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Conservation tillage has emerged as a sustainable alternative to conventional ploughing systems, aiming to enhance soil health, improve water-use efficiency, and reduce environmental degradation. Long-term adoption of conservation tillage practices such as zero tillage, minimum tillage, and residue retention has shown significant impacts on soil structure, moisture dynamics, and erosion control. This review synthesizes current knowledge on how long-term conservation tillage influences soil physical properties, hydrological processes, and erosion mechanisms. Results from global and regional studies indicate improved soil aggregation, reduced bulk density, enhanced infiltration, higher soil moisture storage, and substantial reduction in soil loss. The review highlights the potential of conservation tillage as a climate-smart practice and identifies research gaps for future studies.
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Introduction 
Conventional tillage methods, involving repeated ploughing and intensive soil manipulation, have been traditionally practiced across agricultural systems for facilitating seedbed preparation, incorporating residues, and managing weeds (Angon, et al., 2023). While these methods provide short-term agronomic benefits, their long-term implications have raised global concerns. Long-term continuous soil disturbance disrupts natural soil structure, accelerates decomposition of organic matter, and increases the susceptibility of soils to erosion, potentially compromising soil fertility and environmental sustainability in the process (Boincean, and Dent, 2019). Intensive tillage can also enhance mineralization of SOC, leading to increased greenhouse gas emissions and undermining long-term soil productivity (Srivastava, 2025).
In contrast, conservation tillage systems are designed to limit soil disturbance while maintaining a protective amount of crop residue on the soil surface: zero tillage, minimum tillage, strip tillage, and mulch-based practices. These systems are central to conservation agriculture, which aims at three principles: no or minimum mechanical soil disturbance, permanent soil cover, and crop rotation including legumes ((Srivastava, 2025). After long-term adoption, the practices have been found to be quite beneficial due to considerable improvements in soil aggregation, biological activity, reduced erosion, and water retention. These improvements play an important role in increasing the resilience of agricultural systems against climatic variability (Hussain, et al., 2021).
Long-term conservation tillage has gained significant global attention as the foundation of sustainable intensification, especially in those regions characterized by soil degradation, low water availability, and yield decline (Kan, et al., 2020). Conservation tillage contributes to wider climate-smart agriculture approaches through improved soil organic carbon dynamics, beneficial microbial communities, and reduced erosion. It thus presents a means of maintaining soil health, conserving natural resources, and sustaining crop yields amidst a climate that is becoming increasingly variable (Steponavičienė, et al., 2024).
This review assimilates existing literature to assess the impacts of long-term conservation tillage on soil structure, moisture dynamics, and erosion control within a wide range of agroecosystems. It collates evidence from global and regional studies, indicating how conservation tillage modifies main soil physical properties like bulk density, porosity, infiltration rate, and aggregate stability. The review also addresses hydrological consequences in terms of water retention, evapotranspiration patterns, and overall soil-water balance resulting from prolonged conservation tillage (Wang, et al., 2025).
Despite these clear benefits, adoption is still very uneven because of the constraints created by machinery requirements, weed pressures, residue management challenges, and variable crop responses. The review also identifies gaps in research and practical limitations, highlighting that location-specific assessment, long-term monitoring, and integrated approaches should be taken that combine conservation tillage with crop diversification, precision agriculture, and organic matter management (Sims, et al., 2018).
Soil erosion is greatly affected by soil structure, and the importance of this factor increases as the proportion of silt and fine sand fractions in the soil increases. The more silt and sand found in the soil, the more susceptible it is to erosion, meaning that the study area has a potential erosion risk. Earlier work reported an increase in erosion rates with the rise in fractions of sand and silt (Ding, and Huang 2017). Based on physical and chemical analyses, soils in this area are strongly alkaline, with very high calcium levels, though the nitrogen (N) content is notably inadequate. Additionally, low organic matter means low stability of soil aggregates, hence limiting its potential for water and nutrient retention (Kekane, et al., 2015).
Climatic conditions, continuous disturbance of the soil, burning of stubble, and scarce organic amendments have together caused a decline in the fertility of the soil and erosion at an increased rate. The higher concentration of calcium, magnesium, phosphorus, and potassium was also reported in the soil (Meryem and Funda 2015).
Tillage remains a fundamental activity of agricultural land management. It includes soil disturbance, turning of the soil, and reshaping to favorably change the physical condition of the soil for plant growth. The operations serve to break up, loosen, crush, or sometimes compact the soil aggregates (Liang, et al., 2025). Properly done and timely tillage contributes to increased productivity due to improved structure and consequently easier carrying out of agronomic operations. In addition, conservation-effective tillage can enhance erosion control to better retain soil moisture (de Sousa, and Grichar, (2024).
In this study, emphasis is focused on conventional tillage, reduced tillage under dryland farming conditions, mulching practices, and their combined effects regarding soil moisture conservation. (Meryem and Funda, 2015)
Flow chart 1: Impacts of long-term conservation tillage on soil structure, moisture dynamics, and erosion control 
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Overall, appreciating the long-term effects of conservation tillage is critical for creating resilient, productive, and sustainable agricultural systems that can help meet global food security requirements without further compromising these key resources.
Table 1. Comparison Between Conventional and Conservation Tillage
	Parameter
	Conventional Tillage
	Long-Term Conservation Tillage

