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Abstract

Conservation Agriculture (CA) is a sustainable farming system built on three core principles
minimum soil disturbance, permanent organic soil cover, and species diversification that aims to
reverse soil degradation, enhance ecosystem services, and ensure long-term crop productivity. This
review synthesizes evidence demonstrating that CA significantly improves soil physical, chemical,
and biological health compared to conventional tillage systems. Key benefits include enhanced
aggregate stability and water infiltration rates, increased soil organic carbon (SOC) sequestration
(0.1-0.93 Mg/ha/year depending on environment), improved nutrient cycling (notably higher
available P and K), elevated microbial biomass and fungal diversity, and substantial increases in
earthworm populations that contribute to nitrogen mineralization and yield gains. These changes
translate into greater resilience against abiotic stresses such as drought and heat waves, with long-
term trials showing yield increases of up to 9.3% under warming conditions and superior water-
use efficiency in rainfed environments. However, short-term yield penalties, herbicide resistance
risks, residue competition in mixed crop-livestock systems, high mechanization costs, and
challenges in managing soil acidity in no-till systems remain important barriers, particularly for
smallholder farmers in developing regions. Integrated weed management, precision technologies,
adaptive liming strategies, and service-provision models for machinery are identified as critical
pathways to overcome these constraints. Overall, when correctly implemented and locally adapted,
CA offers a proven strategy for restoring soil health, stabilizing yields, mitigating climate change
impacts, and advancing sustainable intensification of global agriculture.

Keywords: Conservation Agriculture, Soil Health, Soil Organic Carbon, Minimum Tillage,
Permanent Soil Cover, Crop Diversification, Aggregate Stability, Water Infiltration, Microbial
Biomass, Earthworm Activity, Climate Resilience, Sustainable Yield, Integrated Weed
Management, Smallholder Adoption

1. Introduction

The fundamental shift from intensive, tillage-based agricultural systems to conservation
agriculture (CA) represents a necessary evolution in modern agronomy, driven by the dual
imperatives of environmental restoration and food security. As defined by the (Food and
Agriculture Organization of the United Nations, 2021). Conservation agriculture is a
comprehensive farming system that prioritizes three interconnected principles: minimum
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mechanical soil disturbance, permanent organic soil cover, and diversification of plant species
(Francaviglia et al., 2023). This paradigm shift is not merely a change in technical management
but a holistic approach to managing agro-ecosystems for improved and sustained productivity,
profitability, and food security while simultaneously preserving and enhancing the natural resource
base (Reicosky, 2020). The urgency of this transition is underscored by the degradation of global
land resources, which has historically hindered productivity and exacerbated the vulnerabilities of
farming systems to a changing climate (Lal, 2015). By fostering natural biological processes above
and below the soil surface, conservation agriculture enhances biodiversity and improves the
efficiency of water and nutrient use, thereby stabilizing crop production in an increasingly volatile
environmental landscape (Montgomery, 2007).

Figure 1. Conceptual Framework of the Integrated System of Soil Health, Sustainable Agricultural
Practices, and Global Food Security
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2. Conceptual Framework and Historical Context

The origins of conservation agriculture can be traced back to the ecological crises of the mid-20th
century, most notably the 'Dust Bowl' in the central United States during the 1930s, which
demonstrated the catastrophic potential of intensive tillage and wind erosion (Kreike, 2018).
Initiated in the 1950s in the United States, soil conservation practices were subsequently adopted
in Europe in the 1960s and in Latin America in the 1970s (Gupta et al., 2020). Over the decades,
the concept has matured from simple erosion control into a performance-based production system
focused on soil health and climate resilience (Graddy-Lovelace et al., 2017). Today, conservation
agriculture is recognized for its potential to address the 4 per 1000 international initiative's
objectives, which aim to increase soil organic carbon stocks by 0.4% annually to mitigate climate
change (Cordeau, 2024).
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Conservation agriculture is characterized by a set of technical targets that distinguish it from
conventional and intermediate tillage systems. The principle of minimum soil disturbance
mandates that the disturbed area during sowing or fertilization must be less than 15 cm wide or
less than 25% of the cropped area (Francaviglia et al., 2023). Periodic tillage that exceeds these
limits is strictly prohibited, although strip tillage is permitted within these specific parameters.
Permanent soil cover requires ground cover immediately after the seeding operation, with higher
performance targets often exceeding 60% or 90% in advanced systems (Boincean & Dent, 2019).
Species diversification involves crop rotations or associations that include at least three different
species, ensuring a variety of root structures and biological interactions. These principles are not
fixed but are adapted to reflect local agroecological conditions and socioeconomic needs (Rahman
et al., 2020).

