ray et al., 2022). 
Table 2: Composting Methods for Horticultural Waste Recycling
	Method
	Duration
	C:N of Product
	Temperature
	Labour Need
	Suitable Feedstock
	Nutrient Content

	Aerobic Pit
	90–120 days
	15–18:1
	55–65°C
	Low
	Mixed Farm Waste
	N: 1.2–1.5%

	Vermicomposting
	45–60 days
	12–15:1
	25–30°C
	Moderate
	Soft Organic Matter
	N: 1.5–2.5%

	NADEP Composting
	90–120 days
	18–22:1
	45–55°C
	Low
	Crop Residues + Soil
	N: 0.8–1.2%

	Windrow
	60–90 days
	15–20:1
	55–70°C
	Moderate
	Bulky Residues
	N: 1.0–1.8%

	In-vessel
	14–21 days
	12–16:1
	60–75°C
	High
	Urban Green Waste
	N: 1.5–2.0%

	Bokashi
	14–21 days
	18–22:1
	Ambient
	Low
	Kitchen + Farm Waste
	N: 1.0–1.5%

	Aerated Static Pile
	30–60 days
	14–18:1
	55–65°C
	Moderate
	Horticultural Waste
	N: 1.2–1.8%

	Rapid Composting
	15–30 days
	12–15:1
	60–70°C
	High
	Chopped Green Waste
	N: 1.8–2.2%


3.2 Cover Cropping and Green Manuring
Cover cropping is a transformative soil health management practice, conferring multiple ecosystem services such as nitrogen fixation for plants, erosion protection, weed suppression and organic matter addition. Leguminous cover crop species like Crotalaria juncea (sunn hemp), Sesbania aculeata (dhaincha) and Vigna unguiculata (cowpea) can N-fix from the atmosphere at rates of 60 to 130 kg ha⁻¹ per season, significantly reducing reliance on chemical nitrogen fertilisers. The use of Sesbania aculeata as green manuring, when mixed with soil about 45 days after sowing, adds around 90–130 kg N ha⁻¹ and fresh biomass of between 10 and 15 tonnes ha⁻¹ in the soil, greatly improving the organic matter, stability and aggregation level. These crops further facilitate pest and disease management through strategic rotation cycles, effectively breaking pathogen life cycles within the rhizospheric zone (Jain et al., 2024). 
The non-leguminous cover crops (e.g. rye grass, buckwheat and mustard) contribute mainly through biomass addition and providing allelopathic weed suppression instead of biological nitrogen fixation. Careful selection of species within the cover crop mix according to their seasonal characteristics, root type and soil nutrient scavenging potential is critical for optimising soil health benefits at a horticultural cropping sequence level.
Table 3: Cover Crops Used in Horticultural Systems
	Cover Crop
	Scientific Name
	N Fixation
	Biomass Yield
	Season
	Root Depth
	C:N Ratio

	Sunn Hemp
	Crotalaria juncea
	80–120 kg ha⁻¹
	8–12 t ha⁻¹
	Kharif
	60–90 cm
	15–18

	Cowpea
	Vigna unguiculata
	60–85 kg ha⁻¹
	5–8 t ha⁻¹
	Kharif
	40–70 cm
	12–16

	Dhaincha
	Sesbania aculeata
	90–130 kg ha⁻¹
	10–15 t ha⁻¹
	Kharif
	50–80 cm
	18–22

	Mustard
	Brassica juncea
	–
	4–6 t ha⁻¹
	Rabi
	30–50 cm
	20–25

	Rye Grass
	Lolium multiflorum
	–
	6–9 t ha⁻¹
	Rabi
	40–60 cm
	22–28

	Clover
	Trifolium repens
	50–80 kg ha⁻¹
	3–5 t ha⁻¹
	Rabi
	20–40 cm
	10–14

	Vetch
	Vicia villosa
	70–110 kg ha⁻¹
	4–7 t ha⁻¹
	Rabi
	30–50 cm
	11–15

	Horsegram
	Macrotyloma uniflorum
	40–60 kg ha⁻¹
	3–5 t ha⁻¹
	Kharif
	25–40 cm
	14–18