	Soil disturbance
	High (ploughing, harrowing)
	Very low (no-till/minimum till)

	Residue cover
	<10%
	≥30–90%

	Aggregate stability
	Low
	High (20–50% increase)

	Bulk density
	Initially low but increases with time
	Initially high but stabilizes

	Infiltration rate
	Low
	High (up to 40% increase)

	Soil organic carbon
	Decreases
	Increases (0.2–0.5 t ha⁻¹ yr⁻¹)

	Water erosion
	High
	Low (70–90% reduction)

	Weed pressure
	Low initially
	Higher (needs IWM)

	Fuel/labour use
	High
	Low



2. Concept and Principles of Conservation Tillage and their impact 
Conservation tillage, in general, is a soil management strategy that leaves at least 30% of the crop residue on the surface after planting to reduce erosion, conserve moisture, and improve soil health over time. It stresses minimum soil disturbance and maintenance of ecological functions within the soil. The following principles form the foundation of conservation tillage systems (Reicosky, 2015).
Minimum soil disturbance implies mechanical operations like ploughing, harrowing, or repeated tillage are drastically reduced so that the structure remains intact with no breakdown of the aggregates (Busari, et al., 2015).
Table 2: Impact of Conservation Tillage on Soil Properties

	Soil Property
	Conventional Tillage
	Conservation Tillage
	Effect of Conservation Tillage

	Soil Organic Matter (%)
	1.2
	2.1
	Increased due to residue retention

	Soil Erosion (tons/ha/year)
	15
	5
	Decreased erosion in conservation tillage

	Soil pH
	6.3
	6.6
	Slight increase in pH

	Bulk Density (g/cm³)
	1.5
	1.3
	Reduced bulk density, improving porosity

	Soil Moisture Content (%)
	20
	30
	Higher moisture retention in conservation tillage

	Microbial Activity (cfu/g)
	2 x 10⁶
	5 x 10⁶
	Enhanced microbial activity


(Source, Laxman et al., 2024)

Table 3: Impact of Conservation Tillage on Crop Yield

	Crop Type
	Conventional Tillage Yield (kg/ha)
	Conservation Tillage Yield (kg/ha)
	Effect of Conservation Tillage

