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Abstract 
Soil carbon sequestration represents a critical component of global carbon cycling and 
climate change mitigation strategies. This comparative study examines soil organic 
carbon (SOC) storage and sequestration rates between natural forest ecosystems and 
managed agroecosystems across temperate regions. We analyzed soil samples from 
24 sites (12 natural forests and 12 managed agricultural systems) over a 5-year period, 
measuring SOC content, microbial biomass, aggregate stability, and carbon flux rates. 
Results demonstrated that natural forests sequestered significantly more carbon 
(2.8±0.4 Mg C ha⁻¹ yr⁻¹) compared to conventional agroecosystems (1.2±0.3 Mg C 
ha⁻¹ yr⁻¹). However, agroecosystems implementing conservation practices achieved 
intermediate sequestration rates (2.1±0.5 Mg C ha⁻¹ yr⁻¹). Soil organic carbon stocks 
in the top 30 cm were 65% higher in forest soils (89.4±12.6 Mg C ha⁻¹) than in 
agricultural soils (54.2±8.9 Mg C ha⁻¹). Microbial biomass carbon was 2.3 times 
greater in forest soils, indicating enhanced biological activity. These findings suggest 
that while natural forests provide superior carbon sequestration capacity, sustainable 
agricultural management practices can substantially improve carbon storage in 
agroecosystems, contributing to climate change mitigation while maintaining food 
security. 
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1. Introduction 

Climate change mitigation has become one of the most pressing challenges of the 21st century, with atmospheric CO₂ 

concentrations reaching unprecedented levels of over 420 ppm [1]. Soil carbon sequestration has emerged as a promising strategy 

for reducing atmospheric greenhouse gas concentrations while simultaneously improving soil health and agricultural 

productivity [2]. Soils represent the largest terrestrial carbon reservoir, storing approximately 1,500 Pg of carbon globally, which 

is three times more than the atmospheric carbon pool [3]. 

The conversion of natural ecosystems to agricultural land use has resulted in significant losses of soil organic carbon (SOC), 

with estimates suggesting that agricultural soils have lost 25-75% of their original carbon content [4]. This depletion not only 

contributes to atmospheric CO₂ concentrations but also reduces soil fertility, water retention capacity, and overall ecosystem 

stability [5]. Understanding the differences in carbon sequestration potential between natural forests and managed agroecosystems 

is crucial for developing effective land management strategies that balance food security with climate change mitigation. 

Natural forest ecosystems are characterized by diverse plant communities, continuous canopy cover, minimal soil disturbance, 

and complex below-ground networks that facilitate efficient carbon cycling [6]. The leaf litter, root exudates, and mycorrhizal 

associations in forest systems contribute to stable organic matter formation and long-term carbon storage [7]. In contrast, 

agroecosystems are subject to regular tillage, crop rotation, fertilizer application, and harvest removal, which can accelerate soil 

carbon mineralization and reduce overall carbon storage [8]. 
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However, recent advances in sustainable agricultural 

practices, including no-till farming, cover cropping, 

agroforestry, and integrated nutrient management, have 

shown potential for enhancing carbon sequestration in 

agricultural soils [9]. These conservation practices aim to 

mimic natural ecosystem processes while maintaining 

agricultural productivity. The comparative analysis of carbon 

sequestration potential between natural and managed systems 

provides essential insights for policy development and land 

use planning [10]. 

Several factors influence soil carbon sequestration rates, 

including climate, soil texture, vegetation type, management 

practices, and time since land use change [11]. Temperature 

and precipitation patterns affect decomposition rates and 

plant productivity, while soil texture influences carbon 

stabilization mechanisms [12]. Clay-rich soils typically exhibit 

higher carbon retention due to mineral-organic matter 

interactions, whereas sandy soils may have faster carbon 

turnover rates [13]. 

