
 



 

 

 

 

 
Volume-02, Issue-02 DECEMBER 2025 

 

 

  

Editor-In-Chief  

Dr. Anoop K. Rathore 

INNOVATIVE AGRICULTURE 

A MONTHLY MAGAZINE  

ISSN No.: 3048 ï 989X  

Frequency: Monthly  

Month: December 2025  

Volume: 02, Issue 02 

Associate Editors  

Dr. P.C. Rout Dr. R.K. Raman 

Dr. Vikas Chandra 

Dr. Sonam Singh Dr. B. Sampath Kumar  

Dr. Sunil Narbaria 

Assistant Editors 

Founder Editor 

Mrs. Rituja Jain 



 

 

 

 

 
Volume-02, Issue-02 DECEMBER 2025 

 

Content 
S.No. Title Page No. 
1.  Agronomic strategies for managing salinity stress in field crops 1 

2.  Biochar-Nanomaterial Composites for Enhanced Soil Remediation and 

Fertility Restoration  

7 

3.  Climate-Smart Agronomy for Mitigating Abiotic Stress in Crops 12 

4.  Impact of Market price fluctuations on farmer's income and risk management 18 

5.  Influence of crop rotation on soil health and overall productivity 23 

6.  Market Integration, Price Transmission and Volatility in Major Agriculture 

Commodity Chains 

28 

7.  Mulching Techniques for Improving Crop Yield and Soil Moisture 

Conservation 

33 

8.  Nano-Fertilizers for Improving Nutrient Uptake and Crop Performance 39 

9.  Performance Assessment of Krishi Vigyan Kendras (KVKs) in Technology 

Dissemination and Capacity Development 

44 

10.  From Institutions to Impact: Rural Communit y Development in Indian 

Agriculture  

49 

11.  óRoselleô- A Slice of Tribal Life.  53 

12.  Traditional Knowledge and Indigenous Paddy Varieties in India River Basin 56 

13.  Consumption Patterns and Nutritional Status of Tribal Groups in Public 

Distribution System (PDS) of India 

61 

14.  NEW TRENDS IN AGRICULTURAL BIOTECHNOLOGY: 

INNOVATIONS, TECHNOLOGIES, AND FUTURE DIRECTIONS  

65 

15.  Harnessing Genetic Resistance for Sustainable Control of Viral Diseases in 

Vegetable Crops 

70 

16.  How climate induced vegetation change alters soil nutrient cycling 74 

17.  Microbial Resilience Dynamics in Soils Under Long-Term Organic vs. 

Inorganic Nutrient Inputs  

77 

18.  Enhancing Soil Health and Agricultural Sustainability through Crop Rotation 

Practices 

79 

19.  When Technology Meets the Field: The Power of ChatGPT in Modern 

Agriculture  

82 

20.  From Fields to Experiences: Agro-Tourism as a Game-Changing 

Entrepreneurial Opportunity for Small and Marginal Farmers  

85 

21.  From Spores to Startups: Emerging Opportunities in Mushroom Cultivation 89 

22.  PM Dhan-Dhaanya Krishi Yojana (PMDDKY)  91 

23.  Biofortification of Crops: A Sustainable Solution to Nutritional Deficiencies 93 

24.  Biochar: Black Carbon, Bright Future  95 

25.  From Wild to Wonderful: Unlocking the Value of Ber 98 

26.  Sustainable Livelihood Security through Integrated Farming Systems in India 102 

27.  Improving Profitability and Productivity of Jute Cultivation in Eastern India  104 

28.  Pollinator Decline and the Expanding Role of Pollinator-Friendly 

Landscaping: A Critical Review and Emerging Perspectives 

107 

29.  ñLepidoptera Diversity and Conservation in Ecotourismò 111 

30.  ñButterflies on a Mission: How Insects Can Save Forests and Livelihoodsò 115 

31.  FISH MEANS A LOT  120 

32.  The Invisible Backbone of Indian Farming: Women Farmers 125 

33.  Organic pest management in cotton 127 

34.  Big Data on Small Farms: Precision Tools for Smarter Harvests 130 

35.  Waste to Feed: Black Soldier Fly Larvae as a Circular and Sustainable Protein 

Source 

134 

36.  Molecular Tools in Modern Aquaculture: A Fish Biology Perspective 138 

37.  Feeding India in a Warming World: Climate Risks and Food Futures 144 

38.  From Farms to the World:  High-Value Agri-Export  147 



 

 

 

 

 
Volume-02, Issue-02 DECEMBER 2025 

 

39.  Aquaculture-Ecosystem interactions and environmental impacts under climate 

change 

150 

40.  Green Manure Incorporation in Organic Farming: A Sustainable Approach to 

Soil Health 

156 

41.  Carrot Erwinia Rot Disease: Causes, Symptoms, and Management Strategies 158 

42.  Innovative and Sustainable Disease Management in Onion Cultivation 160 

43.  ECONOMIC IMPACT OF PM KUSUM SCHEME ON THE LIVELIHOOD 

OF FARMERS IN INDIA (2019 ï 2025) 

165 

44.  Targeted Potassium Nutrition by Foliar Application: A Key to Alleviate 

Moisture Stress in Maize 

169 

45.  THE SECRET BEHIND INSECT SURVIVAL ï INSECT NUTRITION  173 

46.  Field Practices Determining Export-Quality Grapes and Market Acceptance 176 

47.  Fertilizer Broadcaster: A Tool to Reduce Drudgery and Improve Fertilizer Use 

Efficiency 

181 

48.  High-Pressure Processing: A Game Changer in Modern Seafood Preservation 185 

49.  "Growing Green Gold:  Production Technology of Ivy Gourd"  187 

50.  Artificial Intelligence Applications in Agricultural Pest Management 189 

51.  Climate-Resilient Agriculture Initiative (CRAI): A Path to Sustainable 

Farming 

192 

52.  Spray Drying: Bridging efficiency, quality, and sustainability 196 

53.  Analytical Orphans in Aquatic Environmental Monitoring: Contaminants We 

Measure Poorly, Rarely, or Not at All 

200 

54.  Flower Thrips (Frankliniella intonsa): Major biotic threat in dragon fruit 

production and its integrated pest management (IPM) 