	Corn
	4500
	5100
	13% increase in yield

	Wheat
	3500
	3800
	8.5% increase in yield

	Soybean
	2200
	2500
	13.6% increase in yield

	Rice
	6000
	6300
	5% increase in yield

	Barley
	2800
	3000
	7.1% increase in yield


(Source, Laxman et al., 2024)
Conservation tillage marks a major shift from traditional plowing to practices that reduce soil disturbance, maintain crop residues, and promote long-term soil health. With rising challenges from climate change and the need for greater food production, it has become an essential approach for preventing soil degradation and improving resource efficiency (Liang, et al., 2025). Conventional tillage, on the other hand, often accelerates erosion, reduces organic matter, and damages soil structure, ultimately lowering water retention and restricting root growth.
Permanent soil cover with crop residues ensures that the soil surface is protected at all times by plant materials, which reduce raindrop impact, lower evaporation losses, and add to soil organic matter accumulation while decomposing (Boincean, and Dent,, 2019).
Diverse crop rotations or intercropping systems maintain soil fertility, break pest and disease cycles, and improve overall soil biological activity through different rooting patterns and ways of nutrient uptake.
Impact on Soil Properties
Conservation tillage significantly transforms the physical, chemical, and biological attributes of the soil, ultimately contributing to improved soil health, enhanced productivity, and greater resilience of cropping systems against climate variability and environmental stresses. By minimizing soil disruption and retaining plant residues on the surface, conservation tillage promotes natural soil-building processes (Liang, et al., 2025).
Soil Physical Properties
Soil Structure
Conservation tillage improves soil structure by reducing mechanical disturbance and allowing organic residues to remain on the soil surface, where they gradually decompose and contribute to the formation of stable soil aggregates. The enhanced aggregation improves soil porosity and permeability, which in turn facilitates better root penetration, increases aeration, supports balanced water movement, and reduces the susceptibility of soil to erosion caused by wind and water (Farahani, et al., 2022).
Bulk Density
In the initial years of adopting conservation tillage, a slight increase in bulk density is often observed because the soil is not loosened mechanically; however, this effect diminishes over time as organic residues accumulate and stimulate microbial and earthworm activity that naturally loosens the soil. As biological processes increase, the soil develops more macropores at deeper layers, reducing compaction and improving root zone conditions (Zi-zheng, et al., 2023).
Water Retention
One of the major advantages of conservation tillage is enhanced water retention, as surface residues minimize water loss through evaporation and encourage greater water infiltration. These residues reduce runoff by absorbing the impact of raindrops, protecting the soil surface, and allowing moisture to seep into the profile. Improved soil structure and preserved macropores further contribute to moisture conservation, making the practice particularly suitable for semi-arid and drought-prone regions (Kool, et al., 2019). 
Other Benefits
Residue cover moderates soil temperature by acting as an insulating layer, which reduces temperature fluctuations and creates a more favorable environment for root growth and microbial processes. This moderation also helps crops withstand extreme heat or cold, ultimately supporting consistent growth and development. The overall improvement in soil physical properties under conservation tillage enhances long-term soil fertility, productivity, and sustainability (Liang, et al., 2025).
Soil Chemical Properties
Soil Organic Carbon (SOC)
Conservation tillage promotes the accumulation of soil organic carbon by retaining plant residues and reducing oxidation losses associated with soil disturbance. The increased SOC improves soil structure, enhances water-holding capacity, boosts cation exchange capacity (CEC), and facilitates efficient nutrient cycling. Over time, enhanced SOC significantly contributes to carbon sequestration, making conservation tillage an important climate-friendly agricultural practice (Liang, et al., 2025).
Nutrient Availability
The gradual decomposition of residues enriches the soil with essential nutrients that are released slowly and steadily, ensuring a more balanced nutrient supply throughout the crop cycle. Minimal soil mixing under conservation tillage may cause nutrient stratification, particularly in the topsoil layer, making it necessary to adopt site-specific nutrient placement strategies and diversified crop rotations. Increased organic matter also boosts the availability of micronutrients such as zinc, iron, and boron by improving chelation and microbial transformations (Shah, and Wu 2019).
Soil Biological Properties
Microbial Activity
Conservation tillage enhances the abundance and diversity of soil microorganisms by preserving organic residues, maintaining stable microhabitats, and minimizing physical disturbances. Beneficial microbes such as nitrogen-fixing bacteria, decomposers, and mycorrhizae become more active, contributing to improved nutrient cycling, greater soil aggregation, and enhanced soil fertility (Madejón, et al., 2009).