	Buckwheat
	Fagopyrum esculentum
	–
	3–4 t ha⁻¹
	Rabi
	20–35 cm
	30–35


3.3 Mulching Practices for Soil Conservation
Mulching is an essential soil conservation practice in horticultural systems with multiple benefits such as moisture retention, temperature regulation, suppression of weeds and gradual addition of organic matter. Organic mulches such as paddy straw, sugarcane trash, coconut coir, dried leaves and wood chips build up slowly contributing carbon and nutrients to the soil pool as well as protective surface coverage. Black polyethylene (PE) mulch, adopted extensively in strawberry production and protected horticulture, provides near-total weed suppression and high soil moisture conservation but does not contribute organic matter while inducing plastic pollution to agricultural soils.
Living mulches, consisting of low-growth leguminous or grass species that are preserved as a ground cover among tree rows in orchards and wide-spaced plantations, exemplify an ecological sophistication for soil protection. In mango (Mangifera indica L.) orchards in western India, use of a living mulch of Arachis pintoi (a perennial peanut) resulted in 78% less soil erosion, increased levels of soil organic carbon by 0.8% and led to an increase in earthworms of 340% compared with clean-cultivated control plots over a five-year experimental period [7]. Such integrated systems facilitate improvements in soil physical architecture, as documented in multipurpose tree plantations where the incorporation of permanent living covers has led to significant reductions in bulk density and enhancements in soil porosity and aggregate stability (Jinger et al., 2024). 
Table 4: Mulching Materials and Their Effects on Soil Health
	Mulch Material
	Source
	Soil Temp
	Moisture Retention
	Weed Control
	Decomposition
	Best Suited For

	Paddy Straw
	Rice Fields
	↓ 3–5°C
	30–40% increase
	70–80%
	Moderate
	Vegetables

	Black Polythene
	Synthetic
	↑ 2–4°C
	80–90% retained
	95–100%
	Non-degradable
	Strawberry

	Coconut Coir
	Coir Industry
	↓ 2–3°C
	40–50% increase
	65–75%
	Slow
	Plantation Crops

	Sugarcane Trash
	Sugar Mills
	↓ 3–4°C
	25–35% increase
	60–70%
	Moderate
	Fruit Orchards

	Dry Leaves
	Farm Residue
	↓ 2–3°C
	20–30% increase
	50–60%
	Fast
	Kitchen Gardens

	Wood Chips
	Timber Industry
	↓ 1–2°C
	35–45% increase
	75–85%
	Very Slow
	Orchards

	Newspaper Mulch
	Recycled Paper
	↓ 1–2°C
	15–25% increase
	55–65%
	Fast
	Annual Crops

	Living Mulch
	Cover Crops
	↓ 2–4°C
	25–40% increase
	40–55%
	Continuous
	Intercrops





