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ABSTRACT 

Coffee management systems strongly influence soil carbon dynamics and soil physical quality 
in tropical coffee agroecosystems. This study was conducted in Simalungun Regency, North 
Sumatra, Indonesia, to evaluate soil carbon dynamics and selected soil physical 
characteristics under organic (ORG), semi-organic (SEM), and conventional (CON) coffee 
management systems. A comparative field study was conducted in three adjacent coffee 
plantations representing the three management systems. Soil samples were collected at four 
depths (0–10, 10–20, 20–30, and 30–40 cm) and analyzed for total organic carbon (TOC), 
carbon sequestration, bulk density, and aggregate stability. Data were analyzed using factorial 
analysis of variance (ANOVA) followed by Duncan Multiple Range Test (DMRT) at *p* ≤ 0.05. 
The results showed that ORG consistently exhibited the highest TOC values, especially at 
depths of 0–10 cm (3.21%), followed by SEM (2.74%) and CON (2.18%). Soil carbon 
sequestration under ORG was approximately 24% greater than CON, indicating better carbon 
storage potential under continuous organic matter input. Aggregate stability was also higher 
under ORG across all aggregate size fractions, while CON exhibited lower aggregate stability 
and greater bulk density, indicating higher soil compaction. TOC values gradually decreased 
with increasing soil depth across all management systems, reflecting reduced organic matter 
input in the subsurface soil. Overall, organic coffee management with continuous organic 
amendments and minimal soil disturbance increased soil carbon storage and improved soil 
physical quality, highlighting its potential to support sustainable coffee production and long-
term soil health in tropical agroecosystems. 
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INTRODUCTION 

Coffee production is one of the strategic plantation sectors that plays an important role in the 
economy of tropical regions, including Indonesia. In addition to contributing to farmers’ income 
and national revenue, coffee cultivation systems also form agroforestry ecosystems that 
influence environmental sustainability. However, the increasing intensification of coffee land 
management over recent decades has triggered various soil degradation problems, including 
declining soil organic matter, increasing soil compaction, and deteriorating soil physical quality 

(Widjayanti and Saputra, 2022). 

According to Millet et al. (2025), coffee plantations not only function as agricultural production 
systems but also constitute a vital part of agroforestry landscapes, providing various 
ecosystem services. Coffee systems managed by maintaining shade vegetation and organic 
matter input play a role in soil conservation, regulating the water cycle, storing carbon, and 
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maintaining soil biodiversity. Conversely, cultivation intensification that reduces vegetation 
cover and organic matter input can reduce the ecological function of the land and increase the 
risk of soil resource degradation. Therefore, sustainable coffee land management is an 
important approach to supporting natural resource conservation and climate change mitigation 
in highland agricultural landscapes. 

Soil is a fundamental component of coffee agroecosystems because it functions both as a 
plant growth medium and as the largest terrestrial carbon reservoir. Soil organic carbon (SOC) 
is an important indicator of soil quality and health because it plays a critical role in improving 
soil structure, increasing water holding capacity, and supporting soil biological activity 
(Romero-Chávez et al., 2026). The loss of SOC due to unsustainable land management 
practices may accelerate land degradation and reduce long-term coffee productivity (Bradford 

et al., 2016). 

Different land management systems are known to exert varying effects on soil carbon 
dynamics. Organic management systems generally promote greater organic matter 
accumulation through the application of organic fertilizers, plant residues, and minimal use of 
synthetic chemical inputs (Liu et al., 2019). In contrast, conventional systems that rely heavily 
on synthetic fertilizers and pesticides tend to intensify soil disturbance, thereby accelerating 
organic matter decomposition and soil carbon loss (Dieleman et al.,2013). Between these two 
systems, semi-organic management has emerged as a transitional approach that combines 
organic and inorganic inputs to maintain a balance between productivity and land sustainability 
(Indrawati, 2025). 