Earthworms
Earthworm populations increase significantly under conservation tillage because undisturbed soil and ample organic residues provide a suitable environment for their growth and reproduction. Their burrowing activities create vertical and horizontal macropores that improve water infiltration, aerate the soil, and accelerate residue decomposition, further enriching the soil (Peigné, et al., 2009).
Other Soil Fauna & Enzymes
The abundance of soil fauna such as arthropods and nematodes, along with increased activity of soil enzymes like dehydrogenase, phosphatase, and urease, collectively enhances decomposition, accelerates nutrient mineralization, and strengthens biological soil health. These biological processes contribute to a self-sustaining and resilient soil ecosystem (Madejón, et al., 2007).
Impact on Crop Yield
Crop yields under conservation tillage are influenced by soil type, climate, management practices, and crop species, and while initial responses may vary, long-term outcomes are generally favorable (Amini, and Asoodar 2009).
Positive Effects
Conservation tillage enhances crop yields by improving moisture retention, particularly in dry and water-scarce environments, where preserved residues and stable soil structure ensure better water availability. Enhanced microbial activity leads to more efficient nutrient cycling, which supports stronger root growth and improved nutrient uptake. Healthier soils foster robust plant development, resulting in more stable and reliable yields even under adverse climatic conditions (Xiao-Bin, et al., 2006).
Short-Term Yield Reductions
In the early years of transitioning to conservation tillage, farmers may experience slight yield declines due to increased bulk density, higher weed pressure, and challenges associated with planting through surface residues. However, these temporary issues can be effectively managed through integrated weed management, use of cover crops, proper residue handling, and the adoption of specialized planting equipment designed for conservation systems (Schneider, et al., 2017).
Crop-Specific Responses
Cereal crops such as wheat and maize generally respond positively to conservation tillage due to improved water-use efficiency and soil health. Legumes perform well as they benefit from enhanced soil biological activity, which supports nitrogen fixation. Root crops may experience difficulty in compacted soils initially, but strategic practices like strip tillage help mitigate these constraints. Oilseed crops show variable responses depending on residue management, nutrient placement, and overall field conditions (Wittwer, et al., 2023).
Long-Term Benefits
With continued implementation, conservation tillage leads to increased productivity, reduced labor and fuel costs, and improved soil fertility, resulting in significant long-term economic and environmental advantages. Additionally, conservation tillage enhances climate resilience by improving water retention, reducing erosion, and increasing carbon sequestration, making it a key strategy in sustainable agricultural development (Nath, et al., 2024).
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Flow chart 2:  Key components of conservation tillage and their combined effects on soil aggregation, porosity, and structural stability
Soil Structural Dynamics under Conservation Tillage
Soil structure, including aggregates, porosity, and stability, is crucial for plant growth and water movement. Conservation tillage improves macroaggregate formation, reduces compaction, and enhances aeration and water flow. Increased microbial and faunal activity acts to bind soil particles together, improving the stability of the structure, which provides resistance to erosion. The outcome over time is organic matter stratification, improved hydraulic conductivity, and reduced bulk density in surface layers, which permit deeper root growth to improve access to moisture and nutrients (Zhang, et al., 2021).
Crop Water Use Efficiency (WUE)
Water use efficiency, defined as the ratio of yield to water consumed, is improved under conservation tillage because of increased infiltration and reduced evaporation. Residue cover provides mulch that moderates soil temperature and reduces water loss. Increased root growth into deeper layers allows plants to use subsoil moisture more effectively, thereby increasing yield per unit of water and improving drought resistance (Ali, et al., 2017).
Conservation vs. Conventional Tillage
Conservation tillage provides several long-term structural and hydrological advantages over conventional plowing. It offers a congenial habitat to soil microbes, optimizes nutrient cycling, and enhances biological activity. Conventional tillage may provide a short-term increase in yield but mostly brings long-term degradation of soils. The processes of conservation systems have particular advantages in areas experiencing drought, erosion-prone landscapes, and soils with low organic carbon (Yau, and Sidahmed, 2010).
Table 4: Comparative Analysis of Conservation and Conventional Tillage