The objectives of this study were to: (1) quantify and 

compare soil organic carbon stocks and sequestration rates 

between natural forest ecosystems and managed 

agroecosystems, (2) evaluate the impact of different 

agricultural management practices on carbon sequestration 

potential, (3) assess the relationship between soil biological 

activity and carbon storage capacity, and (4) identify key 

factors influencing carbon sequestration efficiency in both 

systems. This research contributes to the growing body of 

knowledge needed to optimize land use strategies for climate 

change mitigation while ensuring sustainable food 

production. 

 

2. Materials and Methods 

2.1 Study Sites and Experimental Design 

The study was conducted across 24 sites in temperate regions 

of North America and Europe, spanning latitudes from 35°N 

to 55°N. Sites were selected to represent paired comparisons 

between natural forest ecosystems and adjacent or nearby 

managed agroecosystems with similar climate, topography, 

and soil parent material. Twelve natural forest sites included 

mixed deciduous forests (oak-hickory and beech-maple 

associations) and coniferous forests (pine and spruce-

dominated stands) aged 80-150 years. The corresponding 

twelve agricultural sites encompassed conventional crop 

rotation systems (corn-soybean), conservation tillage 

systems, and agroforestry practices [14]. 

Climate conditions across study sites ranged from 8-14 °C 

mean annual temperature and 600-1200 mm annual 

precipitation. Soil types included Mollisols, Alfisols, and 

Inceptisols according to USDA Soil Taxonomy, with clay 

content ranging from 15-45%. Each site covered a minimum 

area of 5 hectares to ensure spatial representativeness and 

minimize edge effects [15]. 

 

2.2 Soil Sampling and Analysis 

Soil samples were collected annually from 2018 to 2022 

using a systematic grid sampling approach. At each site, 20 

sampling points were established in a 50 m × 50 m grid 

pattern. Soil cores were extracted to 50 cm depth and 

sectioned into intervals of 0-10 cm, 10-20 cm, 20-30 cm, and 

30-50 cm to assess vertical carbon distribution patterns [16]. 

Samples were collected during late spring (May-June) to 

minimize seasonal variability in soil carbon content. 

Soil organic carbon content was determined using the 

Walkley-Black wet oxidation method for samples with <2% 

inorganic carbon, and by dry combustion using a CN analyzer 

(Elementar Vario Max CN) for samples with higher 

carbonate content [17]. Bulk density was measured using the 

core method with stainless steel rings of known volume. Soil 

organic carbon stocks were calculated using the formula: 

 

SOC stock (Mg C ha⁻¹) = SOC content (g kg⁻¹) × Bulk 

density (g cm⁻³) × Thickness (cm) × 10 

 

2.3 Microbial Biomass and Biological Activity 

Microbial biomass carbon (MBC) was determined using the 

fumigation-extraction method [18]. Fresh soil samples were 

fumigated with chloroform for 24 hours, followed by 

extraction with 0.5 M K₂SO₄. The difference in extractable 

carbon between fumigated and non-fumigated samples was 

used to calculate MBC using a conversion factor of 2.64 [19]. 

Soil respiration rates were measured in situ using portable 

CO₂ flux chambers (LI-COR 8100A) during growing season 

months. Measurements were taken monthly from April to 

October, with three replicate chambers per sampling point. 

Temperature and moisture corrections were applied to 

normalize respiration rates [20]. 

 

2.4 Physical and Chemical Soil Properties 

Soil aggregate stability was assessed using the wet sieving 

method, determining the mean weight diameter (MWD) of 

water-stable aggregates [21]. Particle size distribution was 

determined using the hydrometer method after dispersion 

with sodium hexametaphosphate. Soil pH was measured in 

1:2.5 soil:water suspension, and exchangeable cations were 

extracted using ammonium acetate (pH 7.0) [22]. 

Total nitrogen was analyzed by dry combustion, and 

available phosphorus was extracted using the Bray-1 method 

for acidic soils and Olsen method for alkaline soils [23]. These 

measurements provided context for understanding nutrient 

cycling relationships with carbon sequestration processes. 