3. Mechanisms of Soil Physical Health Enhancement

The physical integrity of the soil is the structural foundation for all biological and chemical
functions. Intensive conventional tillage destroys this architecture by mechanically breaking down
soil aggregates and disrupting the continuity of pores (Liu et al., 2025). Conservation agriculture
rehabilitates these physical properties through biological and physical stabilization mechanisms
that improve soil structure, water dynamics, and thermal stability.

Figure 2. Ecological Mechanisms and Benefits of Crop Rotation on Soil Health, Climate
Resilience, and Yield Stability.
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3.1 Aggregate Stability and Structural Resilience

One of the most immediate impacts of adopting conservation agriculture is the improvement in
soil aggregate stability. Soil aggregates are clusters of soil particles bound by organic matter,
microbial exudates, and fungal hyphae. In conventional systems, repeated plowing exposes these
internal binding agents to rapid oxidation, leading to the collapse of aggregates and the formation
of surface crusts (Usharani et al., 2019). In CA systems, the lack of mechanical disturbance allows
aggregates to mature and be reinforced by organic carbon accrual. Studies on Mollisols and other
soil types have shown that CA positively impacts the soil health index (SHI), with significant
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increases in aggregate stability recorded within a few years of implementation (Bhattacharya et
al., 2020).

The accumulation of surface residues plays a dual role in structural stability. Physically, the mulch
layer protects the soil surface from the kinetic energy of raindrops, preventing the detachment of
soil particles and subsequent erosion (El-Beltagi et al., 2022). Biologically, the decomposition of
this residue provides a steady supply of carbon for soil macrofauna and microorganisms, which
produce the biochemical "glues" necessary for long-term aggregate persistence (Shao et al., 2026).
This structural improvement is often quantified by the mean weight diameter (MWD) of soil
aggregates, where CA-based systems consistently outperform conventional tillage (Kuzucu et al.,
2021).

3.2 Hydraulic Conductivity and Water Infiltration

Enhanced soil structure leads to significant improvements in water dynamics. The cessation of
tillage allows for the preservation and development of biopores vertical channels created by deep-
rooting crops and earthworms which facilitate rapid water movement into the subsoil (Talukder et
al., 2023). Unlike the temporary, unstable porosity created by a plow, the porosity in CA systems
is continuous and structurally reinforced. Research has indicated that infiltration rates in stabilized
conservation systems can be 18% higher than in conventional systems (Bodner et al., 2021).

Table 1: Comparison of Soil Physical Properties between Conventional Tillage (CT) and
Conservation Agriculture (CA)

Soil Physical | Conventional Tillage | Conservation Impact on

Property (CT) Agriculture (CA) Sustainability

Infiltration Rate | Low (prone to surface | High  (sustained by | Improved water
crusting) biopores) recharge

Aggregate Low (mechanical | High (organic | Resistance to erosion

Stability disruption) stabilization)

Surface Sealing High  (direct  rain | Low (mulch protection) | Reduced runoff and
impact) loss

Water Use | Lower (evaporative | Higher (mulch barrier) Drought resilience

Efficiency loss)

In rainfed semi-arid regions, these improvements are critical for bridging mid-season dry spells.
Conservation agriculture practices, such as zero tillage with residue retention, maintain
significantly higher soil water content (2—4% higher) throughout the season compared to bare-soil
plots (Mello et al., 2023).

4. Biogeochemical Sequestration and Nutrient Dynamics

The chemical health of the soil is primarily governed by the balance of organic matter inputs and
losses. Conservation agriculture alters this balance by increasing carbon inputs from residues and
roots while simultaneously reducing the turnover rates of soil organic matter (SOM) through
minimum disturbance (Francaviglia et al., 2023).

4.1 Soil Organic Carbon (SOC) Accumulation

Soil organic carbon is widely considered the most important indicator of soil health due to its
cascading effects on fertility, structure, and microbial activity (Zhan, 2024). Conservation
agriculture is a proven strategy for sequestering carbon, with sequestration rates ranging from 0.1
to 0.5 t/ha/year, depending on biomass return, climate, and soil fertility. In tropical regions where

Volume: 4, No: 1 January-March, 2026



652

conditions favor high biomass production, such as Brazil, SOC increases as high as 0.93
Mg/ha/year have been documented (Ngatia et al., 2021).

The sequestration process is driven by the physical protection of organic matter within
macroaggregates. By reducing tillage, the turnover rate of these aggregates is slowed, preventing
the rapid oxidation of particulate organic carbon (Usharani et al., 2019). Long-term warming
studies have shown that CA can result in a 21% increase in soil health metrics, characterized by
linear increases in both SOC and microbial biomass carbon (MBC) over time (Lehmann et al.,
2020). Interestingly, while total SOC may sometimes decrease in low-input systems over very long
periods (e.g., 34 years), CA management ensures that a higher percentage of the remaining carbon
is present in labile and protected microbial forms, which are more critical for nutrient cycling and
ecosystem functioning (Aye et al., 2016).