	Parameter
	Conventional Tillage
	Conservation Tillage

	Soil Aggregate Stability
	Low
	High

	Infiltration Rate
	Moderate
	High

	Surface Runoff
	High
	Low

	Bulk Density
	High
	Moderate

	Root Penetration
	Limited
	Deep

	Soil Organic Matter Retention
	Low
	High

	Water Use Efficiency (WUE)
	Moderate
	High



Major Types of Conservation Tillage
Zero/No-Tillage (NT) involves placing seeds in untilled soil with no form of soil inversion; crop residues are left undisturbed on the surface to provide maximum protection and conservation of soil moisture (Lal, et al., 2020).
Minimum/Reduced Tillage (MT/RT) refers to systems that are characterized by limiting the extent of soil disturbance to only shallow and necessary operations, which reduces energy use, improves soil stability, and maintains more residue cover compared to conventional tillage. Mulch tillage retains substantial amounts of crop residues on the soil surface with minimal tillage operations. This reduces erosion, improves infiltration, and moderates soil temperature during the growing season. Strip tillage involves the tilling of narrow strips only where seeds are to be planted, while the inter-row areas remain undisturbed. This management allows for better soil warming and seed placement without sacrificing any residue cover or conservation of soil moisture in the untilled zones (Li, et al., 2019).
Conservation Tillage System Architecture
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(Source, Iyer, 2024).
Figure 1: Conceptual Framework of Conservation Tillage Impact Pathways
Effects of Tillage on Soil Properties and Crop Production
This can be regarded as one of the most relevant methods for minimizing negative effects resulting from conventional tillage: the adoption of reduced tillage or the elimination of soil disturbance altogether. Under the topic "Effects of various long-term tillage systems on some chemical and biological properties of soil," the research was conducted with the purpose "to evaluate the effect of conventional, reduced, and no‐tillage on some selected soil chemical properties-organic carbon, total nitrogen, and pH-and biological characteristics like total bacterial population, numbers of oligotrophs, copiotrophs, fungi, and the activity of enzymes such as dehydrogenases and acid phosphatase" (Stanek-Tarkowska et al., 2018).
Tillage practices can change the soil hydraulic characteristics, such as infiltration rate, hydraulic conductivity, and water retention, which are the essential ones related to the ability of the soil to absorb and store water coming from rainfall or irrigation. By changing the distribution and arrangement of soil aggregates, tillage alters the movement and retention of water in the soil profile. Therefore, conservation soil moisture by tillage systems assumes greater importance for crop production in arid and semi-arid regions (Blanco 2017).
Previous studies indicate that the net effect of tillage on grain yield is often not significant. However, stover yield tends to increase with application of crop residues like straw. The soil moisture under tied-ridging was about 20% higher than that under other tillage treatments and about 16% greater when 3 Mg ha⁻¹ straw was applied compared to no straw. Water-use efficiency increased linearly with quantity of straw applied. However, in general, it was lower under zero tillage and under tied-ridging or conventional tillage systems. Tied-ridging appears to be the most promising tillage method, and maintaining soil cover with crop residues is essential for achieving satisfactory yields under zero tillage (Mesfine et al., 2005).
Positive Effects of Tillage on Soil Properties and Crop Production 
Though the direct effect of tillage on grain yield was not significant, tillage practices had several positive effects on soil properties and crop performance. Tillage, by altering soil structure, influences water infiltration, hydraulic conductivity, and waterholding capacity, all those factors determining the extent to which soil can catch and store water from rainfall or irrigation. Incorporation of straw further enhanced the benefits: stover yield increased with straw application, and seasonal soil moisture levels were about 20% higher under tied-ridging compared with other tillage systems. Similarly, the application of 3 Mg ha⁻¹ of straw increased soil moisture by around 16% over plots that did not receive straw. Water-use efficiency increased proportionally with added straw, though it remained lower under zero tillage and tied-ridging or conventional systems. Overall, tied-ridging emerged as the most advantageous tillage practice, and maintenance of residue cover is crucial to attain satisfactory yields under zero-tillage conditions (Mesfine et al., 2005).
Effect of Different Tillage Practices on Soil Moisture Conservation
 Zero Tillage Practice
Zero tillage during the wet season reduced biomass and grain yield. Leaf chlorophyll levels were lower under zero tillage, showing reduced nitrogen uptake (Quddus,et al., 2020). Zero tillage and residue retention lowered early plant growth and significantly increased ear rot incidence. In contrast, during the dry season, zero tillage increased root biomass as measured by electrical capacitance, and residue conservation shortened the anthesis-silking interval, suggesting improved water absorption (Malecka, et al., 2012). The improvement in soil bulk density, nitrogen concentration, and microbial biomass did not result in significant yield differences. Residue conservation increased soil carbon and microbial biomass, while intercropping with jackbean improved soil nitrogen levels. According to the authors, further research is needed to establish precisely how the changes in soil physical and chemical properties caused by conservation tillage affect early maize growth and yield performance over the longer term.
