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Abstract 
Background: Soil organic carbon (SOC) plays a crucial role in maintaining soil 
health, fertility, and climate regulation. The adoption of conservation agriculture (CA) 
practices has been promoted as an alternative to conventional agriculture (CV) for 
enhancing SOC sequestration and improving soil quality. 
Objective: This study aims to compare the effects of conventional and conservation 
agriculture practices on soil organic carbon content, distribution, and dynamics across 
different agroecological zones. 
Methods: A comprehensive meta-analysis was conducted using data from 85 field 
studies published between 2010-2024, covering various crops, soil types, and climatic 
conditions. SOC measurements were analyzed at different soil depths (0-15 cm, 15-
30 cm, and 30-45 cm) under both agricultural systems. Statistical analysis included 
ANOVA, regression analysis, and effect size calculations. 
Results: Conservation agriculture showed significantly higher SOC content compared 
to conventional agriculture, with mean increases of 18.3% ± 4.2% in the top 15 cm of 
soil. The greatest differences were observed in semiarid regions (24.7% increase) and 
clay soils (21.5% increase). Long-term studies (>10 years) demonstrated more 
pronounced benefits, with SOC accumulation rates of 0.52 Mg C ha⁻¹ year⁻¹ under CA 
compared to 0.18 Mg C ha⁻¹ year⁻¹ under CV practices. 
Conclusion: Conservation agriculture practices consistently enhance soil organic 
carbon sequestration across diverse agroecological conditions. The magnitude of 
benefits increases with time, soil clay content, and implementation of multiple CA 
principles simultaneously. 
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1. Introduction 

Soil organic carbon represents one of the largest terrestrial carbon pools, containing approximately 1,550 Pg of carbon globally, 

which is nearly three times the amount stored in the atmosphere [¹]. Agricultural soils have lost 25-75% of their original SOC 

content since the advent of intensive farming practices [²], making agriculture both a significant contributor to atmospheric CO₂ 

emissions and a potential solution for carbon sequestration [³]. 

Conventional agriculture (CV) typically involves intensive tillage, monoculture cropping systems, and minimal crop residue 

retention, leading to accelerated soil organic matter decomposition and reduced carbon inputs [⁴]. These practices have 

contributed to soil degradation, reduced fertility, and increased greenhouse gas emissions from agricultural systems [⁵]. In 

contrast, conservation agriculture (CA) is based on three fundamental principles: minimal soil disturbance, permanent soil cover 

through crop residues or cover crops, and diversified crop rotations [⁶]. 

The Food and Agriculture Organization (FAO) defines conservation agriculture as a farming system that promotes minimum 

soil disturbance, maintenance of permanent soil cover, and species diversification [⁷]. These practices aim to enhance and sustain 
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agricultural productivity while improving soil health and 

environmental sustainability. The adoption of CA practices 

has been growing globally, with approximately 180 million 

hectares under CA management by 2015 [⁸]. 

Soil organic carbon dynamics are influenced by the balance 

between carbon inputs (crop residues, root biomass, organic 

amendments) and carbon outputs (microbial decomposition, 

erosion, leaching) [⁹]. Conservation agriculture practices can 

potentially alter this balance by increasing carbon inputs 

through enhanced biomass production and residue retention, 

while reducing carbon losses through decreased soil 

disturbance and improved soil structure [¹⁰]. 

Previous studies have reported variable results regarding the 

effects of CA on SOC, with some showing significant 

increases [¹¹, ¹²], while others report minimal differences [¹³, ¹⁴]. 

These variations may be attributed to differences in climate, 

soil type, crop selection, duration of practice implementation, 

and specific management practices employed [¹⁵]. 

Understanding these factors is crucial for optimizing CA 

practices and predicting their long-term impacts on soil 

carbon sequestration. 

The objective of this study is to provide a comprehensive 

comparison of SOC content and dynamics under 

conventional and conservation agriculture systems across 

different environmental conditions and management 

scenarios. This analysis will contribute to the development of 

evidence-based recommendations for sustainable agricultural 

practices that enhance soil carbon sequestration while 

maintaining agricultural productivity. 

 

2. Materials and Methods 

2.1 Data Collection and Study Selection 

A systematic literature review was conducted to identify 

peer-reviewed studies comparing SOC content under 

conventional and conservation agriculture practices. The 

search was performed using Web of Science, Scopus, and 

Google Scholar databases with keywords including "soil 

organic carbon," "conservation agriculture," "no-till," 

"conventional tillage," "carbon sequestration," and "soil 

management." Studies published between 2010 and 2024 

were included to ensure contemporary relevance and 

methodological consistency. 