4.2 Nutrient Availability and Cycling Mechanisms

The shift from conventional to conservation management significantly impacts the availability of
nitrogen (N), phosphorus (P), and potassium (K). In the early stages of adoption, nitrogen
availability may be constrained due to microbial immobilization as soil organisms decompose
surface residues with high C: N ratios (Cao et al., 2021). However, over the long term, the increased
SOM pool acts as a stable reservoir of nitrogen that is released gradually through mineralization
(Farmonaut, 2026).

Table 2: Influence of Conservation Agriculture on Soil Nutrient Dynamics

Nutrient Parameter | Change in CA vs. CT Mechanism of Change

Organic Carbon 1.88% to 71.95% Increase Reduced oxidation and root biomass
Available Phosphorus | 1.36% to 165.8% Increase Organic acids and reduced fixation
Available Potassium 1.92% to 36.34% Increase Leaching from surface residues
Available Nitrogen 1.42% to 17.98% Decrease | Initial microbial immobilization

Phosphorus and potassium availability typically show substantial increases under conservation
management. Potassium is easily leached from crop residues and concentrated in the surface soil,
making it readily accessible to emerging crops (Islam et al., 2023). Phosphorus availability is
enhanced through the maintenance of organic matter, which reduces the contract of P with soil
minerals like aluminum and iron oxides that would otherwise fix it into unavailable forms
(Oklahoma State University Extension, 2024).

5. Soil pH and Acidification Management

Soil acidification is a progressive process in agricultural soils, driven by the removal of basic
cations in harvested products, the leaching of nitrates, and the application of ammonium-based
fertilizers (Haynes, 1982). Conservation agriculture presents unique challenges for acidification
management because the lack of tillage prevents the mechanical incorporation of lime into the
subsoil (Sharma et al., 2025).

5.1 Liming Strategies in No-Till Systems

In no-till conservation systems, liming materials are typically applied to the soil surface. While
surface application is slower than mechanical incorporation, research has shown that lime-derived
alkalinity moves progressively downward over time, especially when rainfall is sufficient to
facilitate leaching (Auler et al., 2019). Long-term trials indicate that surface-applied lime can
effectively ameliorate both topsoil (0—10 cm) and subsoil (10-20 cm) layers, although low
application rates may be insufficient to overcome subsoil acidity in the short term (dos Santos et
al., 2018).
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Materials such as limestone, sugar foam, and gypsum are utilized to manage pH, with limestone
and sugar foam being more effective for long-term acidity reduction than gypsum. Liming not only
neutralizes toxic aluminum (Al3+) and manganese (Mn2+) but also improves the environment for
nitrogen-fixing bacteria and earthworms, which are essential for the biological success of CA
(Barth et al., 2018). However, farmers must balance liming with residue management, as increased
pH can accelerate the mineralization of soil organic carbon, necessitating higher biomass inputs to
maintain carbon stocks (Gurmessa, 2021).

6. Biological Health: Revitalizing the Soil Microbiome and Macro fauna

The biological component of soil health is arguably the most transformative aspect of conservation
agriculture. By providing a stable habitat and a continuous food source through residue retention,
CA fosters a diverse and active community of soil organisms (Shen et al., 2025).

Figure 3. Synergistic Interactions Between Conservation Agriculture Pillars and Soil Biological
Functions for Enhanced Productivity.
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6.1 Microbial Biomass and Fungal Diversity

Microorganisms are the primary agents of nutrient cycling and soil structural development.
Conservation agriculture significantly increases microbial biomass carbon and promotes fungal
diversity (Li et al., 2028). Under warming conditions, CA systems have shown shifts in the soil
microbiome, including increased richness of saprogen fungi, which are directly linked to improved
wheat yields (Singh et al., 2021). These shifts occur because the surface mulch layer and reduced
disturbance create a microclimate that is conducive to fungal growth and organic matter
decomposition (Mahajan et al., 2019).

Furthermore, the increased biological diversity in CA systems contributes to pathogen suppression.
A healthy, diverse soil community can outcompete or antagonize soil-borne pathogens, reducing
the need for chemical pesticides (Algahtani, 2025). However, careful management of crop
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diversification is required, as residue retention can sometimes provide a refuge for specific
pathogens like crown rot or root rot if rotations are not properly implemented (Niu et al., 2020).