Ward et al. (2006) assessed cash crop performance in no-till systems where cover crops were chemically terminated and flattened with a roller-crimper. Variables measured included yield, soil moisture, leaf temperature, and biomass of the cover crop. Preliminary results showed that winter cover crops lowered yields, presumably due to nitrogen immobilization. Spring tillage greatly increased yields, while there was little difference in yield from fall tilling compared with no-till due to rapid reconsolidation of soils. Ward et al. (2006) recommended continued research to find the tillage–cover crop combinations most effective at improving soil quality and productivity.
Reduced Tillage Practice
In the reduced tillage systems, there remains 10–15 cm height of stubble after crop harvest. Deep ploughing (25–30 cm) followed by shallow harrowing (5–8 cm) is made before winter wheat sowing. Fewer numbers of tillage operations are required in this method compared to conventional systems (Mihovsky, and Pachev, 2012).
Long-term effects on soil structure 
Soil structure is of paramount importance in supporting root development, moderating water infiltration, facilitating soil aeration, and allowing for efficient nutrient cycling. In the long term, conservation tillage strongly influences the key physical properties of the soil, such as aggregate stability, bulk density, porosity, and compaction (Mihovsky, and Pachev 2012). These changes, in concert, contribute to improved soil health and increasing resilience of the cropping system.
Soil Aggregate Stability
Conservation tillage increases soil aggregate stability primarily through its promotion of organic carbon accumulation, which acts as a binding agent for soil particles and supports the formation of stable macro-aggregates (Naresh et al., 2017). Long-term experiments that run for 10 to 20 years often report a 20–50% improvement in aggregate stability under conservation tillage systems compared with conventional plough-based cultivation. Residue retention on the soil surface performs a number of critical functions related to aggregate protection, including raindrop impact reduction, mechanical breakdown minimization, and providing a suitable microenvironment for microbial activity that further enhances aggregate formation (Alskaf, 2018).
Bulk Density and Porosity
Long-term no-till systems often have a slightly higher bulk density in the first years as this results from the lack of mechanical loosening, but this condition stabilizes over time due to improvement in soil structure because of biological activity and organic matter accumulation (Marahatta, et al., 2014).
The method of conservation tillage greatly improves soil porosity, largely through the development of biopores made by earthworms, root channels, and other soil biota. These natural pores improve water infiltration, facilitate gaseous exchange, and support deeper root proliferation, contributing to better soil aeration and moisture dynamics (Indoria, et al., 2017).
Soil Compaction
Reduced-tillage and no-tillage systems may be subject to slight surface compaction due to the absence of soil inversion, but in the long term, subsurface compaction generally decreases as roots, soil fauna, and microbial processes break down and restructure the soil profile (Yang, 2022).
Controlled traffic farming (CTF) reduces these risks further by restricting the movement of machinery to pre-defined lanes, thus preventing impairment to the structural condition of the crop zone and enhancing the effectiveness of conservation tillage systems in general (Hamza, and Anderson, 2005).
Impacts on Soil Moisture Dynamics
In this connection, conservation tillage significantly impacts soil-water relationships by altering the infiltration behavior, water-holding capacity, evaporation losses, and the distribution of moisture throughout the soil profile. These changes have significant implications for drought resilience and water-use efficiency in both rainfed and irrigated cropping systems (Li, et al., 2016).
Infiltration and Water Storage
Reduced mechanical disturbance under conservation tillage enhances water infiltration rates, often as much as 40%, because stable soil aggregates and continuous residue cover prevent crusting and improve soil surface porosity. Long-term field studies have shown that conservation tillage systems maintain consistently higher soil moisture storage, especially in the upper layers (0-15 cm) where residue mulch reduces runoff and promotes slow, steady infiltration. This increased water retention contributes to improved water availability during the critical growth stages (Hou, et al., 2012).
Evaporation Loss Reduction
Crop residues left on the surface of the soil act like a very effective mulch layer, regulating soil temperature, protecting the soil from direct solar radiation, and reducing evaporative losses often by 30–50%. Conservation tillage increases water-use efficiency by reducing evaporation and therefore conserving more soil moisture, which is particularly beneficial in dryland and moisture-limited agricultural systems. This reduction in evaporative losses translates into better soil hydration and improved crop performance under water stresss (Humphreys, et al., 2021). 
Moisture Availability to Crops 