 

2.5 Statistical Analysis 

Data were analyzed using mixed-effects models with site as 

a random factor and land use type as a fixed factor. Temporal 

trends in carbon sequestration were assessed using repeated 

measures ANOVA. Differences between forest and 

agricultural systems were evaluated using t-tests, while 

relationships between variables were examined using 

Pearson correlation analysis. Statistical significance was set 

at p< 0.05, and all analyses were performed using R software 

version 4.2.0 [24]. 

 

3. Results 

3.1 Soil Organic Carbon Stocks and Distribution 

Soil organic carbon stocks differed significantly between 

natural forests and managed agroecosystems across all depth 

intervals (p< 0.001). Forest soils contained 89.4±12.6 Mg C 

ha⁻¹ in the top 30 cm compared to 54.2±8.9 Mg C ha⁻¹ in 

agricultural soils, representing a 65% difference (Table 1). 

The greatest differences occurred in surface layers (0-10 cm), 

where forest soils averaged 38.2±6.1 Mg C ha⁻¹ compared to 

20.3±4.2 Mg C ha⁻¹ in agricultural soils. 
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Table 1: Soil organic carbon stocks (Mg C ha⁻¹) by depth interval and land use type 
 

Depth (cm) Natural Forests Managed Agroecosystems Difference (%) P-value 

0-10 38.2±6.1 20.3±4.2 88.2 <0.001 

10-20 28.9±4.8 18.7±3.6 54.5 <0.001 

20-30 22.3±3.4 15.2±2.8 46.7 <0.001 

30-50 31.8±5.2 24.1±4.1 32.0 <0.001 

Total 0-30 89.4±12.6 54.2±8.9 65.0 <0.001 

Total 0-50 121.2±16.8 78.3±11.7 54.8 <0.001 
Values represent means± standard deviation (n=12 sites per land use type) 

 

Carbon concentration decreased exponentially with depth in 

both systems, but the rate of decline was more pronounced in 

agricultural soils. Forest soils maintained relatively high 

carbon concentrations even at deeper layers, indicating more 

efficient carbon stabilization mechanisms [²⁵]. 

 

 

3.2 Carbon Sequestration Rates 

Annual carbon sequestration rates varied significantly 

between land use types and management practices (Figure 1). 

Natural forests sequestered 2.8±0.4 Mg C ha⁻¹ yr⁻¹, while 

conventional agricultural systems averaged only 1.2±0.3 Mg 

C ha⁻¹ yr⁻¹. However, agroecosystems implementing 

conservation practices achieved intermediate rates of 2.1±0.5 

Mg C ha⁻¹ yr⁻¹.

 

 
 

Fig 1: Annual Carbon sequestration rates by land use type 

 

The temporal analysis revealed consistent sequestration 

trends over the 5-year study period, with forests showing the 

most stable rates while agricultural systems exhibited greater 

variability related to management timing and weather 

conditions [26]. 

 

3.3 Microbial Biomass and Biological Activity 

Microbial biomass carbon was significantly higher in forest 

soils (486±89 mg C kg⁻¹) compared to agricultural soils 

(211±47 mg C kg⁻¹), representing a 2.3-fold difference (P < 

0.001). This enhanced microbial activity in forests 

corresponded with greater enzyme activity and more diverse 

microbial communities [27]. 

Soil respiration rates followed similar patterns, with forest 

soils exhibiting 40% higher CO₂ efflux rates during the 

growing season (Table 2). However, when normalized for 

soil organic carbon content, agricultural soils showed higher 

specific respiration rates, indicating faster carbon turnover 

and lower carbon use efficiency [28]. 