203 

55.  Stoichiometric Constraints (C: N:P Ratios) in Plankton Ecology 205 

56.  ñMoths: The Silent Heroes of Night Biodiversityò 208 

57.  Flourish Through Change: Regenerative Gardening for a Warming World 212 

58.  Plant Hormones: The Chemical Messengers That Control Crop Yield 216 

59.     ñGolden Spice, Great Health: The Magic of Turmericò 220 

60.  Cassava Starch-Based Biodegradable Hydrogel for Water-Smart Farming and 

Low-Carbon Irrigation  

223 

61.  Natureôs Boosters: Unlocking Plant Resilience Through Biostimulants 228 

62.  Blue Economy: Riding the Waves of Sustainable Growth 233 

63.  Deep-sea creatures at the surface: natural behaviour or warning sign? 238 

64.  Durable Disease Resistance Strategies in Crop plants: Gene Deployment and 

Gene Pyramiding 

241 

65.  Black Soldier Fly, Hermetia illucens: Nature's Recycling Powerhouse 247 

66.  ñOptimizing Litchi (Litchi chinensis Sonn.) Growth, Yield, and Quality 

through Plant Growth Regulatorsò 

250 

67.  Atmanirbharata in Pulses: Towards Strengthening Indiaôs Food and 

Nutritional Security  

254 

68.  ñNano Urea: A Sustainable Approach for Enhancing Nitrogen Use Efficiency 

in Agricultureò 

257 

69.  Advance Foliar Nutrition Strategies for Maximizing Crop Productivity  259 

70.  Advances in Micropropagation and Tissue Culture Techniques in Horticulture 264 

71.  Agricultural Nano technology for enhancing Soil-Plant-Microbes Interactions Under 

Climate Stress 
268 

72.  Agronomic Interventions for Increasing Oilseed Productivity 273 

73.  Antimicrobial Resistance in Veterinary Practice: Challenges and Control Strategies 278 

74.  Application of Artificial I ntelligence and Machine Learning Techniques for Soil Fertility 

Evaluation 
283 

75.  Application of Biochar and Nanomaterials for Enhancing Soil Fertility and Crop 

Performance 
288 

76.  Application of Biotechnology in Horticultural Crop Improvement  293 

77.  Application of Controlled-Release Fertilizers in Field Crop Management 298 

78.  Applications of Artificial Intelligence in Modern Plant Breeding 303 



 

 

 

 

 
Volume-02, Issue-02 DECEMBER 2025 

 

79.  Biofertilizers for Enhancing Soil Nutrient Use Efficiency and Sustainable Crop 

Production 
308 

80.  Climate Change Impacts on Marine Fish Stocks and Coastal Fisheries Sustainability 313 

81.  Climate-Resilient Cultivation and Post-Harvest Management of Custard Apple under 

Tropical Conditions 
318 

82.  Drone- and Sensor-Based Precision Weed Management Technologies in Agriculture  323 

83.  Eco-Friendly Aquaculture Strategies to Enhance Productivity and Farm Profitability 328 

84.  Effect of UV Light and Temperature on Pest Reproductive Physiology 333 

85.  Evaluation of Aquaculture Activities on Water Quality Dynamics and Ecosystem 

Functions 
338 

86.  Growth Response of Carp Species Under Varied Feeding Schedules and Nutritional 

Plans 
343 

87.  Influence of Aquatic Pollution on Physiological Stress and Reproductive Efficiency in 

Fish 
348 

88.  Organic Farming Approaches for Sustainable Crop Production 353 

89.  Physiological, Nutritional and Medicinal Properties of Custard Apple: A 

Comprehensive Review 
360 

90.  Probiotic Applications in Aquaculture: Enhancing Immunity and Health of Cultured 

Fish 
365 

91.  Role of Soil-Organic Carbon in Sustaining Soil Fertility and Crop Productivity  370 

92.  Soil Carbon Sequestration under Diverse Cropping Systems 375 

93.  Traditional Versus Modern Fishing Systems: A Comparative Assessment of Efficiency 

and Sustainability 
380 

94.  Soil Health Card Scheme ï Strengthening Indiaôs Agricultural Foundation  385 

95.  Making Women Farmers Visible: Development of an Integrated National Information 

System for Women in Agriculture 

ñA Review with Special Reference to Maharashtra and AICRP-Womenò in Agriculture 

387 

96.  Vermicomposting for Sustainable Indian Agriculture: Scientific Principles and Field 

Applications 
392 

97.  Agricultural by products an alternative approach for weed management 395 

 

 



 

Page | 1  
 

 

 

 
Volume-02, Issue-02 DECEMBER 2025 

1. Introduction  

he salinization of soils is one of the major edaphic problems facing modern agriculture. It is characterised 

by excessive accumulation of water-soluble salts (mainly chlorides and sulphates of sodium, calcium and 

magnesium) in the soil profile to levels that adversely affect the development of plants. On the world level, it is 

estimated that over twenty percent of all cultivated areas, and about thirty-three percent of irrigated farms, have 

different levels of salinity. This phenomenon is particularly widespread in arid and semi-arid regions where the 

rate of evapotranspiration is greater than that of precipitation, and the upward transport and surface accumulation 

of salts is precipitated. While primary salinity arises from the natural weathering of parent materials, secondary 

salinisation is mainly anthropogenic, arising from inefficient irrigation practices, poor drainage and the use of 

saline water in crop production. 

The negative effects of salinity on the health of the plant are bilayered. First, the concentration of salt in the 

soil solution has decreased, so the osmotic potential of the soil solution decreases, making the extraction of water 

by the roots more difficult - a condition that is similar to physiological drought. Second, the absorption of certain 

ions, especially Na and Cl, to toxic levels inside plant organs interferes with cell metabolism, suppresses enzyme 

activity, and causes nutrient imbalances by competing for the availability of essential cations, such as K and Ca. 

The consequent result is stunted growth, leaf necrosis, reduction in photosynthetic ability, and eventually yield 

losses of significant proportions. Solving this complex problem requires a multi-pronged approach. This article 

outlines proven and new agronomic interventions for managing soil salinity and maintaining production of field 

crops in salt-constrained environments. 