In addition to influencing SOC, differences in coffee management systems also affect soil 
physical characteristics. Continuous application of organic materials can improve soil 
aggregation, reduce bulk density, and increase soil porosity (Tao et al., 2024). Conversely, 
intensive use of mechanical practices and synthetic inputs in conventional systems may lead 
to soil compaction and reduced aggregate stability. These conditions directly influence water 
infiltration, soil aeration, root development, and nutrient uptake efficiency in coffee plants 

(Rodríguez et al., 2022). 

Soil organic carbon and soil physical characteristics are closely interconnected in maintaining 
soil ecosystem functions. High carbon content promotes the formation of stable aggregates 
through interactions between mineral particles and organic matter (Wasner et al., 2024). 
Stable aggregates protect carbon from rapid decomposition, thereby supporting long-term 
carbon storage within the soil. Therefore, evaluation of soil carbon cannot be separated from 
the assessment of soil physical properties as comprehensive indicators of soil quality (Hamza 
et al. ,2025). 

In addition to contributing to climate change mitigation, increasing soil carbon stocks in 
sustainable coffee systems also plays a role in maintaining environmental quality and 
ecosystem resilience. Stable soil carbon can improve soil structure, increase water infiltration 
capacity, and reduce land vulnerability to erosion and degradation. Therefore, evaluating soil 
carbon stocks and soil physical characteristics in various coffee management systems is 
crucial for assessing the contribution of coffee agroecosystems to sustainable land 
management and the provision of environmental services in tropical regions (Rani et al., 
2026). 

In the context of global climate change, agricultural land has the potential to function both as 
a source and a sink of atmospheric carbon. Sustainably managed coffee cultivation systems 
have considerable potential to support climate change mitigation through enhanced soil 
carbon sequestration (Martinelli et al., 2025). Management practices such as the use of 
organic mulch, organic matter addition, and maintenance of ground cover vegetation can 
increase soil carbon stocks while simultaneously improving soil quality. Thus, coffee land 
management is not only associated with crop productivity but also has broader ecological 
implications for environmental sustainability (Rahman et al., 2021). 
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Although numerous studies on soil carbon have been conducted in annual cropping systems 
and grazing lands, research on soil carbon dynamics in coffee management systems, 
particularly comparisons among organic, semi-organic, and conventional systems, remains 
relatively limited (Sebayang & Fari, 2026). This knowledge gap is particularly important in 
Simalungun Regency, North Sumatra, a major coffee-producing region characterized by 
volcanic-derived soils and diverse coffee management practices. Most previous studies have 
focused primarily on crop production aspects without comprehensively linking them to soil 
physical quality and carbon storage potential. Yet, understanding the relationship between 
coffee management systems and soil quality is essential for supporting the development of 
sustainable coffee farming systems in tropical regions (Fari & Sebayang, 2026). 

Based on these considerations, this study was conducted to analyse soil carbon dynamics 
and soil physical characteristics under different coffee land management systems. This 
research is expected to provide scientific information regarding the influence of coffee 
management systems on soil quality and soil carbon storage potential. The findings are also 
expected to serve as a basis for developing more sustainable coffee cultivation practices that 

are adaptive to future climate change challenges (Ayu et al., 2023). 

METHOD 

This study was conducted from August 2025 to February 2026 in coffee plantation areas 
located in Simalungun Regency, North Sumatra, Indonesia, at an altitude of approximately 
1,100 m above sea level with geographic coordinates of 2°50′51″ N and 98°51′00″ E. The 
study was carried out in three adjacent coffee plantations representing different management 
systems, namely organic (5,900 m²), semi-organic (3,600 m²), and conventional (3,100 m²) 
systems. The study area represents a tropical highland agroecosystem that is highly suitable 
for Arabica coffee cultivation. The cultivated coffee plants were Arabica coffee of the 
Sigararutang variety with relatively uniform plant age and land conditions. The organic coffee 
plantation has implemented organic cultivation practices since 2015 and obtained organic 
certification from LeSOS (Lembaga Sertifikasi Organik Seloliman) with certificate number 128-
LSPO.005-IDN-10-15. A preliminary field survey was conducted to identify the characteristics 
of the study area, including topographic conditions, soil characteristics, land management 
systems, and general coffee plantation conditions. The survey results were used as the basis 
for determining sampling points and selecting appropriate soil sampling methods.  

