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Abstract. Agricultural intensification has grown rapidly in response to rising 

population and food demand, particularly in developing countries where farming 

remains the backbone of rural livelihoods. Despite the modernization of 

machinery and communication technologies, the use of pesticides in many 

farming regions continues to rely on outdated practices. As a result, large 

quantities of chemically diverse pesticides accumulate in soils, influencing soil 

structure, biological activity, fertility, and long-term stability. This review 

examines how the molecular structures of commonly used pesticides, including 

organophosphates, organochlorines, carbamates, pyrethroids, neonicotinoids, and 

triazines, interact with different soil types, thereby accelerating soil degradation 

and erosion. The paper highlights how weak farmer awareness, limited access to 

organic alternatives, and insufficient policy support worsen the problem. In 

addition, the review identifies soil–crop–pesticide interactions and explains 

mechanistically how specific functional groups, halogens, aromatic rings, and 

persistent structures in pesticides alter soil chemistry and physical properties. The 

paper concludes with recommendations for sustainable pesticide use, improved 

farmer training, and a shift toward organic and soil-friendly practices. 
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1. Introduction 

Agriculture remains a fundamental pillar of human survival, providing food, raw 

materials, and economic support to millions of households. With the continuous rise 

in population, global food requirements have increased tremendously. To meet this 

rising demand, agricultural land is exploited more intensely, often at the cost of 

environmental sustainability [1]. In many regions, especially rural agricultural 

communities, technological growth has not proportionately reached the farmer. 

Modern digital tools, data-driven farming, advanced soil analysis, and precision 

pesticide application technologies are available globally, but only a fraction of 

farmers have access to these innovations. Consequently, the use of pesticides remains 

outdated, excessive, or poorly regulated, leading to major environmental concerns. 

One critical but often overlooked impact of pesticide overuse is its contribution to soil 

erosion, particularly through pathways connected to the chemical and structural 

nature of pesticides themselves [2]. 
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Building on this concern, excessive and indiscriminate pesticide application alters the 

physical and chemical properties of soil, weakening its natural structure. Many 

synthetic pesticides reduce soil organic matter and disrupt the binding agents 

produced by microorganisms that hold soil particles together. As soil aggregates 

break down, the surface becomes more vulnerable to wind and water erosion [3]. 

Repeated chemical exposure can also reduce soil porosity and infiltration capacity, 

increasing surface runoff during rainfall events. This runoff not only removes 

nutrient-rich topsoil but also transports pesticide residues into nearby water bodies, 

compounding environmental degradation beyond the field itself. 

Furthermore, pesticide overuse negatively affects soil biota that play a crucial role in 

maintaining soil stability. Beneficial organisms such as earthworms, fungi, and 

bacteria contribute to soil aggregation, aeration, and moisture retention. When these 

organisms are suppressed or eliminated by toxic chemical inputs, the soil loses its 

resilience and regenerative capacity [4]. Over time, this biological imbalance 

accelerates land degradation, reduces long-term agricultural productivity, and forces 

farmers into a cycle of higher chemical dependency. Addressing these challenges 

requires bridging the technological gap between innovation and adoption at the 

grassroots level, ensuring that farmers are equipped with sustainable pest 

management practices that protect both crop yields and soil integrity [5]. 

2. Background: Agricultural Demand and Pesticide Dependency 

2.1 Rising Population and Pressure on Farmland 

With expanding populations, food production must grow proportionally, placing 

significant pressure on agricultural lands. This increasing demand often leads to over-

cultivation of the same fields, repeated cropping cycles, and greater vulnerability to 

pest infestations. As a result, the need for fertilizers and pesticides rises considerably. 

Although modern agricultural technologies—such as drip irrigation, precision 

farming, drone-based spraying, AI-driven crop monitoring, and GPS-enabled soil 

analysis are now widely available, many farmers still rely on traditional pesticide 

application methods and outdated spraying practices due to limited access to training 

and technical awareness [6]. This gap between available technology and actual field 

implementation continues to hinder sustainable and efficient agricultural 

productivity. 