T 

Agronomic strategies for managing salinity stress in field 

crops 

1Takbir Ali, 2Rishav Srivastava, 3Arkit Saha 

1Ph.D. Scholar, Department of Agronomy, Bidhan Chandra Krishi Viswavidyalaya, West Bengal 
2B.Sc. (Hons.) Agriculture, Chandra Bhanu Gupt Krishi Mahavidyalaya (Agriculture PG College), 

Lucknow 
3B.Sc. (Hons.) Agriculture, Visva-Bharati University, Shantiniketan, West Bengal, India 
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2. Crop and Genotype Selection 

The most basic agronomic approach to take advantage of salt affected soils is the wise choice of crops and 

cultivars with inherent tolerance to salinity. Plant species exhibit a broad range of responses to salt stress, from 

sensitive glycophytes, which experience severe yield losses at relatively low salinity concentrations, to highly 

tolerant halophytes which can grow at saline ecosystems. For most field crops - essentially glycophytes - there is 

a great deal of intra and inter specific variability in salt tolerance. 

Agronomists and growers need to focus attention on species that can sustain economic viability under the salinity 

regimes that exist in their fields. For example, some crops, like barley (Hordeum vulgare), cotton (Gossypium 

hirsutum) and sugar beet (Beta vulgaris), show rather high tolerance, while maize (Zea mays), beans (Phaseolus 

spp.) and a considerable number of leguminous species are classed as sensitive. 

The repertoire for salinity management has been further broadened by modern plant breeding and biotechnology. 

Breeding programmes are aimed at developing cultivars with improved characteristics of root level salt exclusion, 

tissue tolerance to accumulated ions and osmotic adjustment capabilities. The use of these improved genotypes 

is a proactive measure that complements other management practices. 

Table 1. Classification of selected field crops based on their relative salt tolerance thresholds 

Crop Botanical 

Name 

Salt Tolerance 

Rating 

Threshold ECe 

(dS/m)* 

Slope (% yield decrease per 

dS/m beyond threshold)** 

Fiber & Sugar     

Cotton Gossypium 

hirsutum 

Tolerant 7.7 5.2 

Sugar Beet Beta vulgaris Tolerant 7.0 5.9 

Sugarcane Saccharum 

officinarum 

Moderately 

Sensitive 

1.7 5.9 

Cereals     

Barley Hordeum 

vulgare 

Tolerant 8.0 5.0 

Wheat Triticum 

aestivum 

Moderately 

Tolerant 

6.0 7.1 

Sorghum Sorghum 

bicolor 

Moderately 

Tolerant 

6.8 16.0 

Maize (Corn) Zea mays Moderately 

Sensitive 

1.7 12.0 

Rice (Paddy) Oryza sativa Sensitive 3.0 12.0 

Legumes     

Soybean Glycine max Moderately 

Tolerant 

5.0 20.0 

Groundnut 

(Peanut) 

Arachis 

hypogaea 

Moderately 

Sensitive 

3.2 29.0 

Dry Bean Phaseolus 

vulgaris 

Sensitive 1.0 19.0 

*ECe: Electrical conductivity of the soil saturation extract, a standard measure of soil salinity. 10Values are 

approximate thresholds beyond which yield decline begins. 

**Slope indicates the percentage of expected yield loss for every 1 dS/m increase in ECe above the threshold. 

3. Soil Management and Amendments 

3.1 Leaching and Drainage 

The primary method for reclaiming saline soils is leaching, which involves applying irrigation water in excess of 

the crop's evapotranspiration requirements to flush soluble salts below the active root zone. The amount of 

additional water needed is determined by the leaching requirement (LR), calculated based on the electrical 

conductivity of the irrigation water (ECw) and the target electrical conductivity of the soil drainage water (ECdw) 

tolerable by the crop. For successful leaching, the soil must have adequate permeability and a functional 

subsurface drainage system to remove the leached salts and prevent waterlogging, which can exacerbate salinity 

issues through capillary rise. 



 

Page | 3  
 

 

 

 
Volume-02, Issue-02 DECEMBER 2025 

3.2 Seedbed Preparation and Planting Techniques 

Salts tend to accumulate on the soil surface and ridge tops due to evaporation. This poses a critical threat during 

germination and seedling establishment, which are often the most salt-sensitive growth stages. To mitigate this, 

planting techniques can be modified. Planting seeds on the sloping sides of ridges or in the irrigation furrows, 

rather than on the crest, can place the seed in a zone of lower salt concentration. In flat-planted fields, pre-plant 

irrigation can help push surface salts deeper into the soil profile before sowing. 

3.3 Soil Amendments 

¶ Saline Soils: The soils exist with neutral soluble salts and have stable structure. The main management 

is high quality water leaching. 

¶ Sodic and Saline-Sodic Soils: hese soils have high levels of exchangeable sodium, which cause poor 

structure, surface crusting and low infiltration. Reclamation needs replacing of exchangeable sodium 

with calcium. The most common and economical amendment is gypsum (calcium sulphate dihydrate, 

CaSO4.2H2O). The calcium ions released from dissolved gypsum push out the sodium ions attached to 

the clay particles and these are leached out. 

¶ Organic Amendments: The addition of organic matter (e.g., farmyard manure, compost, green manure) 

is always a good idea. Organic matter is beneficial for structure, water holding capacity and microbial 

activity. As the organic matter decays, it releases organic acids which can dissolve native soil calcium 

carbonates and further help displace the sodium. 

4. Irrigation Management Strategies 

4.1 Irrigation Method  

¶ Drip Irrigation:  his method is considered by many people to be the most effective in saline conditions. 

By allowing water to be applied slowly and often directly to the root zone, drip irrigation maintains high 

soil matric potential and reduces the osmotic component of salt stress. Moreover, the constant movement 

of water in the direction of the emitter outward, forces salts to move to the periphery of the wetted soil 

volume, forming a relatively salt free zone for root proliferation. 

¶ Sprinkler Irrigation:  Although sprinkler systems provide for uniform application of water, they are 

often prone to foliar injury if saline water is used for leaching salts from the soil surface. Leaf burn may 

Figure 1. Ridge planting strategy for salinity management 
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occur as a result of absorption of sodium and chloride directly through the leaves during the evaporation 

process. 

¶ Surface Irrigation (Flood/Furrow):  Traditional surface methods are generally less efficient and can 

lead to non-uniform salt leaching and waterlogging if not managed with precision, including land 

levelling and appropriate furrow design. 