The study was conducted under three different coffee land management systems, namely: 

a. ORG (Organic Coffee Management) 

The organic coffee management system utilized organic fertilizers while minimizing the 
use of synthetic chemical inputs. Organic materials applied included cattle manure 
compost and coffee husk compost. Weed control was carried out manually and 
biologically using a mixture of sulphur and fermented coffee wastewater as a botanical 
herbicide. Pest and disease control was conducted using botanical pesticides derived 
from neem leaves (Azadirachta indica), tuba root (Derris elliptica), and fermented shrimp 
paste. 

b. SEM (Semi-Organic Coffee Management) 

The semi-organic coffee management system combined the use of organic and inorganic 
inputs. Fertilization was performed using both organic fertilizers and limited amounts of 
chemical fertilizers, while weed and pest control involved a combination of manual, 
biological, and limited synthetic pesticide applications. 

c. CON (Conventional Coffee Management) 

The conventional coffee management system intensively utilized synthetic fertilizers and 
chemical pesticides. Weed and pest control were routinely conducted using synthetic 
herbicides and pesticides. The chemical characteristics of the compost materials applied 
under the ORG system are presented in Table 1. 
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Table 1.  Chemical Characteristics of Compost Used in The ORG Management System 

Parameter Cattle manure compost Coffee husk compost 

pH (H₂O) 7.42 6.85 

Organic C (%) 21.36 28.74 
Total N (%) 1.82 1.65 
C/N ratio 11.74 17.42 
Available P (%) 0.84 0.62 
Available K (%) 1.26 2.18 
Moisture content (%) 32.45 28.17 

Source: Primary data analyzed at the Palm Oil Research Center Laboratory (2026). 

Soil sampling was conducted purposively within each coffee land management system. Soil 
samples were collected at four soil depths, namely 0–10 cm, 10–20 cm, 20–30 cm, and 30–
40 cm. Several sampling points were established within each management system, and the 
collected soils were composited into a single representative sample for each soil depth. 
Disturbed soil samples were used for soil organic carbon and aggregate stability analyses, 
while undisturbed soil samples were collected using a ring sampler for bulk density analysis. 
All collected soil samples were placed in labelled plastic bags and transported to the laboratory 

for further analysis. 

Initial soil physical characteristics were analyzed before further laboratory analyses. The 
observed parameters included soil moisture content and soil texture, consisting of sand, silt, 
and clay fractions. Soil texture analysis was conducted using the hydrometer method, while 
soil moisture content was determined using the gravimetric method. The initial soil physical 
characteristics under different coffee management systems are presented in Table 2. 

Table 2. Initial Physical Characteristics of Soil Under Different Coffee Agroecosystems 

Parameter ORG SEM CON 

Bulk density (g cm⁻³) 0.92 1.03 1.18 

Soil moisture content (%) 34.26 29.84 24.71 

Sand (%) 68.42 65.18 61.35 

Silt (%) 18.56 20.74 23.62 

Clay (%) 13.02 14.08 15.03 
Soil texture class Loamy sand Sandy loam Sandy loam 

Source: Primary data analyzed at Soil Physics Laboratory, Faculty of Agriculture, Universitas 

Sumatera Utara (2026). 
Description:  ORG = organic coffee management, SEM = semi-organic coffee management, CON = 

conventional coffee management. 

Soil organic carbon (SOC) analysis was conducted using the Walkley and Black method. Soil 
samples were air-dried, gently crushed, and passed through a 2 mm sieve. Approximately 10 

g of soil sample was reacted with K₂Cr₂O₇ solution and concentrated H₂SO₄ to oxidize soil 
organic matter. The solution was subsequently titrated using FeSO₄ until the endpoint color 
change was reached. Soil organic carbon content was expressed as a percentage (%). 