6.2 Earthworms as Keystone Fauna

Earthworms are vital indicators of soil health, playing a crucial role in nitrogen mineralization and
the formation of macroaggregates. Conservation agriculture creates an ideal environment for
earthworms by eliminating the physical trauma of tillage and providing surface mulch for food
(Lang et al., 2021). A global meta-analysis has shown that earthworm presence leads to an average
25% increase in crop yield and a 23% increase in aboveground biomass (Devi et al., 2023).

Table 3: Impact of Earthworms on Crop Performance and Biomass

Earthworm Impact Category | Average Response (%) | Key Mechanism

Crop Yield +25% Nitrogen mineralization
Aboveground Biomass +23% Improved soil structure
Belowground Biomass +20% Growth-regulating substances
Nitrogen Uptake Significant Increase Release from SOM and residue

The positive effects of earthworms are most pronounced in low-input systems where nitrogen
fertilizers are limited, as they predominantly stimulate plant growth by releasing nitrogen locked
in residues and organic matter (Bashir et al., 2025). Conversely, in systems with high inorganic
nitrogen application (>30 kg N/ha/year), the earthworm-mediated yield effect tends to diminish,
suggesting that their primary role is as a biological substitute for external inputs (Andriuzzi et al.,
2015).

7. Sustainable Yields and Productivity Stability

The relationship between conservation agriculture and crop yield is complex, influenced by the
duration of the system's implementation, the local climate, and the degree to which all three CA
principles are applied (Corbeels et al., 2020).

7.1 Short-term Transition vs. Long-term Gains

Many farmers experience a temporary decline in yield during the initial transition from
conventional tillage to CA, often referred to as a "yield penalty". This can be caused by nitrogen
immobilization, increased weed pressure, or soil compaction as the system settles (Bowles et al.,
2018). A global meta-analysis indicated that complete CA implementation might lead to an average
yield reduction of 2.5% across all contexts. However, these average masks significant regional
successes. Rainfed agriculture in dry climates often sees yield gains of 7.3% under CA due to
superior moisture conservation (Sunuwar, 2022).

Over the long term, as soil health improves and the microbiome stabilizes, yields under CA often
equal or exceed those of conventional systems. In eight-year experimental trials, wheat yields
under CA were found to increase by 9.3% even under long-term warming conditions (Williams et
al., 2018).

7.2 Resilience to Abiotic Stress: Drought and Thermal Extremes

Abiotic stressors, such as drought, extreme temperatures, and salinity, account for more than 50%
of annual global yield loss. Conservation agriculture provides several eco-physiological
mechanisms to mitigate these impacts (Bodner et al., 2021).

The permanent mulch layer in CA acts as a physical barrier that reduces soil evaporation and
moderates soil surface temperatures. Stubbles can lower canopy temperatures by 1.5 to 3.0 degrees
C during extreme heat events (Ngatia et al., 2021). Additionally, the improved soil structure and
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higher organic matter content enhance water infiltration and storage, allowing crops to access
water from deeper soil layers during dry periods. This increased water use efficiency is a

cornerstone of climate-resilient farming, especially for staples like wheat, maize, and rice (Fonte
& Six, 2010).

Table 4: Eco-physiological Mechanisms of Abiotic Stress Mitigation in CA

Abiotic Stress | Mitigation Mechanism in CA QOutcome for Sustainability

Drought Residue mulch reduces evaporation | 2—4% higher seasonal soil water

Heat Waves Surface insulation and transpiration | 1.5-3.0 degrees C lower canopy temp
Cold Stress Thermal buffering by cover crops | Protection of sensitive seedlings
Nutrient Stress | Enhanced SOM and mineralization | Reduced chemical fertilizer dependency

8. Socio-Economic and Technical Barriers to Adoption

Despite its documented benefits, the global adoption of conservation agriculture is uneven and
faces significant hurdles, particularly in smallholder systems in sub-Saharan Africa and South Asia
(Oklahoma State University Extension, 2024).

8.1 The Residue Trade-off in Mixed Systems

For many smallholder farmers, crop residues are a valuable commodity used for livestock fodder,
cooking fuel, or thatch, creating a direct conflict with the CA requirement for soil mulch (Baudron
et al., 2015). This "residue dilemma" is especially acute in regions with high livestock density and
low biomass production, where the opportunity cost of leaving residues in the field is perceived as
too high. To overcome this, researchers emphasize the need for locally adaptable CA systems that
integrate livestock needs, such as the use of high-biomass cover crops that can provide both fodder
and mulch (Page et al., 2020).

8.2 Equipment Access and Mechanization Costs

Conservation agriculture is a knowledge-intensive and mechanization-dependent system.
Specialized equipment, such as zero-till planters and seed drills, is required to plant directly
through residues (Pittelkow et al., 2015). The high cost of this machinery is a primary barrier for
small and medium farmers. While used and refurbished machinery can offer a more affordable
entry point, many regions lack the supply chains and technical expertise required to maintain
specialized CA tools (Schoonover et al., 2015).