Table 2. Comparative analysis of irrigation methods for crop production under saline conditions 

Irrigation Method  Advantages for 

Salinity Management 

Disadvantages and Risks Best Management 

Practices 

Drip Irrigation  - Maintains high soil 

moisture, reducing 

osmotic stress. 

- Pushes salts to the 

edge of the wetted 

zone. 

- High water 

application efficiency. 

- Allows for safe use of 

more saline water. 

- High initial capital cost. 

- Emitter clogging risk with 

poor quality water. 

- Potential for salt 

accumulation at the soil 

surface between emitters. 

- Use frequent, low-volume 

irrigations. 

- Place emitters close to the 

plant. 

- Periodic flushing of lines. 

-Occasional surface 

irrigation to leach 

accumulated surface salts. 

Sprinkler Irrigation  -Uniform water 

application. 

- Effective for leaching 

surface salts prior to 

planting. 

-Precise control over 

water application 

depth. 

- Risk of foliar salt damage 

(leaf burn) with saline 

water. 

- High evaporation losses in 

hot, windy climates. 

-Can promote fungal 

diseases. 

- Irrigate at night to reduce 

evaporation and leaf burn 

risk. 

-Avoid using water with high 

Na+ or Cl- concentrations on 

sensitive foliage. 

- Follow with fresh water to 

rinse leaves if possible. 

Surface Irrigation 

(Furrow/Flood)  

- Low capital cost. 

- Simple technology. 

- Can be effective for 

large-scale leaching 

events. 

- Low water use efficiency. 

- High risk of waterlogging 

and secondary salinization. 

-Non-uniform salt leaching. 

-Ensure precise land 

levelling. 

-Use appropriate furrow 

length and flow rate. 

-Implement surge flow 

techniques to improve 

uniformity. 

-Provide adequate field 

drainage. 

4.2 Irrigation Frequency and Scheduling 

Under saline conditions, the ability of a plant to extract water is greatly diminished even when the soil holds 

water. Consequently, the traditional paradigm of letting the soil moisture drop to some specified fraction of the 

available water content before re-irrigation is required to be changed. A high frequency irrigation regime is 

advocated. By providing smaller volumes of water more frequently, the water content of the soil is kept closer to 

field capacity, reducing matric potential and keeping the combination of matric and osmotic water potential at a 

less stressful level in terms of crop health. 

4.3 Management of Saline Irrigation Water 

¶ Cyclic Use: The interspersion of saline water and high-quality water. For example, using non-saline 

water in the germination phase and during the initial stages of seedling development - stages when plants 

are most sensitive - with a recourse to the use of salty water in later periods, when plants are more 

tolerant. 

¶ Conjunctive Use: Blending saline water with fresh water to reduce the overall salinity (ECw) and 

sodicity (SAR) to acceptable levels for the specific crop and soil type. 
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5. Other Agronomic Practices 

5.1 Mulching 

Surface mulching with polymeric films or crop residue is a very good practice. The mulch breaks the continuity 

of capillaries, significantly limiting the evaporation coming out of the soil's surface. This two-fold advantage 

helps to conserve soil moisture and, most importantly, breaks up the upward flow and build-up of salts in the top 

soil where root activity is most intense. 

5.2 Nutrient Management 

Salinity causes complex nutrient disorders. Elevated concentrations of Na+ and Cl- in the soil solution compete 

with the uptake of essential nutrients such as K+, Ca2+ and NO3-. For instance, a high tissue Na+/K+ ratio is a 

feature of salt stress. Hence, fertilization protocols have to be calibrated carefully for saline soils. Applications of 

potassium and calcium fertilizer can correct for National toxicity, and foliar sprays of micronutrients may be 

beneficial because root uptake of these elements is often inhibited under saline conditions. 

6. Integrated Salinity Management (ISM) 

It is clear that no single agronomic strategy can be considered a universally effective way of solving the problem 

of soil salinity. A sustainable pathway requires the creation of an Integrated Salinity Management (ISM) plan, 

specific to the local soil, water, climate and crop conditions. ISM brings the above-mentioned practices together 

in a coherent framework. 

For example, a successful ISM strategy for a farm with moderate saline soil and a low availability of fresh water 

may include: 

1. Crop Selection: Growing a salt-tolerant crop like barley or cotton. 

2. Irrigation:  Introducing drip irrigation technology for efficient utilization of water and controlling salt 

distribution in irrigation. 

3. Soil Management: Applying gypsum to improve soil structure and conducting pre-season leaching with 

the available fresh water. 

4. Cultural Practices: Utilizing furrow-side planting and applying a straw mulch to reduce surface 

evaporation. 

 

Figure 2. The Integrated Salinity Management (ISM) framework, illustrating the synergistic interaction 

of crop, irrigation, soil, and cultural practices to achieve sustainable production. 

  



 

Page | 6  
 

 

 

 
Volume-02, Issue-02 DECEMBER 2025 

7. Conclusion 

Managing soil salinity is one of the biggest challenges facing modern agriculture. It requires a shift from reactive 

remediation to proactive science-based agronomic approaches. The reduction of salinity stress in field crops does 

not depend on a single "silver bullet" but on a holistic, integrated approach with genetic resilience and proper soil 

and water management. By careful crop selection, optimizing irrigation techniques and timing, establishing 

leaching and drainage regimes and using soil amendments and mulching, agronomists can significantly improve 

the crop productivity and efficiency of resource use in salt-affected landscapes. Continued research needs to 

continue in unlocking genetic potential of crops through breeding and biotechnology, while optimizing site-

specific agronomic packages for sustainable food production in the face of increasing land as well as water 

salinization. 
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1. Introduction  

ncontrolled industrialization, excessive agro practices, and poor waste management and disposal are some 

of the factors that have put the edaphic environment under undue stress levels never witnessed before. The 

net result of these has been extensive pollution of soils with heavy metals and metalloids (such as lead, cadmium, 

arsenic) and recalcitrant organic compounds (such as polycyclic aromatic hydrocarbons and pesticides). At the 

same time, the unremitting exploitation of intensive agriculture without sufficient replenishment of organic matter 

has led to extreme loss of soil fertility, decrease in the water-retention capacity, and a significant loss of microbial 

diversity. 