 
Table 2: Microbial biomass and soil respiration parameters by land use type 

 

Parameter Natural Forests Managed Agroecosystems P-value 

Microbial biomass C (mg C kg⁻¹) 486±89 211±47 <0.001 

Soil respiration (g CO₂-C m⁻² day⁻¹) 4.2±0.8 3.0±0.6 <0.001 

Specific respiration (mg CO₂-C g⁻¹ SOC day⁻¹) 0.18±0.04 0.24±0.06 <0.01 

Metabolic quotient (qCO₂) 0.37±0.08 0.51±0.12 <0.001 
Values represent means± standard deviation 

 

3.4 Soil Physical Properties and Carbon Stabilization 

Aggregate stability, measured as mean weight diameter 

(MWD), was significantly higher in forest soils (2.8±0.5 mm) 

compared to agricultural soils (1.6±0.3 mm). This enhanced 

soil structure in forests contributes to physical protection of 

organic matter and reduced erosion susceptibility [29]. 

The relationship between clay content and carbon storage 

differed between land use types (Figure 2). While both 

systems showed positive correlations between clay content 

and SOC stocks, the slope was steeper for forest soils (r² = 

0.78) than agricultural soils (r² = 0.52), suggesting more 

efficient clay-carbon interactions in undisturbed systems [30]. 
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Fig 2: Relationship between clay content and SOC stocks 

 

4. Discussion 

4.1 Mechanisms of Enhanced Carbon Sequestration in 

Forest Ecosystems 

The superior carbon sequestration capacity of natural forests 

compared to managed agroecosystems can be attributed to 

several interconnected mechanisms. Continuous plant cover 

and diverse root systems in forests provide steady inputs of 

organic matter both above and below ground. The absence of 

tillage preserves soil structure and mycorrhizal networks, 

which are crucial for carbon stabilization through aggregate 

formation and hyphal binding. 

Forest litter layers create favorable microenvironments for 

decomposer organisms while protecting soil from 

temperature fluctuations and moisture loss. The complex 

canopy structure moderates soil temperature and maintains 

higher moisture levels, conditions that favor the formation of 

stable humus compounds over rapid mineralization. 

Additionally, the diverse plant communities in forests 

produce chemically varied organic inputs, including lignin-

rich materials that decompose slowly and contribute to long-

term carbon storage. 

The mycorrhizal associations prevalent in forest ecosystems 

play a critical role in carbon cycling and storage. These 

symbiotic relationships not only enhance plant nutrient 

uptake but also contribute significant amounts of carbon to 

soil through hyphal growth, turnover, and exudation of 

glomalin-related soil proteins. These compounds are 

particularly resistant to decomposition and contribute to the 

formation of stable soil aggregates that physically protect 

organic matter from mineralization. 

 

4.2 Limitations and Opportunities in Agricultural 

Carbon Sequestration 

The lower carbon sequestration rates observed in 

conventional agricultural systems reflect the inherent 

challenges of maintaining soil carbon under intensive 

management. Regular tillage disrupts soil aggregates, 

exposing previously protected organic matter to 

decomposition while breaking mycorrhizal networks that 

contribute to carbon stabilization. The removal of crop 

residues through harvest reduces organic matter inputs, while 

bare soil periods between crops increase erosion and carbon 

loss potential. 

However, the intermediate sequestration rates achieved by 

conservation agricultural practices demonstrate significant 

potential for improvement. No-till systems preserve soil 

structure and microbial communities while reducing fuel 

consumption and labor costs. Cover cropping extends the 

period of active photosynthesis and root exudation, providing 

additional carbon inputs during otherwise dormant periods⁴⁰. 

Diverse crop rotations, including perennial species and 

nitrogen-fixing legumes, can enhance both carbon 

sequestration and soil fertility. 

Agroforestry systems, which integrate trees with agricultural 

crops or livestock, show particular promise for carbon 

sequestration. These systems combine the deep rooting and 

long-term carbon storage of trees with the productivity of 

agricultural land, achieving sequestration rates approaching 

those of natural forests while maintaining economic viability. 

The vertical stratification in agroforestry systems also 

provides multiple niches for diverse soil organisms, 

enhancing biological activity and carbon processing. 