Table S: Mechanization Costs and Adoption Challenges in Conservation Agriculture
Machinery Estimated Cost | Function in CA Adoption Challenge
Type (USD)
2-Wheel ~$1000 Power unit for small | High initial capital for
Tractor plots smallholders
No-till Seeder | Variable Direct sowing in | Lack of local availability

residue
Happy Seeder | Specialized Lifts mulch  for | Knowledge intensive
seeding
Precision ~$26,500 Targeted weed | Highly prohibitive cost
Sprayer control

Access to credit and specialized training for machinery operators are critical for scaling CA.
Private-sector service provision models, where entrepreneurs offer CA mechanization services on
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a hire basis, have shown promise in making the technology accessible to farmers who cannot afford
the capital investment (Sun et al., 2024).

9. Integrated Weed Management: The New Frontier
The absence of tillage removes a primary method of weed suppression, making weed management
one of the most persistent challenges in conservation agriculture (Araya et al., 2024).

9.1 Herbicide Reliance and Resistance

In the early stages of CA adoption, there is often a heavy reliance on herbicides, particularly
glyphosate, for pre-seeding "burn-off" (Basch et al., 2024). However, the non-judicious use of
chemical control has led to the emergence of herbicide-resistant weed biotypes and concerns
regarding environmental contamination. Integrated Weed Management (IWM) is therefore
essential for the long-term viability of CA. IWM combines herbicides with cultural practices such
as high-biomass cover crops, diverse crop rotations, and biological control agents (Gayo &
Ngongolo, 2025).

9.2 Technological Innovations in Weed Control
Emerging technologies like Al-driven precision weed detection, robotics, and laser weed control
are being explored as sustainable alternatives to traditional spraying (The Nature Conservancy,
2022). These tools, combined with the breeding of competitive crop cultivars and the use of
allelopathic cover crops, offer a pathway toward reducing chemical inputs while maintaining
effective weed suppression (Verhulst et al., 2010).

10. Conclusion

Conservation Agriculture represents one of the most effective and widely studied approaches to
reversing the pervasive degradation of agricultural soils while simultaneously building climate
resilience and sustaining crop productivity. By preserving soil structure, dramatically increasing
soil organic carbon stocks, revitalizing microbial and macrofaunal communities (particularly
earthworms), and improving water and nutrient use efficiency, CA creates a positive feedback loop
that enhances ecosystem functioning and reduces dependence on external inputs over time.
Although short-term yield penalties and management challenges such as weed control, residue
trade-offs in livestock systems, mechanization access, and surface-applied liming can slow
adoption, particularly among resource-constrained smallholders, long-term data consistently
demonstrate yield stabilization or increases, especially under abiotic stress conditions increasingly
common with climate change. Emerging solutions including precision weed technologies, Al-
supported decision tools, cover-crop breeding, service-based mechanization models, and context-
specific CA variants offer realistic pathways to overcome current barriers. Scaling CA therefore
requires not only continued agronomic research but also supportive policies, farmer training,
affordable mechanization access, and integrated crop-livestock system designs that reconcile
mulch retention with fodder needs. When these elements are aligned, Conservation Agriculture
can play a central role in achieving the intertwined goals of soil restoration, food security, climate
change mitigation (via the 4 per 1000 initiative and beyond), and sustainable agricultural
intensification for future generations.

References

Andriuzzi, W. S., Pulleman, M. M., Schmidt, O., Faber, J. H., & Brussaard, L. (2015). Earthworm-
mediated linkages between soil structure and plant performance: A meta-analysis. Soil
Biology and Biochemistry. [1]

Volume: 4, No: 1 January-March, 2026



657

Araya, T., Ochsner, T. E., Mnkeni, P. N. S., Hounkpatin, K. O. L., & Amelung, W. (2024).
Challenges and constraints of conservation agriculture adoption in smallholder farms in
sub-Saharan Africa: A review. International Soil and Water Conservation Research, 12(4),
828-843. https://doi.org/10.1016/j.iswcr.2024.03.001

Aye, N. S., Sale, P. W. G., & Tang, C. (2016). The impact of long-term liming on soil organic
carbon and aggregate stability in low-input acid soils. Biology and Fertility of Soils, 52(5),
697-709. https://doi.org/10.1007/s00374-016-1111-y

Basch, G., Ilsee, S., Barnuevo-Rocko, M., & Schmitz, A. (2024). Weed management in
conservation agriculture systems: Farmers' testimonies. In Weed Management in
Conservation Agriculture Systems (pp. 290-328).
https://doi.org/10.19103/AS.2024.0145.20