 The new amendments required to deal with these two crises will require creative solutions that will be in a 

position to not only deal with contaminated matrices but also restore. AN Biochar Biochar which is a carbon-

based byproduct of biomass pyrolysis by limiting oxygen exposure is generally recognized as useful in carbon 

sequestration and bio-conditioning of soils. It has a highly porous structure and a large surface area that makes it 

an effective adsorbent. However, pure biochar is often unsuitable with respect to possessing the functional groups 

needed on its surface to either target more complicated pollutants or promote more complex catalytic breakdown. 

Nanomaterials (NMs), which are characterized by at least one dimension less than 100nm in size, are highly 

reactive, possess unique electronic and high surface-to-volume ratios. Nanoscale metal oxides (such as Fe3O4, 

TiO2, ZnO) and carbon nanotubes (CNTs) have proven to be of immeasurable value in environmental clean-up 

processes. However, these materials cannot be easily applied directly to soils due to processes like aggregation, 

difficulty in recovering the materials after use, and possible ecotoxicity due to the high mobility of this materials. 

One of the strategic convergence points of these two technologies is the synthesis of biochar -nanomaterial 

composites. The latter acts as a dispersant and stabilizer by binding nanomaterials onto the biochar base, and thus 

prevents aggregation of nanomaterials and reduces their mobility in the environment. At the same time, the 

nanomaterials are used to functionalize the surface of the biochar and thus increase adsorptive capacity, catalytic 

activity, and redox potential. This paper establishes the scientific foundation of these engineered composites and 

clarifies how they can be used in the setting of sustainable agriculture. 

2. Synthesis and Physicochemical Characterization 

The syntheses methodology determines the performance of a biochar-nanomaterial composite by determining the 

size distribution of particles, nanomaterial loading, and the type of chemical interfacial interactions between the 

carbon frame and the nanoscale object. 

2.1. Synthesis Methodologies 

¶ In-situ Synthesis (Pre-pyrolysis): Before thermal conversion, the precursor biomass is impregnated or 

treated with metallic salt-solutions (e.g. ferric chloride to create magnetic biochar). In the course of 

pyrolysis, the entrained metal ions are reduced and turned into metal-oxide nanoparticles which are 

embedded in the nascent carbon structure. This approach is used to guarantee a high level of compliance 

and uniformity of distribution of the nanomaterial. 

¶ Ex-situ Synthesis (Post-pyrolysis): Pristine biochar is first synthesized using usual pyrolysis. The 

biochar surface is then coated with nanomaterials through co-precipitation, hydrothermal methods or 

sol-gel. Though such a procedure gives more control over the exact nanomaterial being used, the binding 

that results might not be as strong as what can be obtained by in-situ methods. 

 

U 

Biochar-Nanomaterial Composites for Enhanced Soil 

Remediation and Fertility Restoration  

Vaibhav Shivaji Chakor1, Atharva Laxman More2 

1R&D Project Manager (Biochar & Soil Science), MASH MAKES, Denmark 
2R&D Project Associate (Biochar & Soil Science), MASH MAKES, Denmark 

 



 

Page | 8  
 

 

 

 
Volume-02, Issue-02 DECEMBER 2025 

2.2 Key Physicochemical Properties 

a) Specific Surface Area (SSA) and Porosity: Meticulously engineered nanomaterial composites are 

often characterized by a high SSA (as measured by BET surface area), although nanomaterial loading 

sometimes completely blocks the micropores. Mesoporous nanomaterials can be included to increase the 

total pore volume, which will increase water retention and microbial colonization. 

b) Surface Functionalization: An example is that iron oxides provide hydroxyl functional groups (ïOH) 

that are highly useful in binding metalloids, e.g. arsenic, by ligand-exchange reactions. 

c) Cation Exchange Capacity (CEC): CEC is usually increased by inherent negative surface charges of 

most biochars as well as by functional groups added by NMs, which allows cationic nutrients (NH4
+, K+, 

Ca2+) and heavy metals (Pb2+, Cd2+) to be retained. 

d) Redox Potential: Some nanomaterials, like zero-valent iron (nZVI) impart on the composite the strong 

reducing properties, which are essential in the detoxification of pollutants such as hexavalent chromium. 

Table 1. Comparative Physicochemical Properties of Pristine Biochar vs. Biochar-Nanomaterial 

Composite 

Property Pristine Biochar 

(Typical) 

Biochar-Nanomaterial 

Composite (Typical) 

Significance in Soil Application 

Specific Surface 

Area (BET) 

100 ï 500 m²/g 300 ï 800+ m²/g (varies by 

NM type) 

Provides sites for adsorption and 

microbial colonization. 

Surface 

Charge/Zeta 

Potential 

Generally 

Negative 

Variable (Tunable 

depending on NM) 

Determines electrostatic attraction 

to specific contaminants or 

nutrients. 

Surface 

Functionality  

Carboxyl, 

Phenolic, 

Hydroxyl 

Enhanced functionality 

(e.g., Fe-OH, Ti-O sites) 

Increases specific chemisorption 

capabilities. 

Reactivity Moderate 

Adsorbent 

High Adsorptive + 

Catalytic/Redox Activity 

Enables degradation of organic 

pollutants, not just sequestration. 

Stability in Soil High (Recalcitrant 

C) 

High (NM stabilized by 

carbon matrix) 

Ensures long-term effectiveness. 

Figure 1. Schematic representation of primary synthesis methodologies for biochar-

nanomaterial composites 
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3. Mechanisms of Soil Remediation 

The biochar-nanomaterial composites have a remediation capacity that is based on a multi-faceted process that 

takes into consideration physical, chemical and biological processes. These mechanisms can be carried out 

simultaneously with the help of the composite architecture. 

3.1. Heavy Metal Immobilization 

Since heavy metals are non-biodegradable, it is necessary that they be immobilised so that they are not absorbed 

by crops and washed into groundwater. Composites do this by: 

a) Electrostatic Attraction:  Cationic metals (Pb2+, Cd2+, Zn2+) are attracted to the negatively charged 

surfaces of biochar and some metal oxides. 

b) Ion Exchange: Heavy metal ions in the soil solution may be exchanged with protons or alkaline earth 

metals (Ca2+, Mg2+) that are attached to the composite surface. 

c) Surface Complexation/Chemisorption: Functional groups (e.g., -COOH, -OH) form strong covalent 

or coordinate bonds with heavy metals. Iron oxide-biochar composites are particularly effective at 

forming inner-sphere complexes with arsenic and lead. 

d) Redox-Mediated Precipitation: Precious metals nZVI or metal sulphides composites have the ability 

to reduce toxic, mobile metal species to less toxic, insoluble ones. An example is the reduction of highly 

mobile Cr (VI) to relatively harmless Cr (III), which later precipitates as chromium hydroxide onto the 

composite surface. 