%C = 
(B−S)𝑥 𝑁 𝑥 0.003 𝑥 1.33 𝑥 100

W
 

Description: 
%C  = soil organic carbon content (%) 
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B  = volume of blank titration (mL) 
S  = volume of sample titration (mL) 

N  = normality of FeSO₄ solution 
W  = weight of soil sample (g) 

 
 
Total soil organic carbon (TOC) was calculated based on soil organic carbon content (%C), 
bulk density, and soil depth using the following equation: 

𝑇𝑂𝐶 (𝑀𝑔 ℎ𝑎−1) = (
%𝐶

100
) × 𝐵𝐷 × 𝐷 × 10,000 

Description: 

TOC = total soil organic carbon (Mg ha⁻¹) 
%C  = soil organic carbon content (%) 
BD  = soil bulk density (Mg m⁻³) 
D  = soil depth (m) 

TOC calculations were performed for each soil depth, namely 0–10 cm, 10–20 cm, 20–30 cm, 
and 30–40 cm. Bulk density was analyzed using the ring sampler method. Undisturbed soil 
samples were collected at each soil depth using a cylindrical ring sampler and then oven-dried 
at 105 °C for 48 h until constant weight was achieved. After drying, the soil samples were 
weighed to determine oven-dry soil mass. Bulk density was calculated based on the ratio 
between oven-dry soil mass and ring sampler volume and expressed in g cm⁻³. Bulk density 
was calculated using the following equation: 

𝐵𝐷 =
𝑀

𝑉
 

Description: 
BD  = soil bulk density (g cm⁻³) 
M  = oven-dry soil mass (g) 
V  = ring sampler volume (cm³) 

Soil aggregate stability was analyzed using the wet sieving method following the procedure of 
Kemper and Rosenaun (1986). Approximately 4 g of air-dried soil sample (<2 mm) was placed 
into a set of sieves with mesh sizes of 63 µm, 250 µm, and 500 µm. The samples were then 
immersed in distilled water until all aggregates were completely saturated. The wet sieving 
process was conducted for 10 minutes using a wet sieving apparatus to separate aggregates 
according to particle size. After sieving, the soil suspension retained on each sieve was 
transferred into pre-weighed metal containers and oven-dried at 110 °C for 24 h. The weight 
of stable aggregates retained on each sieve size was used to determine aggregate distribution 
and mean weight diameter (MWD) as an indicator of soil aggregate stability. The MWD was 
calculated using the following equation: 

𝑀𝑊𝐷 = ∑(𝑥𝑖 × 𝑤𝑖) 

Description: 
MWD = mean weight diameter (mm) 
𝑋𝑖  = mean diameter of each aggregate size fraction (mm) 

𝑊𝑖 = proportion of the total sample weight retained in each aggregate fraction 

The data obtained were analyzed using analysis of variance (ANOVA) with a factorial design 
to evaluate the effects of coffee management systems and soil depth on the observed 
parameters. Before analysis, the assumptions of normality and homogeneity of variance were 
tested. Normality of residuals was evaluated using the Shapiro–Wilk test, while homogeneity 
of variances was assessed using Levene’s test. The sources of variation included treatment 
management, soil depth, and the interaction between treatment and depth (treatment × depth). 
Differences among treatments were considered statistically significant at p ≤ 0.05. When 
significant effects were detected, Duncan’s Multiple Range Test (DMRT) was performed for 
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mean separation at the 95% confidence level. All statistical analyses were conducted using 
IBM SPSS Statistics version 27 (IBM Corp., Armonk, NY, USA). 

RESULTS AND DISCUSSION 

TOC Dynamics Across Soil Depths  
 
The analysis of variance (ANOVA) demonstrated that coffee management systems 
significantly affected total organic carbon (TOC) dynamics across soil depths (p < 0.001; Table 
3). Soil depth also exerted a highly significant influence on TOC distribution, indicating that 
carbon concentration varied substantially throughout the soil profile. In addition, a significant 
interaction between treatment management and soil depth (p = 0.014) suggested that the 
response of TOC to coffee management systems differed depending on soil depth. 

Table 3. Analysis of Variance of TOC Dynamics under Different Coffee Agroecosystems and 
Soil Depths. 