Baudron, F., Delmotte, S., Corbeels, M., Herrera, J. M., & Tui, S. H. K. (2015). Conservation
agriculture in mixed crop—livestock systems: Scoping crop residue trade-offs in sub-
Saharan Africa and South Asia. Field Crops Research. [2]

Cordeau, S. (2024). Moving conservation agriculture from principles to a performance-based
production system. Renewable Agriculture and Food Systems, 39, el2.
https://doi.org/10.1017/S1742170524000048

Farmonaut. (2026). Agriculture machinery for sale 2026 trends & equipment.
https://farmonaut.com/blogs/agriculture-machinery-for-sale-2026-trends-equipment [3]

Food and Agriculture Organization of the United Nations. (2020). Conservation Agriculture.
https://www.fao.org/conservation-agriculture/en/ [4]

Food and Agriculture Organization of the United Nations. (2021). Conservation Agriculture
principles. https://www.fao.org/conservation-agriculture/overview/conservation-
agriculture-principles/en/ [5]

Fonte, S. J., & Six, J. (2010). Earthworms and litter management as determinants of soil structure
and organic matter dynamics in a sustainable cropping system. Applied Soil Ecology. [1]

Gayo, J., & Ngongolo, K. (2025). Strengthening climate-smart agriculture-responsive extension
in Kenya: Evidence on inclusion and effectiveness for smallholder farmers. World Journal
of Agricultural Science and Technology, 3, 62-76.

Haynes, R. J. (1982). Effects of liming on phosphate availability in acid soils: A critical review.
Plant and Soil, 68(3), 289-308. https://doi.org/10.1007/BF02373650

Montgomery, D. R. (2007). Soil erosion and agricultural sustainability. Proceedings of the
National Academy of Sciences, 104(33). [6]

Nehra, S., et al. (2024)..[7][7]

Oklahoma State University Extension. (2024). Cause and effects of soil acidity.
https://extension.okstate.edu/fact-sheets/cause-and-effects-of-soil-acidity.html [§]

Page, K. L., Dang, Y. P., & Dalal, R. C. (2020). The ability of conservation agriculture to conserve
soil organic carbon and the subsequent impact on soil physical, chemical, and biological
properties and crop yield. Frontiers in Sustainable Food Systems, 4, 32.
https://doi.org/10.3389/fsufs.2020.00032

Pittelkow, C. M., Liang, X., Linquist, B. A., van Groenigen, K. J., Lee, J., Lundy, M. E., ... van
Kessel, C. (2015). Productivity limits and potentials of the principles of conservation
agriculture. Nature, 517, 365-368. https://doi.org/10.1038/nature13909

Schoonover, J. E., & Crim, J. F. (2015). An introduction to soil concepts and the role of soils in
agricultural systems. Journal of Contemporary Water Research & Education, 154(1), 21—
35. https://doi.org/10.1111/1.1936-704X.2015.03186.x

Volume: 4, No: 1 January-March, 2026


https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958

658

Sun, Z., Zhang, J., He, H., et al. (2024). Long-term warming promotes wheat yield under
conservation agriculture by reshaping the soil microbiome. Microbiome, 12, 148.
https://doi.org/10.1186/s40168-024-01863-9

The Nature Conservancy. (2022). Smart farming. https://www.nature.org/en-us/what-we-do/our-
priorities/provide-food-and-water-sustainably/food-and-water-stories/smart-farming-
regenerative-agriculture/ [9]

Umurungi, G. (2021). Assessment of conservation agriculture adoption and its contribution to food
security among smallholder farmers in Gatsibo district, Rwanda (Master's thesis). [10]

Verhulst, N., Govaerts, B., Verachtert, E., Castellanos-Navarrete, A., Mezzalama, M., Wall, P.
C.,... Sayre, K. D. (2010). Conservation agriculture, improving soil quality for sustainable
production systems?. In Advances in Soil Science: Food Security and Soil Quality (pp.
137-208). CRC Press. https://doi.org/10.1201/EBK 1439800539-7

Francaviglia, R., Almagro, M., & Vicente-Vicente, J. L. (2023). Conservation agriculture and soil
organic carbon: Principles, processes, practices and policy options. Soil Systems, 7(1), 17.

Reicosky, D. (2020). Conservation agriculture systems: Soil health and landscape management. In
Advances in conservation agriculture (pp. 87-154). Burleigh Dodds Science Publishing.

Kreike, E. (2018). Environmental History. In Oxford Research Encyclopedia of African History.

Gupta, G. S., & Vastag, G. (2020). Sustainable Development and Relevance of Ancient Wisdom.
In PhD diss., PhD Diss. Szécheniy Egy.. English Dr. Sch. Manag.