3.2. Organic Pollutant Degradation and Sequestration 

In the case of organic contaminants like pesticides, herbicides and industrial solvents, the general aim is 

degradation and not just the sequestration. 

¶ Enhanced Adsorption: The hydrophobic nature of the biochar graphene sheets strongly attracts 

hydrophobic organic compounds through ˊ-ˊ electron donor-acceptor interactions (physisorption). The 

nanomaterials increase the accessible surface area for this process. 

¶ Catalytic Degradation (Advanced Oxidation Processes): This is a great advantage over pure biochar. 

Composites of photocatalysts (say TiO2 or ZnO), Fenton-like catalysts (e.g. iron oxides) can be used to 

produce highly reactive radical species (e.g. hydroxyl radicals, -OH) in bright light or natural soil 

Figure 2. Conceptual illustration of the dual-mode mechanisms of biochar-nanomaterial 

composites in the soil environment 



 

Page | 10  
 

 

 

 
Volume-02, Issue-02 DECEMBER 2025 

oxidants (e.g. H2O2). These radicals destroy and decompose complex organic pollutants to produce 

harmless end-products, CO2 and water. 

4. Mechanisms of Fertility Restoration 

4.1. Nutrient Retention and Slow Release 

Loss of vital nutrients, especially nitrogen (N) and phosphorus (P) by leaching, is a major economic cost to the 

farmers and a threat to the environment through the process of eutrophication. Biochar-nanomaterial composites 

are used as nutrient reservoirs. Their large cation-exchange capacity allows temporary capture of ammonium 

(NH4
+) and potassium (K+). More importantly, MgO-engineered or layered double hydroxides (LDH)-engineered 

composites on the biochar surface have a pronounced affinity to anionic nutrients, including nitrate (NO3
-) and 

phosphate (PO43-), which are usually repelled by negatively charged soil particles. 

The composites increase the efficiency of nutrient utilization (NUE) by crops and reduce the chances of fertilizer 

runoff by adsorbing these nutrients during fertilizer application and desorbing them over time through desorption 

hysteresis. 

4.2. Improvement of Soil Physical Properties 

The introduction of these porous composites will reduce the bulk density of the soil and increase the total porosity. 

The meso and macropores of the biochar structure have the ability to store water thus significantly enhancing the 

soil water holding capacity (SWHC). The feature is especially beneficial in sandy or dry areas, which increases 

crop resistance to droughts. Additionally, the strong carbon framework facilitates the erosion of soil, and as a 

result, increases the resistance to erosion. 

4.3. Enhancement of Soil Microbiology 

The microbial abundance and diversity are closely connected to soil health. The porosity of the biochar composite 

also provides an optimal micro-habitat for useful soil bacteria and mycorrhizal fungi, which protect against 

desiccation and predation. 

The composite surface is also able to adsorb inhibitory substances (toxins) of the soil solution, hence, 

decontaminating the environment from microorganisms. Some researchers have suggested that electrically 

conductive biochar materials have the potential to support direct interspecies electron transfer (DIET) between 

separate microbial taxa, which could enhance the rate of selected metabolic activity related to organic matter 

breakdown and nutrient cycling. 

Table 2. Examples of Biochar-Nanomaterial Composites and Targeted Applications 

Composite Type Nanomaterial 

Component 

Target 

Application/Contaminant  

Primary Mechanism 

Magnetic 

Biochar 

Fe O  (Magnetite) or 

ɔ-Fe O  (Maghemite) 

Arsenic (As), Lead (Pb), 

Cadmium (Cd) 

Surface complexation; easy 

magnetic separation. 

nZVI -Biochar Nano-Zero Valent 

Iron (Fe ) 

Trichloroethylene (TCE), 

Cr(VI), Nitrates 

Chemical reduction and 

precipitation. 

Photocatalytic 

Biochar 

TiO  (Titanium 

Dioxide) or ZnO 

(Zinc Oxide) 

Pesticides (e.g., Atrazine), 

Antibiotics residues 

Photocatalytic degradation 

under UV/solar light. 

Mg-modified 

Biochar 

MgO (Magnesium 

Oxide) nanoparticles 

Phosphate (PO į ) and 

Ammonium (NH ) recovery 

Precipitation (as struvite) and 

electrostatic attraction for 

slow-release fertilizer. 

5. Challenges, Risks, and Future Directions 

5.1. Ecotoxicology and Nanoparticle Release 

The main problem is connected with the potential emission of engineered nanoparticles to the soil environment. 

Whereas biochar tends to stabilise nanomaterials, longer weathering, such as freeze-thaw cycles, root exudates 

and microbial activity, may cause them to be detached. 

5.2. Scalability and Economic Viability 

Today, the manufacture of advanced nanomaterials is costly and energy-consuming. To ensure that agriculture is 

adopted, the cost of the amendment should not be too high to ensure that farmers have an attractive payback on 

their investments. 
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The future studies should therefore include the upscale synthesis protocols, consideration of green chemistry 

principles, and the investigation of cost-effective nanomaterial precursors like the use of industrial waste streams 

as the source of iron in magnetic biochar. 

5.3. Regulatory Frameworks 

The current situation is the lack of special regulatory frameworks that regulate the utilization of nano-enhanced 

agricultural amendments. The regulatory bodies have to be provided with clear guidelines that are based on sound 

risk assessment as a way of ensuring such materials are properly categorized and the application limits are set in 

the food production systems. 

6. Conclusion 

The composites of biochar-nanomaterials are a major technological innovation to sustainable agriculture and 

environmental remedial efforts. Through the exploitation of the porous and stable structure of biochar and the 

high reactivity of nanomaterials, these composites present an effective, dual-purpose solution to the complex 

issues of soil pollution and reduced soil fertility. They neutralise the toxic metal and organic pollutants, and at the 

same time increase the efficiency of use of nutrients, water retention and the vitality of microbes. 