Source of Variation DF F p 

Treatment management 2 8.740 <0.001 

Depth 3 24.528 <0.001 

Treatment × Depth 6 3.126 0.014 

Source: Authors' analysis based on primary data using ANOVA (2026). 

Across all soil depths, total organic carbon (TOC) was significantly influenced by treatment 
management and soil depth (Table 3). Analysis of variance showed that treatment 
management significantly affected TOC content (F = 8.740; p < 0.001), while soil depth 
exerted an even stronger influence (F = 24.528; p < 0.001). In addition, the interaction between 
treatment management and soil depth was also significant (F = 3.126; p = 0.014), indicating 
that the effects of management systems on TOC varied across soil depths. In general, TOC 
content decreased with increasing soil depth across all management systems. Surface soils 
(0–10 cm) consistently exhibited greater TOC accumulation compared with deeper layers. 
This pattern is commonly observed in tropical agroecosystems due to continuous litter 
deposition, root turnover, rhizosphere activity, and greater microbial biomass near the soil 
surface (Kamau et al., 2017). Organic residues deposited at the soil surface contribute directly 
to carbon accumulation and promote the formation of stable macroaggregates that physically 
protect organic matter from rapid decomposition (Zong et al., 2025). 

Among the evaluated systems, ORG consistently maintained higher TOC values than SEM 
and CON, particularly within the upper soil layer. The greater carbon accumulation under ORG 
was likely associated with continuous applications of cattle manure compost and coffee husk 
compost, which increased organic matter inputs into the soil system. Organic amendments 
not only supply carbon substrates for microbial activity but also enhance aggregate formation 
and improve soil structural stability (Oyebiyi et al., 2026). Improved aggregation may reduce 
oxygen diffusion and microbial accessibility to protected organic matter, thereby slowing 
carbon mineralization and enhancing long-term carbon stabilization (Tang, 2025). 

The SEM system exhibited intermediate TOC values, reflecting the combined influence of 
organic and inorganic management practices. Although organic materials were still 
incorporated into the system, partial dependence on synthetic inputs may reduce the efficiency 
of carbon stabilization compared with fully organic management. Meanwhile, CON generally 
showed lower TOC values across soil depths. Intensive use of synthetic fertilizers and lower 
organic residue return may accelerate soil organic matter decomposition and reduce soil 
carbon sequestration potential over time. Similar declines in soil carbon under intensive 
conventional management have been reported in several tropical agricultural systems, where 
continuous soil disturbance and limited organic inputs negatively affect carbon persistence 
(Zheng et al., 2024). 
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The significant interaction between treatment management and soil depth indicated that 
differences among management systems were more pronounced in the upper soil layers than 
in deeper horizons. Surface soils under ORG likely benefited from greater organic residue 
accumulation and reduced disturbance intensity, while deeper layers exhibited smaller 
differences due to limited downward movement of fresh organic materials. This finding 
suggests that management practices primarily influence biologically active topsoil layers 
where most carbon cycling processes occur (Kaipakasseri et al., 2026). 

 
Figure 1. Effects of Different Coffee Agroecosystems on Total Organic Carbon (TOC) 