Graddy-Lovelace, G., & Diamond, A. (2017). From supply management to agricultural subsidies
and back again? The US Farm Bill & agrarian (in) viability. Journal of rural studies, 50,
70-83.

Francaviglia, R., Almagro, M., & Vicente-Vicente, J. L. (2023). Conservation agriculture and soil
organic carbon: Principles, processes, practices and policy options. Soil Systems, 7(1), 17.

Boincean, B., & Dent, D. (2019). Tillage and conservation agriculture. In Farming the black earth:
Sustainable and climate-smart management of chernozem soils (pp. 125-149). Cham:
Springer International Publishing.

Rahman, M. M., Alam, M. S., Kamal, M. Z. U., & Rahman, G. M. (2020). Organic sources and
tillage practices for soil management. In Resources use efficiency in agriculture (pp. 283-
328). Singapore: Springer Singapore.

Liu, Y., Zhu, L., & Chen, C. (2025). The mechanisms and optimization strategies of tillage
practices affecting soil pore structure. Geographical Research Bulletin, 4, 507-529.
Usharani, K. V., Roopashree, K. M., & Naik, D. (2019). Role of soil physical, chemical and
biological properties for soil health improvement and sustainable agriculture. Journal of

Pharmacognosy and Phytochemistry, 8(5), 1256-1267.

Bhattacharya, P., Maity, P. P., Mowrer, J., Maity, A., Ray, M., Das, S., ... & Krishnan, P. (2020).
Assessment of soil health parameters and application of the sustainability index to fields
under conservation agriculture for 3, 6, and 9 years in India. Heliyon, 6(12).

El-Beltagi, H. S., Basit, A., Mohamed, H. 1., Ali, I., Ullah, S., Kamel, E. A., ... & Ghazzawy, H. S.
(2022). Mulching as a sustainable water and soil saving practice in agriculture: A review.
Agronomy, 12(8), 1881.

Shao, Z., Xiao, K. Q., Jin, M., Chen, S., Huo, Y., & Zhu, Y. G. (2026). Environmental fate and
effects of mulch films on agricultural soil: A systematic review from application to residual
impact. Critical Reviews in Environmental Science and Technology, 56(2), 43-66.

Kuzucu, M. (2021). Importance of mulching in dry agricultural areas for soil moisture storage.
Uluslararas1 Cevresel Egilimler Dergisi, 5(1), 16-27.

Volume: 4, No: 1 January-March, 2026


https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958
https://gemini.google.com/app/53c489d3de96a958

659

Talukder, R., Plaza-Bonilla, D., Cantero-Martinez, C., Wendroth, O., & Lampurlanés, J. (2023).
Soil hydraulic properties and pore dynamics under different tillage and irrigated crop
sequences. Geoderma, 430, 116293.

Bodner, G., Mentler, A., & Keiblinger, K. (2021). Plant roots for sustainable soil structure
management in cropping systems. The root systems in sustainable agricultural
intensification, 45-90.

Mello, I., Roloff, G., Laurent, F., Gonzalez, E., & Kassam, A. (2023). Sustainable land
management with conservation agriculture for rainfed production: the case of Parand I1I
watershed (Itaipu dam) in Brazil. Rainfed systems intensification and scaling of water and
soil management: Four case studies of development in family farming, 99-126.

Francaviglia, R., Almagro, M., & Vicente-Vicente, J. L. (2023). Conservation agriculture and soil
organic carbon: Principles, processes, practices and policy options. Soil Systems, 7(1), 17.

Zhan, C. (2024). Microbial decomposition and soil health: Mechanisms and ecological
implications. Molecular Soil Biology, 15.

Ngatia, L., Moriasi, D., Grace III, J., Fu, R., Gardner, C., & Taylor, R. (2021). Land use change
affects soil organic carbon: An indicator of soil health. Intech Open, 2021(January 2021),
1-15.

Usharani, K. V., Roopashree, K. M., & Naik, D. (2019). Role of soil physical, chemical and
biological properties for soil health improvement and sustainable agriculture. Journal of
Pharmacognosy and Phytochemistry, 8(5), 1256-1267.

Lehmann, J., Bossio, D. A., Kégel-Knabner, 1., & Rillig, M. C. (2020). The concept and future
prospects of soil health. Nature Reviews Earth & Environment, 1(10), 544-553.

Cao,Y.,He, Z., Zhu, T., & Zhao, F. (2021). Organic-C quality as a key driver of microbial nitrogen
immobilization in soil: A meta-analysis. Geoderma, 383, 114784.

Islam, M. J., Cheng, M., Kumar, U., Maniruzzaman, M., Nasreen, S. S., Haque, M. E., ... &
Jahangir, M. M. R. (2023). Conservation agriculture in intensive rice cropping reverses soil
potassium depletion. Nutrient cycling in agroecosystems, 125(3), 437-451.