 However, the way to the mass adoption requires a careful, evidence-based approach. The most important 

thing is to focus on long-term field experiments to confirm composite stability, optimise scalable production 

strategies to save money, and perform an in-depth life-cycle analysis (LCA). Provided that these issues can be 

overcome, biochar-nanomaterial composites can eventually be a part-and-parcel of technology in the quest of 

world soil security and sustainable food production. 
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1.  Introduction  

he escalating rate of climate change has been a challenge to agricultural systems in the world like never 

before. The increase in the frequency and intensity of extreme meteorological events, the occurrence of 

oscillatory weather patterns and gradual changes in the temperature and precipitation regimes are factors that 

foster an intensification of abiotic stresses. Such non-biological environmental factors, drought, salinity, heat, 

cold and heavy metals negatively impact the growth, development and yield of plants as they disrupt a range of 

physiological and biochemical processes. It has been observed in the reports of the Intergovernmental Panel on 

Climate Change (IPCC) that agricultural systems, especially those in developing countries, are growing more 

susceptible to these climate-related pressures. 

 The concept of Climate-Smart Agriculture (CSA) has been proposed as a value system to address these 

two-fold challenges. Identified to be established by the Food and Agriculture Organisation (FAO) of the United 

Nations, CSA aims to meet three main goals, which are to sustainably increase agricultural productivity and 

incomes, adapt and strengthen resilience to climate change, and reduce and/or eradicate greenhouse gas emissions 

(mitigation) where appropriate. This paper will focus on the adaptive and resilience-forming aspects of CSA, 

particularly the ability of CSA to counter the adverse impacts of abiotic stress on crop yields. 

2. Understanding Abiotic Stresses and Their Impact on Crops 

Abiotic stresses cause a sequence of physiological and molecular transformations in plants, which often lead to 

impaired growth, loss of photosynthetic effectiveness, oxidative injury, and, eventually, loss of yield. It is 

imperative to have a detailed knowledge of how these stresses interact with crops and thus devise effective 

measures to reduce their adverse effects. 

2.1. Drought Stress:  

The most common abiotic stress is arguably drought, which is characterized by the lack of water. It reduces turgor 

pressure, leading to stomatal closing, inhibition of CO2 uptake, and photosynthesis. Due to drought in the long-

term, cells may become dehydrated, proteins may be denatured, and eventually the plants may die. 

2.2. Salinity Stress 

Extremes of soluble salts in the soil or in the irrigation water cause osmotic stress which prevents the uptake of 

water by the plants. Moreover, certain homicide of ions (e.g., Na+, Cl, etc.) might interfere with enzymes and 

ionic balance. This mainly occurs in dry and semi-arid regions and those where irrigation is not managed well. 

2.3. Heat Stress 

Waves of temperatures beyond optimal levels cause instability of cell membranes, protein denaturation, 

enzymatic inhibition, and reduced photosynthetic ability. It is especially prone to reproductive phases like 

flowering and grain filling causing pollen sterility and reduced seed set. 

2.4. Cold Stress 

Freezing (<0°C) and chilling (0-15°C) may cause irreparable damage at low temperatures. Membrane 

rigidification, enzyme dysfunction and metabolic imbalances are the effects of chilling stress. Stress freezing 

causes ice crystals in the cells, which causes mechanical damage and dehydration 
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Table 1. Primary Impacts of Key Abiotic Stresses on Crop Physiology 

Abiotic 

Stress 

Primary Physiological Impacts 

Drought Reduced turgor, stomatal closure, decreased photosynthesis, oxidative stress, impaired nutrient 

uptake, premature senescence. 

Salinity Osmotic stress, ion toxicity (Na+, Cl-), reduced water uptake, nutrient imbalances, oxidative 

stress, reduced photosynthetic efficiency. 

Heat Protein denaturation, membrane damage, reduced enzyme activity, impaired photosynthesis, 

pollen sterility, reduced seed set, increased respiration. 

Cold Membrane rigidification, inhibited enzyme activity, impaired metabolism, reduced nutrient 

uptake, ice crystal formation (freezing), oxidative stress. 

3. Climate-Smart Agronomy Strategies for Abiotic Stress Mitigation 

CSA is a continuum of combined approaches envisaged to enhance the agricultural systems resilience to the 

abiotic stresses. These approaches are generic, cultural/management, and technological in nature. 

3.1. Genetic Enhancement and Crop Breeding:  

Developing crop varieties with enhanced tolerance to abiotic stresses is a cornerstone of CSA. This involves 

leveraging conventional breeding techniques and advanced biotechnological tools. 

a) Traditional Breeding:  Selecting characteristics associated with stress tolerance (e.g., deep root systems 

to provide drought tolerance, salt glands to provide salinity, early vigor to provide cold). 

b) Molecular Breeding: Utilizing marker-assisted selection (MAS) and genomic selection (GS) to 

accelerate the breeding process for stress-tolerant traits. 

c) Genetic Engineering: The transfer of genes of stress-tolerant organisms or the alteration of native genes 

to increase the ability of a plant to tolerate stress. 

d) CRISPR/Cas9 Technology: Precise gene editing of stress-response pathways. 

3.2. Sustainable Soil Management Practices:  

a) Conservation Tillage: Reduces soil disturbance, which increases the soil structure, improves water 

infiltration, minimizes evaporation, and can be used in drought-prone areas, especially. 

b) Cover Cropping: Planting non-cash crops in between cash crop cycles to prevent soil erosion, control 

weeds, enhance/increase soil organic matter and promote nutrient cycling. The cover crops also help in 

the retention of soil moisture. 

c) Organic Matter Augmentation:  Adding compost, farmyard manure, and other organic additions 

enhances the soil structure, water-absorption capacity, nutrient availability, and microbial activity, all 

enhancing stress resistance. 

d) Integrated Nutrient Management: Optimal application of nutrients according to the results of soil 

analyses and the needs of crops and thus preventing unbalanced conditions that may increase stress 

sensitivity; balanced nutrition leads to plant vigour and resistance. 