Dynamics Across Soil Depth Profiles 

Total organic carbon (TOC) decreased progressively with increasing soil depth across all 
coffee management systems (Figure 2). Surface soils (0–10 cm) consistently exhibited higher 
TOC values than subsurface layers, indicating that organic carbon accumulation was 
concentrated in the upper soil horizon. This pattern is commonly observed in tropical 
agroecosystems due to continuous litter deposition, fine root turnover, rhizosphere activity, 
and greater microbial biomass near the soil surface (Gougoulias and Shaw, 2014). Among the 
evaluated management systems, ORG consistently showed the highest TOC values across 
all soil depths, followed by SEM and CON. At the 0–10 cm depth, ORG exhibited substantially 
greater TOC accumulation compared with SEM and CON, suggesting that continuous organic 
matter inputs from cattle manure compost and coffee husk compost enhanced soil carbon 
storage. Organic amendments are known to supply labile and stable carbon fractions that 
contribute to aggregate formation and long-term carbon stabilization within the soil matrix 
(Campos-Cascaredo et al., 2021). In contrast, the lower TOC observed in SEM may be 
associated with the combined use of organic and inorganic fertilizers, which provides lower 
organic carbon inputs than fully organic management. Meanwhile, the lowest TOC values in 
CON were likely related to the predominance of inorganic fertilization and limited organic 
residue return to the soil, resulting in reduced carbon accumulation. These findings indicate 
that the quantity and continuity of organic matter inputs play an important role in maintaining 
soil carbon stocks under different coffee management systems. Similar responses have been 
reported in volcanic soils, where long-term fertilization practices influence carbon dynamics 
through changes in microbial activity and nutrient availability (Lyu et al., 2025). 
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The gradual decline in TOC with increasing depth likely reflected reduced incorporation of 
fresh organic residues and lower biological activity in deeper soil layers. Surface soils 
generally receive direct carbon inputs from plant litter, decomposing roots, and organic 
amendments, whereas deeper layers rely primarily on dissolved organic carbon movement 
and root-derived carbon inputs (Kumar et al., 2023). Consequently, differences among 
management systems became less pronounced at deeper depths due to limited downward 
transport of organic materials. The higher TOC values observed under ORG may also be 
associated with improved soil physical protection mechanisms. Soil organic carbon plays a 
crucial role in promoting aggregate stability and enhancing soil structural development. 
Organic matter acts as a binding agent that promotes the adhesion of soil particles into stable 
aggregates through microbial by-products, fungal hyphae, and root exudates. The formation 
of stable aggregates improves pore connectivity, water retention, and resistance to soil 
compaction and erosion. In addition, stable soil aggregates physically protect organic matter 
from microbial decomposition by limiting oxygen diffusion and microbial accessibility, thereby 
contributing to long-term carbon stabilization within the soil matrix (Das et al., 2025). In 
contrast, lower TOC values observed under CON may indicate accelerated organic matter 
mineralization resulting from intensive synthetic input use and reduced organic residue return 
to the soil surface (Khan et al., 2025). 

The SEM system exhibited intermediate TOC values, reflecting the combined effects of 
organic and inorganic management practices. Although partial organic inputs may improve 
soil carbon retention, the continued use of synthetic fertilizers may reduce the efficiency of 
carbon stabilization compared with fully organic systems. Similar findings have been reported 
in tropical agricultural soils where integrated nutrient management improves soil quality but 
remains less effective than continuous organic management in maintaining long-term soil 
carbon storage (Maffia et al., 2026). These studies demonstrate that a coffee management 
system based on organic inputs has the potential to enhance soil's function as a carbon sink 
in tropical highland agroecosystems. Increasing soil organic carbon not only supports coffee 
crop productivity but also strengthens the role of coffee plantations in providing environmental 
services through long-term carbon storage and reduced greenhouse gas emissions. 

Bulk Density Across Soil Depths 

Bulk density (BD) varied considerably among coffee management systems and soil depths 
(Figure 2). In general, BD increased progressively with increasing soil depth across all 
treatments. Surface soils (0–10 cm) exhibited lower BD values compared with subsurface 
layers, indicating that upper soil horizons possessed better soil structure and greater pore 
space. Conversely, deeper soil layers showed greater soil compaction and reduced porosity. 
This trend may be attributed to the gradual decline in organic matter content and biological 
activity with increasing soil depth, resulting in weaker aggregate formation and reduced 
structural stability. 

In contrast, CON exhibited the highest BD values throughout the soil profile. Higher BD under 
conventional management may be associated with lower organic matter inputs and prolonged 
dependence on synthetic agricultural inputs, which may reduce aggregate stability and 
accelerate soil structural degradation. Intensive management practices may also increase soil 
compaction through repeated field activities and reduced biological activity, leading to lower 
macroporosity and restricted root penetration. Reduced pore space limits water infiltration and 
air exchange within the soil, thereby constraining root growth and microbial activity. Over time, 
these conditions may impair soil physical quality and reduce the capacity of the soil to retain 
carbon and support sustainable coffee production (Slepetiene et al., 2025). 
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Figure 2. Effects of Different Coffee Agroecosystems on Soil Bulk Density Across Soil Depth 