2.2 Technology Gap Between Research and Farmers 

While scientific progress in agriculture is advancing rapidly, many farmers continue 

to struggle due to limited access to organic manure, the high cost of biofertilizers, and 

a general lack of knowledge about safe pesticide usage. Most have little to no 

exposure to soil health management practices or training on the molecular 

mechanisms of pesticides, leaving them dependent on pesticide dealers for guidance 

[7]. This persistent technology and knowledge gap contributes to widespread 

chemical misuse, ultimately accelerating soil degradation and decline in long-term 

soil quality. 
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3. Pesticide Use and Soil Degradation: Connecting the Dots 

Pesticides are formulated to protect crops from insects, weeds, and fungi, but many 

of their chemical features—such as halogenated aromatic rings, phosphorus ester 

groups, nitrile functionalities, carbamate linkages, and chlorine substitutions—enable 

them to persist in soils for extended periods. This long-term persistence can disrupt 

soil microbial communities, reduce soil organic matter content, alter soil pH, weaken 

the structure of soil aggregates, diminish soil cohesion, and ultimately increase the 

soil’s susceptibility to wind and water erosion [8]. Because different soil types vary 

in their ability to retain, degrade, or immobilize pesticide residues, understanding the 

characteristics of each soil type becomes essential when assessing pesticide-induced 

soil erosion. 

4. Soil Types and Their Erosion Vulnerability 

Understanding the role of pesticides in soil erosion requires a clear picture of the 

physical, chemical, and biological characteristics of soils. India and many agricultural 

regions across the world contain diverse soil types, each with different organic matter 

content, permeability, water-holding capacity, and mineral composition [9]. These 

properties determine how soil interacts with pesticides and how susceptible it 

becomes to erosion. 

5. Major Soil Types and Their Characteristics 

Major soil types exhibit distinct characteristics, agricultural suitability, erosion 

vulnerability, and interactions with pesticides. Red soils, rich in iron, are moderately 

acidic with low nitrogen and organic content, making them suitable for crops like 

groundnut, millets, pulses, cotton, and vegetables. Their loose, sandy texture and 

weak aggregate stability make them highly prone to erosion, and aromatic pesticides 

bind weakly, promoting surface destabilization. Black cotton soil (regur soil), high 

in clay and montmorillonite, swells when wet and cracks when dry, supporting cotton, 

jowar, soybean, sunflower, and sugarcane. However, pesticide accumulation in cracks 

can inhibit microbial binding, form crusts, and increase runoff, with lipophilic 

pesticides reducing microbial activity. Alluvial soils, formed by river deposits with 

sand, silt, and clay, are fertile and neutral to slightly alkaline, suitable for rice, wheat, 

sugarcane, maize, pulses, and oilseeds. They are vulnerable to flood and riverbank 

erosion, and well-drained soils allow highly soluble pesticides to leach, while 

persistent molecules accumulate in fine sediments, destabilizing soil structure. Sandy 

soils have large particles, low organic matter, and poor water retention, suitable for 

carrots, potatoes, watermelons, coconut, and cashew. They are extremely erosion-

prone due to wind and runoff, and pesticides move freely, further weakening the 

surface [10-12]. Silt soils, with particle sizes between sand and clay, are smooth when 

wet and moderately fertile, supporting lettuce, onions, paddy, and vegetables. They 

are highly susceptible to water and sheet erosion, with pesticide accumulation 

reducing permeability and increasing runoff. Loamy soils, a balanced mixture of 

sand, silt, and clay, with high organic matter and good aeration, support almost all 

crops, including paddy, wheat, cotton, vegetables, and groundnut. They have 

moderate erosion risk, but pesticide use can destroy microbial aggregates and reduce 

topsoil stability. Laterite soils, rich in iron and aluminum oxides but highly leached 

with low organic matter, are suitable for tea, coffee, cashew, and rubber. They erode 
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rapidly during heavy rainfall, and nitrogen–phosphate-based pesticides reduce 

porosity, form crusts, and block root aeration, diminishing soil stability. The soil 

erosion risk of various soils comparative analysis is mentioned in Table 1. Overall, 

soil type determines crop suitability and erosion vulnerability, while pesticide 

interactions can exacerbate soil degradation [12-14].  