In the long term, conservation tillage enhances plant-available water by increasing the continuity of pores, the water-holding capacity, and the proportion of mesopores responsible for retaining moisture accessible to roots. Organic matter accumulation helps increase the soil's buffering capacity against short-term drought by raising its ability to store and supply water during dry periods. This improved moisture availability supports consistent root activity, better nutrient uptake, and enhanced crop resilience under varying climatic conditions (Bekele,  2020).
Impact on Soil Erosion and Runoff 
Soil erosion is one of the most critical threats to sustainable agriculture as it leads to the loss of productive topsoil, the depletion of necessary nutrients, and the reduction of long-term soil productivity. Conservation tillage prevents water and wind erosion by retaining residue cover, improving soil structure, and increasing water infiltration. Over longer terms, conservation tillage systems reduce soil particle detachment, transport, and deposition significantly, lowering the total erosion rate and preserving environmental quality. Quite a number of long-term field studies have been conducted across various agroecological regions, all demonstrating that conservation tillage is very effective in controlling erosion and maintaining soil health under variable climatic conditions (Seitz, et al., 2019).
Reduction in Water Erosion 
Conservation tillage greatly reduces water erosion by maintaining a protective residue cover on the soil surface that intercepts the raindrops and prevents the breakdown of the soil aggregates caused by splash erosion. In the long run, no-till and reduced-till systems reduce soil erosion by 70–90% due to the influence of the residue layer on lowering runoff velocity, enhancing surface roughness, and reducing the detachment of soil particles. Increased soil infiltration under conservation tillage further contributes to lower erosion rates, as more water being able to infiltrate the ground reduces the volume of surface runoff and the potential for soil loss during high-intensity rainfall events (Klik, and Rosner, 2020).
Wind Erosion Reduction 
Conservation tillage conserves soil from wind erosion by keeping the soil covered at all times with crop residues; these protect the surface from immediate exposure to wind and help trap moving soil particles that would otherwise be eroded. Soil crusting is reduced with mulch and organic residues. The surface remains moist, which reduces the formation of loose, dry soil that is easily lifted and transported by wind. Soil aggregation and surface stability are improved with long-term residue retention, thus lowering emissions of particulate matter and minimizing dust storms, especially in semi-arid and arid farming regions (Jiang, et al., 2024).
Prevention of Sediment and Nutrient Loss 
Conservation tillage effectively prevents sediment-bound nutrient losses through a reduction of detachment and transportation of soil particles carrying essential nutrients like nitrogen, phosphorus, and organic carbon. Conservation tillage reduces surface runoff and, consequently, minimizes nutrient leaching. It also ensures that fertilizers and organic amendments are retained in the root zone, thus improving soil fertility and nutrient-use efficiency. Studies have shown that downstream water bodies from agricultural fields practicing long-term conservation tillage tend to have improved water quality; lower sediment loads result in lower eutrophication, reducing the contamination of aquatic ecosystems (Macrae, et al., 2023).
Biological Amendments Under Conservation Tillage 
Although this review focuses largely on the impacts of conservation tillage on soil structure, moisture dynamics, and erosion reduction, it is important to note that substantial biological improvements also occur under long-term reduced-disturbance systems. This is because conservation tillage augments soil biological functioning through the increase in organic matter inputs, creation of stable microhabitats, and the support of diverse microbial and faunal communities contributing to improved soil fertility, nutrient cycling, and overall ecosystem resilience (Winkler, et al., 2022). 
Soil Organic Carbon Sequestration 
Long-term conservation tillage consistently fosters the building of soil organic carbon through reducing the rate of residue decomposition and encouraging carbon stabilization in soil aggregates. Continuous residue retention on the soil surface provides a steady supply of organic inputs, which, over time, make significant contributions to the build-up of carbon in upper soil horizons (ur Rehman, et al., 2023).  According to research, long-term no-till systems can increase soil organic carbon stocks at a rate of about 0.2–0.5 t C ha⁻¹ yr⁻¹, thus favorably affecting the structure, water-holding capacity, and the resilience of the soil to climatic stress. This gradual increase in SOC not only contributes to improved crop productivity but also plays a vital role in global carbon sequestration efforts, thereby making conservation tillage a valuable climate-smart agricultural practice.
Enhanced Microbial and Faunal Activity 
Conservation tillage creates a more favorable setting for soil microorganisms due to stable temperature levels in the soil, higher moisture, and organic substrate availability throughout. Enhanced microbial biomass and increased activities of key soil enzymes such as dehydrogenase, phosphatase, and urease are commonly observed under long-term no-till systems, thus indicating improved nutrient transformation processes. Earthworm populations further increase significantly under conservation tillage due to reduced physical disturbance and better food availability. This forms natural biopores that enhance soil porosity and aeration. The combined activity of microbes and soil fauna acts to enhance nutrient mineralization, support aggregate stability, and promote a biologically active soil environment that supports directly sustainable soil health and long-term agricultural productivity (Zhang, et al., 2015).