Inclusion criteria were: (1) field studies comparing CA and 

CV practices on the same site, (2) minimum study duration 

of 3 years, (3) SOC measurements reported with statistical 

measures, (4) clear description of management practices, and 

(5) studies conducted in agricultural systems. Exclusion 

criteria included: (1) greenhouse or laboratory studies, (2) 

studies without proper controls, (3) insufficient statistical 

information, and (4) studies focusing solely on organic 

amendments without tillage comparisons. 

 

 

 

2.2 Data Extraction and Classification 

From each selected study, the following information was 

extracted: location (latitude, longitude, climate zone), soil 

type, crop species, study duration, tillage practices, crop 

rotation details, cover crop usage, residue management, SOC 

content at different depths, and associated statistical 

measures (mean, standard deviation, sample size). 

 

Studies were classified based on several factors: 

▪ Climate zones: Temperate, subtropical, tropical, 

semiarid, and arid 

▪ Soil texture: Clay (>35% clay), loam (20-35% clay), and 

sandy (<20% clay) 

▪ Study duration: Short-term (3-5 years), medium-term 

(6-10 years), and long-term (>10 years) 

▪ CA implementation: Single practice (no-till only), dual 

practice (no-till + cover crops or residue retention), and 

full CA (all three principles) 

 

2.3 Statistical Analysis 

Statistical analyses were performed using R software (version 

4.3.2) with packages including meta, metafor, and ggplot2. 

Effect sizes were calculated as the natural logarithm of the 

response ratio (ln RR), where RR = SOC_CA/SOC_CV. 

Positive values indicate higher SOC under CA compared to 

CV. 

Random-effects meta-analysis was conducted to account for 

heterogeneity among studies. Heterogeneity was assessed 

using I² statistics and Q-tests. Subgroup analyses were 

performed to identify factors influencing the magnitude of 

CA effects on SOC. Publication bias was evaluated using 

funnel plots and Egger's regression test. 

Analysis of variance (ANOVA) was used to test for 

significant differences between treatments, followed by 

Tukey's HSD test for multiple comparisons. Linear 

regression analysis was employed to examine relationships 

between study duration and SOC accumulation rates. 

 

2.4 Quality Assessment 

Study quality was assessed using a modified Newcastle-

Ottawa Scale adapted for agricultural studies, considering 

factors such as study design, control quality, outcome 

measurement, and statistical analysis adequacy. Only studies 

scoring ≥6 out of 10 points were included in the final analysis. 

 

3. Results 

3.1 Study Characteristics 

The final dataset comprised 85 studies from 32 countries 

across six continents, representing diverse agroecological 

conditions. The studies included 312 site-years of data, with 

study durations ranging from 3 to 28 years (mean = 8.7 

years). Geographically, 38% of studies were from temperate 

regions, 24% from subtropical, 18% from semiarid, 12% 

from tropical, and 8% from arid zones. 
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Table 1: Distribution of studies by geographical and environmental characteristics 
 

Characteristic Category Number of Studies Percentage 

Climate Zone Temperate 32 37.6% 
 Subtropical 20 23.5% 
 Semiarid 15 17.6% 
 Tropical 10 11.8% 
 Arid 8 9.4% 

Soil Texture Clay 28 32.9% 
 Loam 41 48.2% 
 Sandy 16 18.8% 

Study Duration Short-term (3-5 years) 31 36.5% 
 Medium-term (6-10 years) 29 34.1% 
 Long-term (>10 years) 25 29.4% 

 

3.2 Overall Effects of Conservation Agriculture on SOC 

The meta-analysis revealed that conservation agriculture 

significantly increased soil organic carbon content compared 

to conventional agriculture (p < 0.001). The overall effect 

size was 0.168 ± 0.031 (mean ± SE), corresponding to an 

18.3% increase in SOC under CA practices.

 
Table 2: Effect of conservation agriculture on soil organic carbon at different depths 

 

Soil Depth (cm) Number of Comparisons Effect Size (ln RR) 95% CI SOC Increase (%) p-value 

0-15 78 0.168 ± 0.031 0.107, 0.229 18.3 <0.001 

15-30 52 0.089 ± 0.028 0.034, 0.144 9.3 0.002 

30-45 31 0.041 ± 0.035 -0.028, 0.110 4.2 0.247 

 

The benefits of CA were most pronounced in the surface soil 

layer (0-15 cm), with diminishing effects at greater depths. 

No significant differences were observed below 30 cm depth, 

suggesting that the primary impacts of CA practices occur in 

the upper soil profile. 

 

3.3 Factors Influencing CA Effects on SOC 

3.3.1 Climate Zone Effects 

Subgroup analysis revealed significant variation in CA 

effects across different climate zones (Q = 18.7, p < 0.001). 

The greatest benefits were observed in semiarid regions 
(24.7% increase), followed by temperate (19.8%), subtropical 
(16.4%), tropical (14.2%), and arid regions (11.3%). 