Table 1. Comparative Analysis of Soil Erosion Risk [10-14] 

Soil Type Erosion 

Vulnerability 

Reason 

Sandy Very High Weak cohesion, no organic matter 

Silt High Easily detached by water 

Red High Low humus, weak aggregates 

Laterite High Hardening + rainfall erosion 

Alluvial Moderate–High Flood/runoff prone 

Black Soil Moderate Cracking + pesticide accumulation 

Loamy Moderate–Low Most balanced soil 

6. Soil–Crop–Pesticide Relationship Overview 

Different crops grown on specific soil types tend to attract particular pests, which 

directly influences pesticide selection. For example, rice cultivated in alluvial or 

loamy soils is commonly treated with organophosphates like chlorpyrifos, groundnut 

in red soils is managed with pyrethroids such as cypermethrin, and cotton in black 

soils often requires heavy applications of neonicotinoids (imidacloprid) and 

organophosphates. Pesticides themselves vary widely in molecular structure and 

persistence, with functional groups, aromatic rings, halogens, and substituents 

determining their soil behavior [15]. These structural features influence how long a 

pesticide remains in soil, the strength of its binding to soil particles, its impact on 

microbial activity, and its potential to weaken soil aggregates, thereby promoting 

erosion. Understanding these molecular characteristics is crucial, and twelve widely 

used pesticides have been analyzed with detailed structural explanations to illustrate 

their role in soil dynamics and erosion processes [16]. 

7. Major Pesticides with Structures and Soil Impact 

7.1 Chlorpyrifos (Organophosphate) 

Chlorpyrifos (Organophosphate), with the molecular formula C₉H₁₁Cl₃NO₃PS, is 

widely used on crops such as rice, cotton, and vegetables. Its structure features a 

phosphorus-oxygen (P=O) group, three chlorine atoms, and an aromatic ring. The 

P=O group imparts high reactivity, the chlorine atoms confer persistence, and the 

aromatic ring makes it hydrophobic, allowing strong binding to organic matter [17]. 

In soil, chlorpyrifos reduces populations of nitrogen-fixing bacteria, accumulates in 

cracks of black soils, binds tightly to soil particles, reduces porosity, and promotes 

surface crust formation, all of which increase susceptibility to erosion. 
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7.2 Cypermethrin (Pyrethroid) 

The pesticide with formula C₂₂H₁₉Cl₂NO₃, commonly used on groundnut, chili, and 

cotton, features a complex aromatic backbone with two chlorine atoms and a cyano 

(–CN) group. The chlorine atoms and cyano group confer high persistence, while the 

hydrophobic aromatic structure promotes strong adsorption to soil particles [18]. In 

soil, this pesticide suppresses decomposer microbes, disrupts organic matter turnover, 

weakens soil aggregates, and thereby increases vulnerability to erosion. 

7.3 Malathion (Organophosphate) 

Malathion (Organophosphate), with the molecular formula C₁₀H₁₉O₆PS₂, features two 

thio (–SH) groups and methoxy substituents attached to a phosphorus atom. While it 

hydrolyzes relatively easily, it remains toxic to soil microbes [19]. In the soil, 

malathion interferes with microbial sulfur metabolism, slows humus formation, and 

increases soil looseness, collectively elevating the risk of erosion. 

7.4 Glyphosate (Organophosphonate Herbicide) 

The pesticide with formula C₃H₈NO₅P, used for weed control across 

various crops, has a structure featuring highly polar and acidic 

functional groups (HOOC—CH₂—NH—CH₂—PO₃H₂) capable of 

chelating soil minerals such as Ca²⁺ and Mg²⁺ [20]. Its strong polarity 

and chelating ability reduce local soil pH and destabilize soil structure, 

causing the topsoil to become loose and powdery, thereby increasing 

susceptibility to wind erosion. 

7.5 Atrazine (Triazine Herbicide) 

The pesticide with formula C₈H₁₄ClN₅ contains a triazine ring, chlorine atom, and 

branched amine groups, giving it high stability, persistence, and a long half-life. In 

soil, it can persist for over six months, reduce microbial nitrogen mineralization, 

weaken the binding between soil particles, and promote sheet erosion during rainfall 

events [21]. 

7.6 Imidacloprid (Neonicotinoid) 

The pesticide with formula C₉H₁₀ClN₅O₂, used on cotton, vegetables, and paddy, 

features a nitroimine (–N–NO₂) group, a chlorine atom, and a structure that confers 

high water solubility. In soil, it leaches easily, particularly in sandy soils, disrupts 

earthworm activity, and impairs natural biological mixing, leading to accelerated soil 

erosion [22]. 