 
4. Biofertilizers and Microbial Inoculants in Horticulture
4.1 Nitrogen-Fixing Biofertilizers
Biological nitrogen fixation mediated through microbial inoculants offers an environmentally sustainable alternative to synthetic nitrogen fertilisers in horticultural production systems. Biogenic synthesis of AgNPs may serve a promising emergence as an alternative to traditional approaches which holds a potential for expanding the role of soil microorganisms in leguminous horticultural crops such as Pisum sativum L. (pea), Phaseolus vulgaris L. (bean) and Cyamopsis tetragonoloba L. (cluster bean) through symbiotic associations of these rhizobia with root nodule symbiosis capable of fixing 50–150 kg N ha⁻¹ per season [4]. Non-leguminous horticultural crops such as tomato, banana (Musa spp.) are colonised by free-living nitrogen fixers like Azotobacter chroococcum and Azospirillum brasilense in rhizosphere., and turmeric (Curcuma longa L.), that provide between 20–40 kg of fixed N per ha⁻¹ y⁻¹, and simultaneously produce plant growth-promoting phytohormones such as indole-3-acetic acid and gibberellins. In addition to nitrogen-fixing agents, phosphate-solubilizing bacteria such as *Bacillus* and *Pseudomonas* species effectively liberate insoluble phosphorus from soil minerals, thereby enhancing nutrient accessibility and facilitating improved root development (Santoso et al., 2023). 
4.2 Phosphate-Solubilising and Potassium-Mobilising Microorganisms
Available phosphorus in horticultural soils is commonly constrained by fixation reactions with calcium, iron and aluminium (Duhamel et al. 2023), leading to low recovery of approximately 60–90% of applied phosphatic fertilisers from crop plants. Phosphate-solubilising bacteria (PSB) such as Bacillus megaterium, Pseudomonas striata and fungi like Aspergillus awamori solubilise fixed phosphorus through secretion of organic acids including citric, gluconic and oxalic acids. Vesicular-arbuscular mycorrhizal (VAM) fungi, mainly Glomus mosseae and Glomus intraradices, additionally extend hyphal networks into soil micropores where root hairs cannot reach to increase the zone of phosphorus absorption by 100–1000 fold. In potassium-demanding crops such as potato (Solanum tuberosum L.) and banana, potassium-solubilising bacteria (such as Frateuria aurantia) can help mobilise potassium from feldspar and mica minerals to provide balanced nutrition.
4.3 Plant Growth-Promoting Rhizobacteria
Plant growth-promoting rhizobacteria (PGPR) are a functionally diverse group of beneficial, rhizosphere-colonising bacteria that promote plant growth via many direct and indirect mechanisms. Pseudomonas fluorescens is one of the most studied PGPR species in terms of horticultural systems whereby growth promotion occurs through siderophore-mediated iron acquisition, hydrogen cyanide production for pathogen suppression and phosphate solubilisation. Lipopeptide antibiotics, such as surfactin and iturin produced by Bacillus subtilis, can significantly suppress soil-borne pathogens such as Fusarium oxysporum, Rhizoctonia solani, and Pythium spp. in vegetable production systems. Multi-strain PGPR consortia comprising nitrogen fixers, phosphate solubilisers and biocontrol agents show top yield enhancements (20–35%) in tomato, chilli (Capsicum annuum L.) and cucumber (Cucumis sativus L.) coupled with reductions of synthetic fertilisation requirements by 25–40%. Furthermore, these microbial communities strengthen plant immunity by inducing systemic resistance, allowing horticultural species to better withstand environmental stresses and pathogen infestations [ID 51].
Table 5: Biofertilizers Used in Horticultural Crop Production
	Biofertilizer
	Organism
	Function
	Target Crop
	Yield Increase
	Application
	Dose

	Rhizobium
	Rhizobium leguminosarum
	N₂ Fixation
	Pea, Bean
	15–25%
	Seed Treatment
	200 g 10 kg⁻¹

	Azotobacter
	Azotobacter chroococcum
	N₂ Fixation
	Tomato, Brinjal
	10–20%
	Soil Application
	5 kg ha⁻¹

	Azospirillum
	Azospirillum brasilense
	N₂ Fixation
	Banana, Turmeric
	12–22%
	Root Dipping
	500 g ha⁻¹

	PSB
	Bacillus megaterium
	P Solubilization
	Onion, Garlic
	10–18%
	Soil Application
	5 kg ha⁻¹

	VAM
	Glomus mosseae
	P Uptake
	Citrus, Mango
	15–30%
	Nursery Treatment
	100 g plant⁻¹

	K-Solubilizer
	Frateuria aurantia
	K Solubilization
	Potato, Capsicum
	8–15%
	Soil Application
	5 kg ha⁻¹

	Trichoderma
	Trichoderma viride
	Biocontrol
	Chilli, Cucumber
	12–20%
	Seed + Soil
	4 kg ha⁻¹