 

 

 

3.3.2 Soil Texture Effects 

Soil texture significantly influenced the magnitude of CA 

effects on SOC (Q = 12.4, p = 0.002). Clay soils showed the 

greatest response (21.5% increase), followed by loam soils 

(17.1%) and sandy soils (12.8%). The enhanced benefits in 

finer-textured soils were attributed to greater physical 

protection of organic matter and improved soil structure 

under CA practices. 

 

3.3.3 Study Duration Effects 

Long-term studies demonstrated significantly greater SOC 

benefits compared to short-term studies (Figure 1). Linear 

regression analysis showed a positive relationship between 

study duration and effect size (R² = 0.312, p < 0.001), with 

SOC benefits increasing by approximately 1.8% for each 

additional year of CA implementation.

 

 
 

Fig 1: Relationship between study duration and soil organic carbon response to conservation agriculture 
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3.4 CA Practice Implementation Effects 

 
Table 3: Effects of different conservation agriculture practice combinations on SOC 

 

CA Practice Combination Number of Studies Effect Size (ln RR) SOC Increase (%) 95% CI 

No-till only 23 0.098 ± 0.042 10.3 0.016, 0.180 

No-till + Cover crops 28 0.156 ± 0.038 16.9 0.082, 0.230 

No-till + Residue retention 19 0.142 ± 0.045 15.2 0.054, 0.230 

Full CA (all three principles) 15 0.278 ± 0.052 32.1 0.176, 0.380 

 

Implementation of all three CA principles simultaneously 

resulted in the greatest SOC benefits (32.1% increase), 

significantly higher than single or dual practice 

implementations (p < 0.01). 

 

3.5 Carbon Accumulation Rates 

Annual carbon accumulation rates were calculated for studies 

providing temporal data. Conservation agriculture systems 

accumulated carbon at a rate of 0.52 ± 0.08 Mg C ha⁻¹ year⁻¹, 

compared to 0.18 ± 0.05 Mg C ha⁻¹ year⁻¹ under conventional 

systems, representing a nearly three-fold increase in carbon 

sequestration rates.

 
Table 4: Annual soil organic carbon accumulation rates by system and environmental factors 

 

Factor Category CA Rate (Mg C ha⁻¹ yr⁻¹) CV Rate (Mg C ha⁻¹ yr⁻¹) Difference 

Overall All studies 0.52 ± 0.08 0.18 ± 0.05 0.34 

Climate Temperate 0.58 ± 0.12 0.21 ± 0.07 0.37 
 Semiarid 0.61 ± 0.15 0.16 ± 0.08 0.45 
 Subtropical 0.48 ± 0.11 0.19 ± 0.06 0.29 

Soil Texture Clay 0.64 ± 0.14 0.22 ± 0.08 0.42 
 Loam 0.49 ± 0.09 0.17 ± 0.05 0.32 
 Sandy 0.38 ± 0.12 0.14 ± 0.07 0.24 

 

4. Discussion 

4.1 Mechanisms of SOC Enhancement under 

Conservation Agriculture 

The observed increases in soil organic carbon under 

conservation agriculture can be attributed to several 

interconnected mechanisms. First, reduced soil disturbance 

minimizes the disruption of soil aggregates, thereby 

protecting organic matter from rapid decomposition [¹⁶]. 

Tillage operations increase soil aeration and temperature, 

accelerating microbial decomposition of organic matter [¹⁷]. 

By eliminating or reducing tillage, CA practices help 

maintain soil structure and create an environment less 

conducive to rapid carbon mineralization. 

Second, permanent soil cover through crop residues and 

cover crops provides continuous carbon inputs to the soil 

system [¹⁸]. These materials serve as substrates for soil 

microorganisms, promoting the formation of soil organic 

matter through microbial biomass turnover and byproduct 

accumulation [¹⁹]. Cover crops also contribute to SOC through 

their root systems, which can extend deeper into the soil 

profile and provide carbon inputs through root exudates and 

fine root turnover [²⁰]. 

Third, diversified crop rotations enhance carbon inputs 

through increased biomass production and root diversity [²¹]. 

Different crop species contribute varying quantities and 

qualities of organic matter, with some crops providing more 

recalcitrant carbon compounds that persist longer in soil [²²]. 

The diversity of root architectures and depths also contributes 

to carbon distribution throughout the soil profile. 

 

4.2 Environmental Controls on CA Effectiveness 

The variable response of SOC to CA practices across 

different environmental conditions reflects the complex 

interactions between climate, soil properties, and 

management practices. The greater benefits observed in 

semiarid regions may be attributed to several factors. In 

water-limited environments, the soil surface protection 

provided by residue cover helps conserve moisture, leading 

to increased plant productivity and greater carbon inputs [²³]. 

Additionally, slower decomposition rates in drier conditions 

may favor carbon accumulation under CA practices. 