 

4.3 Factors Influencing Carbon Sequestration Efficiency 

Climate emerged as a primary driver of carbon sequestration 

differences between sites, with cooler, moister conditions 

generally favoring carbon accumulation in both forest and 

agricultural systems. Temperature affects both plant 

productivity and decomposition rates, with the balance 

between these processes determining net carbon 

sequestration. Precipitation patterns influence plant growth, 

soil moisture, and microbial activity, with moderate moisture 

levels typically optimizing carbon sequestration. 

Soil texture significantly influenced carbon storage capacity 

and stability. Clay-rich soils demonstrated higher carbon 

sequestration potential due to mineral-organic matter 

interactions that stabilize carbon compounds. The formation 

of organo-mineral complexes protects organic matter from 

enzymatic degradation while creating micro-environments 

with limited oxygen availability. However, the efficiency of 

these protective mechanisms was greater in forest soils, 

suggesting that management practices can either enhance or 

impair natural stabilization processes. 

The time since land use change proved crucial for 

understanding carbon dynamics. Recent conversions from 

forest to agriculture showed continued carbon losses for 10-

20 years, while long-term agricultural lands under 

conservation management demonstrated gradual carbon 

accumulation. This temporal dimension highlights the 

importance of sustained management commitment for 
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achieving meaningful carbon sequestration goals. 

 

4.4 Implications for Climate Change Mitigation and 

Policy 

The substantial differences in carbon sequestration potential 

between natural forests and conventional agriculture 

underscore the importance of land use planning in climate 

change mitigation strategies. Protecting existing forests 

represents the most immediate opportunity for maintaining 

current carbon stocks while supporting biodiversity 

conservation and ecosystem services. However, the global 

need for food security requires optimizing carbon 

sequestration within agricultural landscapes rather than 

simply converting farmland to forests. 

The adoption of climate-smart agricultural practices could 

significantly enhance carbon sequestration in 

agroecosystems while maintaining or improving 

productivity. Policy incentives for conservation practices, 

carbon credit programs, and technical assistance for farmers 

could accelerate the transition to more sustainable 

management systems. The integration of carbon 

sequestration goals with other environmental objectives, such 

as water quality improvement and biodiversity conservation, 

could create synergistic benefits that justify increased 

investment in sustainable agriculture. 

 

5. Conclusion 

This comparative study demonstrates that natural forest 

ecosystems possess superior soil carbon sequestration 

capacity compared to managed agroecosystems, with 

sequestration rates 2.3 times higher and soil carbon stocks 

65% greater in forest soils. The enhanced carbon storage in 

forests results from continuous organic matter inputs, 

minimal soil disturbance, complex biological networks, and 

favorable microenvironmental conditions that promote 

carbon stabilization over mineralization. 

However, the implementation of conservation agricultural 

practices can substantially improve carbon sequestration in 

agroecosystems, achieving rates up to 75% of those observed 

in natural forests. No-till systems, cover cropping, diverse 

rotations, and agroforestry represent viable strategies for 

enhancing soil carbon storage while maintaining agricultural 

productivity and economic viability. 

The findings highlight the critical importance of soil 

biological activity in carbon sequestration processes, with 

microbial biomass and diversity serving as key indicators of 

soil carbon storage potential. The relationship between soil 

texture and carbon stabilization emphasizes the need for site-

specific management approaches that optimize natural soil 

properties for carbon retention. 

Climate change mitigation strategies should prioritize forest 

conservation while simultaneously promoting sustainable 

agricultural practices that maximize carbon sequestration 

potential. The integration of carbon sequestration goals with 

food security objectives requires continued research, policy 

support, and technological innovation to develop practical 

solutions for different agricultural systems and regions. 

Future research should focus on long-term carbon stability, 

the role of deep soil carbon pools, and the development of 

rapid assessment methods for monitoring sequestration 

progress. The quantification of economic and social co-

benefits of enhanced carbon sequestration will be essential 

for promoting widespread adoption of climate-smart land 

management practices. 
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