	PGPR
	Pseudomonas fluorescens
	Growth Promotion
	Strawberry
	10–18%
	Root Dipping
	500 g ha⁻¹

	Mycorrhiza
	Gigaspora margarita
	Nutrient Uptake
	Papaya, Guava
	15–25%
	Pit Application
	50 g plant⁻¹


5. Integrated Nutrient Management for Horticultural Sustainability
5.1 Principles and Components of INM
Integrated nutrient management (INM) is the scientific optimised combination of organic, inorganic and biological sources of nutrients for attaining sustainable crop productivity without compromising soil health. The core of INM is the synergism between different sources of nutrients where organic manures enhance nutrient use efficiency from mineral fertilizers, biofertilisers increase rates of nutrient transformation and mineral fertilizers supplying slow released plant nutrients as in organic inputs. The INM is of particular importance in horticultural systems where high nutrient demands by crops, continuous cropping, and the quality needs for premium produce require targeted management strategies for effective nutrient management. This approach emphasizes the substitution of partial synthetic inputs with organic amendments and microbial inoculants to mitigate the environmental risks and soil degradation associated with intensive chemical fertilization (Kumar et al., 2018). 
A large collection of long-term experiments conducted at multiple locations throughout India have shown that replacing 25 to30 %–50% of recommended mineral fertiliser dose with organic sources (FYM; vermicompost or green manure) + biofertiliser inoculation can maintain yield levels equal to ≥100% mineralisation drag while simultaneously increasing soil organic carbon, microbial biomass and enzyme activities. A long-term study on integrated nutrient management carried out as the All India Coordinated Research Project in 15 horticultural centres across the country found that, generally combination of 75% recommended dose of fertilisers + vermicompost (2.5 t ha⁻¹) + biofertiliser inoculation was the most economically feasible and ecologically sustainable nutrient management strategy for a range of vegetable and fruit crops.
5.2 Biochar as Soil Amendment
Biochar, a carbon-rich product of the pyrolysis of biomass under limited oxygen conditions, has been developed as an innovative soil additive for horticultural systems. This is considered a promising technique to improve soil carbon sequestration potential and cation exchange capacity, hold more water in sandy soils, and provide a habitat for beneficial microorganisms in the process. Application at 5–10 t ha⁻¹ of biochar from either crop residues or woody biomass has been shown to promote sustained positive changes in soil properties over more than five years following application. Adding biochar to composted horticultural soils provides synergistic effects such that they bind nutrients which reduces them leaching while still keeping them available long for crop plants.
Table 6: Integrated Nutrient Management Strategies in Horticulture
	Strategy
	Components
	Target Crop
	Yield Impact
	Soil OC Change
	Cost-Benefit
	Adoption Level

	75% RDF + FYM
	Inorganic + Organic
	Tomato
	+18–25% yield
	+0.3–0.5%
	B:C 2.8–3.2
	High

	50% RDF + VC + Bio
	Triple Integration
	Brinjal
	+20–28% yield
	+0.5–0.8%
	B:C 2.5–3.0
	Moderate

	100% Organic
	FYM + VC + GM
	Cabbage
	+8–15% yield
	+0.8–1.2%
	B:C 2.0–2.5
	Low

	INM + Mulching
	INM + Crop Residue
	Onion
	+22–30% yield
	+0.4–0.7%
	B:C 3.0–3.5
	Moderate

	Biochar + Compost
	Pyrolyzed Biomass
	Chilli
	+15–22% yield
	+1.0–1.8%
	B:C 2.2–2.8
	Low

	Precision Nutrient
	Sensor-based Dosing
	Capsicum
	+25–35% yield
	+0.2–0.4%
	B:C 3.5–4.0
	Very Low

	Foliar + Soil INM
	Micronutrient Spray
	Mango
	+12–18% yield
	+0.3–0.5%
	B:C 2.8–3.3
	Moderate