The enhanced response in clay soils reflects the greater 

capacity of fine-textured soils to physically protect organic 

matter through aggregate formation and mineral-organic 

associations [²⁴]. Clay particles can form stable complexes 

with organic compounds, reducing their accessibility to 

decomposing microorganisms [²⁵]. Furthermore, improved 

soil structure under CA practices in clay soils can enhance 

water infiltration and root penetration, indirectly supporting 

greater plant productivity and carbon inputs. 

 

4.3 Temporal Dynamics of SOC Accumulation 

The positive relationship between study duration and SOC 

benefits highlights the importance of long-term 

implementation for realizing the full potential of CA 

practices. Initial years of CA adoption may show minimal or 

even negative effects on SOC due to the adjustment period 

required for soil ecosystem reorganization [²⁶]. As the system 

matures, enhanced biological activity, improved soil 

structure, and accumulated organic inputs lead to accelerating 

carbon sequestration rates. 

The observed carbon accumulation rates under CA (0.52 Mg 

C ha⁻¹ year⁻¹) are consistent with global estimates for 

conservation tillage systems and represent a significant 

contribution to climate change mitigation [²⁷]. However, these 

rates may not be sustained indefinitely, as soils eventually 

reach new equilibrium levels determined by the balance 

between inputs and outputs [²⁸]. 

 

4.4 Synergistic Effects of Combined CA Practices 

The superior performance of full CA implementation (32.1% 

SOC increase) compared to individual practices emphasizes 

the synergistic nature of the three CA principles. No-till alone 

provides limited benefits by reducing soil disturbance but 

may not significantly increase carbon inputs. Cover crops and 

residue retention enhance carbon inputs but may not 
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maximize protection without reduced tillage. The 

combination of all three practices creates optimal conditions 

for carbon sequestration by simultaneously maximizing 

inputs and minimizing losses. 

 

4.5 Implications for Agricultural Sustainability 

The consistent SOC benefits observed across diverse 

conditions suggest that CA practices can play a crucial role 

in sustainable agricultural intensification. Enhanced SOC 

levels contribute to improved soil fertility, water retention, 

nutrient cycling, and biological activity [²⁹]. These benefits can 

reduce dependence on external inputs while maintaining or 

improving crop productivity [³⁰]. 

From a climate change perspective, the carbon sequestration 

potential of CA represents an important natural climate 

solution. With approximately 1.5 billion hectares of cropland 

globally, widespread adoption of CA practices could 

contribute significantly to meeting international climate 

targets [³¹]. 

 

4.6 Limitations and Future Research Needs 

Several limitations should be considered when interpreting 

these results. First, the meta-analysis is limited by the 

availability and quality of published studies, which may 

introduce geographical or methodological biases. Second, the 

focus on SOC content may not fully capture changes in soil 

carbon stability or turnover rates, which are equally important 

for long-term carbon sequestration. 

Future research should focus on understanding the 

mechanisms controlling carbon stability under CA practices, 

including the role of soil microbiomes, aggregate formation, 

and mineral-organic interactions. Long-term studies (>20 

years) are needed to determine whether carbon accumulation 

rates are sustained or reach equilibrium. Additionally, 

economic analyses of CA adoption should consider both the 

carbon sequestration benefits and potential trade-offs in crop 

yields or management costs. 

 

5. Conclusion 

This comprehensive meta-analysis provides strong evidence 

that conservation agriculture practices significantly enhance 

soil organic carbon sequestration compared to conventional 

agriculture across diverse agroecological conditions. The 

observed 18.3% average increase in SOC under CA, with 

benefits reaching 32.1% when all three CA principles are 

implemented simultaneously, demonstrates the potential of 

these practices for sustainable agricultural intensification and 

climate change mitigation. 

Key findings include: (1) SOC benefits are most pronounced 

in surface soil layers and increase with implementation 

duration, (2) semiarid regions and clay soils show the greatest 

response to CA practices, (3) full implementation of CA 

principles provides synergistic benefits exceeding individual 

practice effects, and (4) carbon accumulation rates under CA 

are nearly three times higher than conventional systems. 

These results support the promotion of conservation 

agriculture as a viable strategy for enhancing soil health, 

agricultural sustainability, and carbon sequestration. 

However, successful adoption requires consideration of local 

environmental conditions, appropriate practice selection, and 

long-term commitment to realize full benefits. Continued 

research and extension efforts are needed to optimize CA 

practices for different agroecological zones and support 

widespread adoption by farmers globally. 

The findings of this study contribute to the growing body of 

evidence supporting conservation agriculture as a key 

component of sustainable intensification strategies that can 

meet growing food demands while providing environmental 

benefits. As global agriculture faces increasing pressure to 

reduce its environmental footprint while maintaining 

productivity, conservation agriculture offers a promising 

pathway toward more sustainable and resilient farming 

systems. 
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