7.7 Endosulfan (Organochlorine) 

The pesticide with formula C₉H₆Cl₆O₃S contains six chlorine atoms and a 

hydrophobic aromatic-sulfur backbone, making it extremely persistent in soil. It 

strongly suppresses microbial communities, remains in the soil for several years, and 

leads to soil compaction. This compaction reduces root penetration and increases 

susceptibility to erosion. 
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7.8 Carbaryl (Carbamate) 

The pesticide with formula C₁₂H₁₁NO₂ features a carbamate linkage and a moderately 

persistent aromatic structure. In soil, it inhibits enzymatic activity, reduces 

humification, and loosens soil structure, thereby increasing the risk of erosion. 

7.9 Paraquat (Bipyridilium Herbicide) 

The pesticide with formula C₁₂H₁₄N₂²⁺ consists of a bipyridinium cation ([C₅H₄N]—

[C₅H₄N]²⁺) that is highly reactive and breaks down organic matter in soil. Its activity 

reduces root biomass, exposes the topsoil, and increases surface runoff during rainfall, 

thereby accelerating erosion. 

7.10 Phorate (Organophosphate) 

The pesticide with formula C₇H₁₇O₂PS₃ contains three sulfur atoms and a phosphorus-

oxygen backbone, making it highly toxic to soil microbes. It disrupts decomposition 

processes, reduces humus content, and weakens the binding between soil particles, 

leading to particle detachment and increased susceptibility to erosion. 

7.11 2,4-D (Phenoxy Herbicide) 

The pesticide with formula C₈H₆Cl₂O₃ contains a phenoxy ring and two chlorine 

atoms, giving it moderate persistence and reactivity in soil. It alters soil acidity, 

promotes loss of essential minerals, and weakens the strength of soil aggregates, 

thereby increasing vulnerability to erosion. 

7.12 Deltamthrin (Pyrethroid) 

The pesticide with formula C₂₂H₁₉Br₂NO₃ contains two bromine atoms and a highly 

hydrophobic aromatic backbone. In soil, it reduces populations of polysaccharide-

producing bacteria, causing the soil to dry and crumble, which leads to micro-erosion 

and increases susceptibility to wind erosion, especially in arid regions [23]. 

8. How Pesticide Molecular Structures Accelerate Soil Erosion 

Across all pesticides, three structural features are primarily responsible for their 

impact on soil erosion. Halogens (Cl, Br) slow degradation, persist in soil, and reduce 

microbial aggregation, making the soil loose and erosion-prone. Aromatic rings bind 

strongly to organic matter and block pore spaces, decreasing water infiltration and 

increasing surface runoff. Nitrile, nitro, and phosphate groups are toxic to bacteria 

and fungi, reduce humus content, and weaken soil particle binding, collectively 

accelerating erosion [24]. 

Awareness, Organic Alternatives, Soil–Crop–Pesticide Mapping, Preventive 

Measures & Conclusion 
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9. Awareness Creation Among Farmers: Bridging the Knowledge 

Gap

Despite advances in agricultural technology, a significant gap persists between 

scientific recommendations and actual farmer practices. Many farmers continue to 

use outdated pesticides, apply excessive chemical dosages, neglect soil testing, 

misjudge soil suitability, and use pesticides unnecessarily. This low awareness stems 

from limited access to agricultural extension services, reliance on pesticide dealers 

for advice, low literacy regarding molecular toxicity, poor understanding of soil 

health indicators, and restricted access to mobile advisory apps or soil testing labs. 

Addressing this requires a multi-layered approach: at the community level, organizing 

seasonal “Soil Health Awareness Camps,” demonstrating live comparisons of 

chemical versus organic plots, and displaying charts of pesticide residues; at the 

government and institutional level, providing free soil testing at district labs, 

supplying QR-coded fertilizer bags with usage instructions, and promoting Krishi-

TV, mobile apps, and WhatsApp advisory groups; and through educational strategies, 

publishing short guides on crop–soil–pesticide suitability, encouraging participation 

in Kisan Melas, and training rural youth as “Farm Ambassadors” to disseminate 

knowledge effectively [25]. 