	PGPR + 50% RDF
	Microbial + Chemical
	Potato
	+18–25% yield
	+0.4–0.6%
	B:C 3.0–3.4
	Low



6. Global Policy Frameworks for Soil Health in Horticulture
6.1 Indian Policy Initiatives
The government of India has launched several landmark policy initiatives for the restoration of soil health in agricultural and horticultural systems. More than 230 million soil health cards have been issued to farmers in each of the states through the Soil Health Card (SHC) scheme that was launched in 2015 with crop-specific nutrient recommendations based on systematic soil testing. 249) The Paramparagat Krishi Vikas Yojana (PKVY) incentivises organic farming through cluster-based approaches and helps to convert conventional horticultural areas into certified production area under organic systems, extending financial assistance of up to ₹50,000/ha in 3 years. The Government of India introduced the PM-PRANAM scheme (PM Programme for Restoration, Awareness, Nourishment and Amelioration of Mother Earth) in 2023 to reward states that reduce chemical fertilisers while achieving or increasing farm productivity. Furthermore, the National Mission on Sustainable Agriculture and the National Policy on Biofuels have been instrumental in promoting biochar production to enhance soil fertility and decrease reliance on fossil fuels (Sharma et al., 2024). 
6.2 International Policy Landscape
The European Green Deal's Farm to Fork Strategy proclaims a 2030 target of 25% of the agricultural land in the EU devoted to organic farming, with provisions on reducing chemical pesticide use by 50% and nutrient losses by at least 50%. The Environmental Quality Incentives Program (EQIP), managed by the United States Department of Agriculture's Natural Resources Conservation Service (NRCS), supports agricultural producers in implementing conservation practices like cover cropping, nutrient management, and soil health improvement through financial and technical assistance. China's Zero Fertilizer Growth Policy, in place since 2015, has reduced synthetic fertiliser consumption significantly in horticultural production zones through promotion of soil testing-based fertilisation and strategies for organic substitution.
Table 7: Soil Health Policies and Programs Across the Globe
	Country/Region
	Policy/Program
	Key Focus Area
	Year Launched
	Budget Scale
	Beneficiaries
	Impact Rating

	India
	Soil Health Card
	Nutrient Mapping
	2015
	₹568 Crore
	12 Cr Farmers
	High

	India
	PM-PRANAM
	Chemical-Free Farming
	2023
	₹3,700 Crore
	All States
	Emerging

	USA
	NRCS-EQIP
	Conservation Practices
	1996
	$1.8 Billion/yr
	170,000 farms
	High

	EU
	Green Deal-F2F
	Organic Area 25%
	2020
	€387 Billion
	EU-27 Nations
	High

	China
	Zero Fertilizer Growth
	Reduce Chemical Use
	2015
	$3 Billion
	National
	Moderate

	Brazil
	ABC+ Plan
	Low-Carbon Agriculture
	2010
	$7.2 Billion
	5 M farms
	Moderate

	Australia
	National Soil Strategy
	Soil Carbon Credits
	2021
	AUD 214 M
	National
	Emerging

	Kenya
	AFC Program
	Agroforestry + Soil
	2019
	$120 Million
	2 M farmers
	Moderate