Sharma, U. C., Datta, M., & Sharma, V. (2025). Managing soil acidity. In Soil acidity: management
options for higher crop productivity (pp. 427-522). Cham: Springer Nature Switzerland.

Auler, A. C., Caires, E. F., Pires, L. F., Galetto, S. L., Romaniw, J., & Charnobay, A. C. (2019).
Lime effects in a no-tillage system on Inceptisols in Southern Brazil. Geoderma Regional,
16, €00206.

dos Santos, D. R., Tiecher, T., Gonzatto, R., Santanna, M. A., Brunetto, G., & da Silva, L. S. (2018).
Long-term effect of surface and incorporated liming in the conversion of natural grassland
to no-till system for grain production in a highly acidic sandy-loam Ultisol from South
Brazilian Campos. Soil and Tillage Research, 180, 222-231.

Barth, V. P., Reardon, C. L., Coffey, T., Klein, A. M., McFarland, C., Huggins, D. R., & Sullivan,
T. S. (2018). Stratification of soil chemical and microbial properties under no-till after
liming. Applied Soil Ecology, 130, 169-177.

Gurmessa, B. (2021). Soil acidity challenges and the significance of liming and organic
amendments in tropical agricultural lands with reference to Ethiopia: B. Gurmessa.
Environment, Development and Sustainability, 23(1), 77-99.

Shen, Z., Han, T., Huang, J., Li, J., Daba, N. A., Gilbert, N., ... & Zhang, H. (2024). Soil organic
carbon regulation by pH in acidic red soil subjected to long-term liming and straw
incorporation. Journal of Environmental Management, 367, 122063.

Li, Y., Chang, S. X., Tian, L., & Zhang, Q. (2018). Conservation agriculture practices increase soil
microbial biomass carbon and nitrogen in agricultural soils: A global meta-analysis. Soil
Biology and Biochemistry, 121, 50-58.

Volume: 4, No: 1 January-March, 2026



660

Singh, P., Mukherjee, S., Saha, N., Biswas, S., & Mandal, B. (2021). Conservation agriculture in
reshaping belowground microbial diversity. In Soil science: fundamentals to recent
advances (pp. 141-173). Singapore: Springer Singapore.

Mahajan, N. C., Mrunalini, K., Prasad, K. K., Naresh, R. K., & Sirisha, L. (2019). Soil quality
indicators, building soil organic matter and microbial derived inputs to soil organic matter
under conservation agriculture ecosystem: a review. Int. J. Curr. Microbiol. App. Sci, 8(2),
1859-1879.

Algahtani, F. S. (2025). The utilization of microorganisms for biological control of soil-borne plant
pathogens: a sustainable strategy for managing plant diseases-a comprehensive review.
Journal of Plant Pathology, 1-25.

Niu, B., Wang, W., Yuan, Z., Sederoft, R. R., Sederoff, H., Chiang, V. L., & Borriss, R. (2020).
Microbial interactions within multiple-strain biological control agents impact soil-borne
plant disease. Frontiers in microbiology, 11, 585404.

Lang, B., Betancur-Corredor, B., & Russell, D. J. (2023). Earthworms increase mineral soil
nitrogen content—a meta-analysis. Soil Organisms, 95(1), 1-16.

Devi, K. D., Devi, M. M., & Jumi, T. (2023). Impact of macro-organisms on sustainable soil health.
Sustainable management of soil health, 20.

Bashir, Z., Rashi, B., & Nisa, M. (2025). Organic Fertilizers: Types and Benefits of Organic
Fertilizers. In Organic Farming (pp. 80-118). CRC Press.

Corbeels, M., Naudin, K., Whitbread, A. M., Kiihne, R., & Letourmy, P. (2020). Limits of
conservation agriculture to overcome low crop yields in sub-Saharan Africa. Nature Food,
1(7), 447-454.

Bowles, T. M., Atallah, S. S., Campbell, E. E., Gaudin, A. C., Wieder, W. R., & Grandy, A. S.
(2018). Addressing agricultural nitrogen losses in a changing climate. Nature
Sustainability, 1(8), 399-408.

Sunuwar, S. (2022). The Influence of Cover Crop Termination Strategies and Supplemental
Nitrogen on Sweet Corn Yield and Nitrogen Use Efficiency.

Williams, A., Jordan, N. R., Smith, R. G., Hunter, M. C., Kammerer, M., Kane, D. A., ... & Davis,
A. S. (2018). A regionally-adapted implementation of conservation agriculture delivers
rapid improvements to soil properties associated with crop yield stability. Scientific reports,
8(1), 8467.

Volume: 4, No: 1 January-March, 2026