Agronomic and Environmental Benefits 
Conservation tillage improves crop productivity in water-limiting environments through a combination of enhanced soil water retention, reduced evaporative losses, and the maintenance of a stable soil microclimate that sustains uninterrupted root growth and nutrient uptake. Input-use efficiency-especially of fertilizers and irrigation water-shows significant gains under conservation tillage due to improved soil structure and biological activities enhancing the nutrient cycle, reducing nutrient leaching, and promoting improved root-soil interactions (Busari, et al., 2015). 
Overall, the production costs decrease when conservation tillage greatly reduces fuel consumption, labour input, and machinery wear since this involves fewer and less severe tillage operations than are usually necessary to prepare a seedbed conventionally. Long-term adoption of conservation tillage enhances soil carbon sequestration by facilitating the accumulation of soil organic matter, hence contributing to climate change mitigation by capturing and storing atmospheric carbon in stable pools of soil carbon. Conservation tillage involves reduced soil disturbance; this lowers the emission of greenhouse gases from the soil, in particular carbon dioxide through minimized soil oxidation and nitrous oxide by improving nitrogen dynamics, thus reducing the environmental footprint of agricultural production systems (Liang, et al., 2025).
Challenges and Limitations of Long-Term Conservation Tillage 
The wide-scale adoption of conservation tillage has been constrained in various parts of the world by several practical and biological problems, despite its considerable agronomic and environmental advantages. Many regions have experienced yield reductions in their first few years of adoption, partly from low soil temperatures or compaction of heavy-textured soils, possibly inhibiting early crop growth. Weed pressure often intensifies under reduced soil disturbance, calling for integrated weed management strategies that combine herbicide use, crop rotation, and cultural controls. Generally, crop residues remaining on the soil surface harbor pests and pathogens, enhancing disease carry-over between successive seasons. This demands improved monitoring and biological control techniques. Specialized machinery, such as no-till seeders, residue managers, and strip-till planters, imposes additional financial and technical disadvantages on small and marginal farmers. Changes in soil physical properties, like aggregation and porosity, occur rather gradually, and hence their beneficial effects can be obtained only after a long-term commitment; therefore, it is often difficult for farmers to realize immediate benefits from conservation tillage.
Research Gaps and Future Perspectives 
Though significant advances have been made, several research gaps still exist that need to be addressed for wider and more efficient adoption of conservation tillage systems. Long-term studies beyond 15 years on different soils and climatic zones are urgently needed to understand the cumulative effects of the soil health, crop productivity, and environmental performances. Comparison studies between conservation tillage and the emerging regenerative approaches offer deeper insights into the relative benefitting of each system to soil carbon sequestration, biodiversity, and ecosystem functioning. Mechanization support matching smallholder farmers' needs, in particular, is partial and requires designs of low-cost equipment adaptable in different regions. There is also a need for additional research to assess GHG emissions under various agroclimatic conditions, including the interaction between soil texture, moisture regimes, and residue load. Integration of conservation tillage with precision agriculture tools-such as remote sensing, variable-rate application, and digital soil mapping-offers promising opportunities to better optimize residue management, seed placement, and input efficiency, thus its comprehensive investigation is warranted. These collective researches will help refine conservation tillage into a climate-resilient and resource-efficient practice.
Conclusion 
Long-term conservation tillage improves soil health through better structure, aggregate stability, and increased organic matter content. Higher amount and persistence of residues and lower soil disturbance lead to improved water retention, infiltration, and a better environment for the growth of crops under water-limiting conditions. Its wide adoption has significantly reduced soil erosion and surface runoff, thus reducing nutrient losses and improving environmental quality. Gradual improvement in the biological and physical conditions of the soil leads to increased system resilience, enabling agricultural landscapes to perform better under climatic stressors such as drought, heavy rainfall, and extreme temperatures. Being climate-smart and resource-efficient, conservation tillage represents one potential pathway toward sustainable intensification and low-carbon crop production. However, scaling up will require a well-coordinated approach in terms of research, extension, capacity building, and policy support. With sustained commitment, conservation tillage can help transform global agricultural systems towards sustainability, productivity, and climate resilience.
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