3.3. Precision Agriculture Technologies:  

Precision agriculture (PA) uses the technologies of information technology to control the input in the fields of 

interest with high accuracy and optimise resource use and stress resistance. 

a) Remote Sensing and GIS: Satellite, drone, and geographic information systems can provide real time 

information on the health of crops, water conditions, and nutrient deficiencies across large scale areas to 

allow targeted interventions like variable-rate irrigation or fertilisation. 

b) Variable Rate Technology (VRT): This technology enables the accurate application of inputs (water, 

fertiliser, pesticides) based on spatial or field variations, and allows the utilization of resources efficiently 

and to their areas of maximum benefit to reduce stress. 

c) Sensor-Based Irrigation:  Water sensors and physiological sensors are placed on plants to feed 

automated or semi-automated irrigation systems to ensure maximum water supply and prevent deficit 

and over-irrigation. 
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d) Weather Stations and Predictive Modelling: Predictive models with local weather information can 

provide early reports about the oncoming stressful situations and allow mitigation actions to be taken in 

advance. 

3.4. Water Management and Irrigation Techniques:  

Efficient water use is critical in the face of increasing drought frequency and water scarcity. 

a) Drip and Micro -Sprinkler Irrigation:  These localized practices apply water to the root zone, thus 

reducing evaporation and runoff and attaining a much greater water-use efficiency than traditional flood 

irrigation. 

b) Deficit Irrigation:  This type of irrigation applies less water than the maximum possible water needed 

to develop the crop, but enough water to prevent extreme stress; it may be a rational saving of the use of 

water on particular crops and crop growth one stage without subjecting the crop to a significant yield 

penalty. 

c) Rainwater Harvesting: Gathering and storing the rainwater that falls to irrigate fields during dry 

seasons can significantly increase the water supply in rain-based systems. 

d) Water-Smart Crop Selection and Cropping Systems: It is a prudent practice to either use varieties 

inherently water efficient or use crops that promote the efficient use of water during the growing period. 

3.5. Other Agronomic Practices: 

a) Adjusted Sowing Dates: It is possible to give the crop a timing of sowing that ensures that more 

sensitive growth stages do not overlap with stress periods, i.e. flowering should not occur during a spell 

of intense heat. 

b) Shelterbelts and Windbreaks: Plants placed around fields minimize the wind velocity and, as a result, 

lessen the evapotranspiration, and so shield the crops against withering. 

Figure 1. Interconnectedness of Climate-Smart Agronomy Strategies for Abiotic Stress Mitigation 
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c) Mulching:  Mulch, which is either organic or synthetic, on the top surface of soil helps to conserve 

moisture, control temperatures, suppress weeds and reduce erosion. 

d) Biostimulants and Biofertilizers: Nutrient uptake, stress tolerance, and growth are increased by the use 

of useful microorganisms or natural products. 

4. Integration and Implementation Challenges 

Although the benefits of climate-smart agriculture (CSA) are clear, it largely depends on the holistic approach 

that will address several challenges: 

a) Knowledge Gaps and Capacity Building: The farmers (especially in the developing countries) might 

not be knowledgeable enough, or technologically savvy, to embrace new methods; therefore, extensive 

training and extension services are invaluable. 

b) Initial Investment Costs: Some CSA technologies require a large initial capital investment that may be 

a barrier to smallholders. 

c) Policy and Institutional Support:  Government policies that are enabling, that provide incentives and 

access to finance, are required to promote large-scale adoption. 

d) Data Infrastructure:  To implement effective precision agriculture, it is necessary to have strong 

systems in collecting data, analyzing and sharing data; and in numerous places, such systems are not in 

place. 

e) Local Adaptation:  CSA strategies are to be designed to fit the particular local environment, such as 

climate, soil type, crop kinds and socio-economic environment, because a universal strategy is 

ineffective. 

5. Monitoring, Evaluation, and Early Warning Systems 

The effectiveness of CSA is based on constant monitoring and evaluation. 

a) Real-time Monitoring:  Weather stations, soil moisture sensors, and remote sensing are used to monitor 

the environmental conditions and crop performance in real time. 

b) Crop Modelling:  Crop growth models are models that simulate different stress conditions, so it is 

possible to assess the relative efficiency of particular CSA interventions. 

c) Early Warning Systems: Early warning systems, which inform farmers about upcoming abiotic 

stresses, based on climate predictions and local data, are beneficial to preventative action. 

d) Participatory Approaches: through involvement of the farmers in the monitoring and evaluation, the 

strategies can always be relevant and be adapted to suit the needs and local knowledge of the farmers. 

 
Figure 2. Climate-smart early warning system for abiotic stress 
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Table 2. Key Indicators for Monitoring CSA Effectiveness in Abiotic Stress Mitigation 

Category Indicator Measurement Method Relevance to Stress Mitigation 

Yield & 

Production 

Crop Yield (e.g., kg/ha) Field harvest, farmer records Direct measure of productivity under 

stress 

 Yield Stability Index Statistical analysis of yield 

variations 

Resilience of production across 

different stress levels 

Water Use Water Use Efficiency 

(WUE) 

Yield/Water Applied (or ET) Efficiency of water utilization 

 Soil Moisture Content Soil moisture sensors, 

gravimetric method 

Availability of water to plants 

Soil Health Soil Organic Carbon 

(SOC) 

Lab analysis Indicator of long-term soil health & 

water retention 

 Infiltration Rate Infiltrometer Ability of soil to absorb water 

Crop 

Physiology 

Canopy Temperature Infrared thermometry, remote 

sensing 

Indicator of plant water status & heat 

stress 

 Chlorophyll Content SPAD meter, remote sensing Photosynthetic health 

Farmer 

Adoption 

Adoption Rate of CSA 

Practices 

Surveys, field observations Uptake of resilient practices 

 Farmer Income Economic analysis, farmer 

records 

Economic viability and resilience of 

farming systems 

6. Conclusion 

The concept of climate-smart agronomy offers a solid, flexible blueprint for the reduction of the growing risk of 

abiotic stresses to the world's food security. Through a combination of genetic enhancement, sustainable soil and 

water management, precision technologies and context-specific agronomic practices, farmers are capable of 

creating more resilient cropping systems. CSA success is anchored on constant innovation, robust knowledge 

transfer, solid policy support and participatory mechanisms that empower the stakeholders. The popularization of 

CSA is not only optional in the wake of agricultural landscape transformations brought by climate change, but its 

implementation is a matter of life and death in the context of climate change and sustainable food production. 
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