 
7. Emerging Frontiers in Soil Health Management
7.1 Digital Soil Mapping and Precision Nutrient Management
New approaches using geospatial techniques, including remote sensing and machine learning algorithms, are changing the way we assess and manage soil health in horticultural systems. Digital soil mapping using satellite-based, drone-aided multispectral sensing, and ground-penetrating radar provides high-resolution mapping on spatial variability of the soil profile in horticultural scene. Precision nutrient management systems that combine real-time soil sensors, variable-rate application technology and decision support algorithms have been shown to increase nutrient use efficiency by 20–35% and reduce risk of environmental pollution related with over-fertilisation. Furthermore, the integration of nano-fertilizers and need-based nutrient management strategies can complement these digital tools to optimize input efficiency further (“Organic Fertilizers - New Advances and Applications [Working Title],” 2023). 
7.2 Soil Microbiome Engineering
Soil microbiome engineering (also referred to as soil microbiomes) is at the frontier of biological methods for managing soil health, integrating metagenomic profiling, synthetic microbial consortia and inoculation approaches to manipulate rhizobiota structure and activity in ways that promote crop performance. Next-generation sequencing technologies have shown the presence of thousands of bacterial and fungal taxa in a healthy horticultural soil, with functional redundancy providing resilience to perturbation. In precision horticulture, designer microbial consortia encompassing Bacillus, Pseudomonas, Trichoderma and mycorrhizal species are being developed for crop- and soil-specific application. These inoculants function by enhancing atmospheric nitrogen fixation and phosphate solubilization, which significantly reduces the dependency on conventional chemical fertilizers. 
7.3 CO-Benefits: Socio-Economic Improvements
There is an especially significant potential for atmospheric carbon dioxide sequestration by adopting best practices that increase soil organic carbon stocks in horticultural soils. Systems with integrated agroforestry as in fruit trees with annual vegetables and cover crops sequester 1.0–2.5 t C ha⁻¹ yr⁻¹, while soils amended with biochar provide increased retention of carbon over centuries as pyrogenic carbon is resistant to decomposition. Integrating climate resilience into soil management strategies known as stress-strategic drought-tolerant cover crop selection and enhanced water harvesting (e.g., mulch) within thermal-stress mitigation by reflective mulches, will be critical to sustaining horticultural productivity under-outlined possible climate change scenarios. To facilitate this transition, research should prioritize the integration of microbial genomics with environmental sensor data to foster interoperable, data-driven decision-making (Danesh, 2025). These efforts must bridge the gap between laboratory-scale metagenomic insights and field-scale nutrient application by validating biostimulant efficacy through controlled, longitudinal trials (Li et al., 2025). By adopting holo-omic frameworks that synthesize multi-omic data from both host plants and their associated microbiota, researchers can better elucidate the synergistic interplays governing horticultural productivity (Ait-El-Mokhtar & Baslam, 2023). Effectively scaling these innovations requires addressing critical knowledge gaps concerning the long-term field performance of synthetic consortia and their compatibility with conventional agricultural practices (Iqbal et al., 2025). Furthermore, conducting rigorous cost-benefit analyses and establishing supportive policy frameworks will be essential to ensure that such biotechnological interventions remain socioeconomically viable for small-scale farmers (Ashraf et al., 2025). 

Conclusion
Soil health is the essential building block of sustainable horticultural production in all agro-ecological zones around the world. The wide-ranging evidence outlining in this Chapter shows that integrated management strategies involving organic amendments, biofertiliser inoculation, cover cropping and mulching with limited mineral fertilisation deliver the best trade-offs between crop productivity and soil conservation. Moving from input-intensive conventional systems to knowledge-intensive sustainable systems will require concerted efforts by the research institutions, extension agents and other actors in policy-making frameworks and farming communities. India's forward-looking policy approaches, such as the Soil Health Card scheme and PM-PRANAM, offer institutional architecture for scaling sustainable soil management practices across horticultural production. In consequence, the advent of digital soil mapping technology, microbiome engineering and precision nutrient management has timely introduced transformative opportunities that can meet the twin challenge of increasing productivity while enhancing ecological sustainability in twenty first century horticulture systems.
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Figure 4: Nutrient Sources in Sustainable Systems
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Figure 5: Microbial Diversity Under Different Practices
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Figure 6: Water Use Efficiency Across Irrigation Methods
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Figure 7: Carbon Sequestration Potential of Practices
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Figure 8: Biofertilizer Impact on Horticultural Crop Yield
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Figure 9: Soil Degradation vs Conservation in India
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Figure 10: Integrated Soil Health Management Framework
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Figure 1: Soil Health Indicators Under Different Systems
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Figure 2: Global Adoption of Sustainable Horticulture
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