10. Organic Alternatives to Reduce Soil Erosion 

Organic farming is gaining popularity but remains limited in rural areas due to cost 

and availability; however, affordable organic alternatives can significantly reduce soil 

erosion. Organic manures such as farmyard manure, vermicompost, green leaf 

manure, and poultry manure improve humus content, enhance aggregate strength, and 

boost microbial binding agents like polysaccharides. Bio-pesticides, including neem 

oil (azadirachtin-based), Trichoderma spp., Bacillus thuringiensis (Bt), Beauveria 

bassiana, and Pseudomonas fluorescens, are non-toxic to soil microbes, degrade 

rapidly, prevent chemical residue accumulation, and support microbial glue, 

strengthening soil structure. Biofertilizers such as Azospirillum, Rhizobium, and 

VAM fungi improve nutrient cycling, enhance root penetration, and further reduce 

the risk of erosion, collectively promoting healthier and more stable soils [26]. 

Table.2 gives the information of organic alternatives for major pests for different 

crops and soils. 

Table 2. Soil–Crop–Pesticide–Organic Alternative Mapping [23-28] 

Soil 

Type 

Suitable 

Crops 

Common 

Pesticides 

Major Pests Organic 

Alternatives 

Red Soil Groundnut, 

Millets, 

Pulses 

Cypermethrin, 

Chlorpyrifos 

Bollworms, 

Root Grubs 

Neem oil, Bt 

sprays 

Black 

Soil 

Cotton, 

Soybean, 

Sunflower 

Imidacloprid, 

Phorate 

Whitefly, 

Aphids 

Trichoderma, 

NSKE 

Alluvial 

Soil 

Rice, Wheat, 

Maize 

Carbaryl, 

Chlorpyrifos 

Stem borer, 

Root weevil 

Pseudomonas 

fluorescens 

Sandy 

Soil 

Carrot, 

Potato, 

Cashew 

Deltamethrin, 

Cypermethrin 

Mites, 

Thrips 

Beauveria 

bassiana 
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Silt Soil Vegetables, 

Onions 

2,4-D, 

Glyphosate 

Broad-leaf 

weeds 

Manual 

weeding, 

Mulching 

Loamy 

Soil 

All crops Atrazine, 

Malathion 

Weeds, 

Aphids 

Green 

manuring 

Laterite 

Soil 

Tea, Coffee, 

Rubber 

Endosulfan 

(legacy) 

Leaf-miner, 

Lace bug 

Neem cake, 

Biofungicides 

11. Preventive Agronomic Strategies Against Soil Erosion 

Several sustainable agricultural practices help reduce soil erosion and minimize 

pesticide impact. Crop rotation alternates crops, lowering the need for continuous 

pesticide use. Contour farming slows runoff and protects topsoil, while mulching with 

organic materials suppresses weeds and shields soil from wind and water erosion. 

Cover crops such as horse gram, cowpea, or green manure crops maintain soil 

structure, and precision pesticide application using GPS-enabled sprayers, drone 

spraying, and reduced dosages directly decreases soil contamination and preserves 

soil health[27]. 

12. Policy Recommendations 

Mitigating pesticide-induced soil erosion requires coordinated efforts at multiple 

levels. At the government level, banning persistent organochlorines and highly toxic 

organophosphates, providing subsidies for organic inputs, and mandating soil testing 

every two years are essential measures. At the educational level, incorporating 

modules on “Pesticide Molecular Chemistry and Soil Health” in agricultural curricula 

and establishing village-level Soil Health Clubs can raise awareness. At the market 

level, encouraging companies to produce affordable bio-pesticides and promoting 

eco-labels for pesticide-free produce help drive adoption of safer practices and 

support sustainable soil management [28]. 

13. Conclusion 

This review examined the critical link between pesticide molecular structures and soil 

erosion, presenting detailed insights into how halogens, aromatic rings, nitrile groups, 

and phosphate esters interact with soil particles, disrupt microbial communities, and 

weaken structural integrity. Different soil types—from red soils to lateritic soils—

respond differently to pesticide loading, but the overall effect remains the same: 

chemical pesticides accelerate erosion by degrading organic matter, inhibiting 

microbial aggregation, and altering soil chemistry. The study further elaborated 12 

major pesticides, explaining their structures and soil persistence, giving a clear 

scientific foundation for understanding their environmental consequences. 

Moving forward, awareness creation, organic farming alternatives, soil-friendly 

agronomic practices, and strong policy actions are essential to safeguard soil fertility 

and ensure sustainable agriculture. Only by reducing pesticide dependence and 
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adopting soil-protective practices can we maintain long-term productivity and meet 

future food demands. 
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