Profiles 

The gradual increase in BD with soil depth reflected the natural decline in soil organic matter 
and biological activity in subsurface horizons. Surface soils generally receive continuous 
additions of plant residues and root exudates that enhance aggregate formation and reduce 
soil density. In deeper layers, limited organic matter incorporation and reduced root 
abundance contribute to greater soil compactness. Similar vertical patterns of BD distribution 
have been widely reported in tropical agricultural soils and are closely associated with 
declining soil organic carbon concentrations with depth (Ma et al., 2026). Improved soil 
structure, indicated by lower bulk density values in organic systems, also leads to increased 
water infiltration and groundwater storage capacity. This is crucial for maintaining the 
hydrological function of coffee agroecosystems, particularly in highland areas prone to erosion 
and nutrient loss due to surface runoff. 

Carbon Sequestration Across Soil Depths 

Carbon sequestration varied considerably among coffee management systems and soil 
depths (Figure 3). In general, carbon sequestration decreased progressively with increasing 
soil depth across all treatments. Surface soils (0–10 cm) exhibited the highest carbon 
sequestration values, whereas deeper soil layers showed substantially lower carbon 
accumulation. This pattern indicated that biologically active upper soil horizons played a 
dominant role in carbon storage within tropical coffee agroecosystems. Higher carbon 
sequestration in surface soils was likely associated with continuous inputs of organic residues, 
root exudates, and decomposing litter, which provide a major source of carbon for soil organic 
matter formation. In addition, greater microbial activity and aggregate formation in the upper 
soil layers may enhance carbon stabilization and retention. As soil depth increased, reduced 
organic matter inputs and lower biological activity limited carbon accumulation, resulting in 
lower carbon sequestration values. 
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Figure 3. Carbon Sequestration Across Soil Depths under Different Agroecosystems 

The decline in carbon sequestration with increasing soil depth was closely associated with 
reduced organic residue incorporation and lower microbial activity in subsurface soils. Surface 
layers continuously receive organic inputs derived from litter deposition, root turnover, 
compost application, and rhizosphere processes, which contribute significantly to soil carbon 
accumulation (Piccoli et al., 2019). In deeper layers, limited organic matter inputs and lower 
root density reduce the potential for long-term carbon stabilization. In the present study, 

carbon sequestration values under ORG decreased from 1.28 Mg C ha⁻¹ yr⁻¹ at 0–10 cm 
depth to 0.48 Mg C ha⁻¹ yr⁻¹ at 30–40 cm depth. Similar declining trends were also observed 
under SEM and CON, indicating that carbon storage was predominantly concentrated within 
the biologically active surface horizon (Li et al., 2026a). 

Among the evaluated systems, ORG consistently exhibited the greatest carbon sequestration 
across all soil depths. The higher sequestration potential under ORG was likely associated 
with continuous applications of cattle manure compost and coffee husk compost, which 
supplied substantial organic carbon inputs into the soil system. Organic amendments increase 
both labile and stable carbon fractions and promote aggregate formation that physically 
protects soil organic carbon from rapid microbial decomposition (Li et al., 2026b). At the 0–10 
cm layer, ORG exhibited carbon sequestration values approximately 45.5% higher than SEM 
and more than three times greater than CON. This finding demonstrated the strong 
contribution of continuous organic matter inputs toward enhancing soil carbon storage in 
tropical coffee agroecosystems. 

The SEM system showed intermediate carbon sequestration values, reflecting the combined 
influence of organic and inorganic management practices. Although partial organic inputs 
contributed to soil carbon accumulation, the sequestration potential remained lower than ORG 
due to continued dependence on synthetic agricultural inputs. Meanwhile, CON exhibited the 
lowest carbon sequestration values across all soil depths. At the 30–40 cm layer, carbon 
sequestration under CON was only 0.05 Mg C ha⁻¹ yr⁻¹, indicating substantially lower carbon 
retention capacity compared with ORG and SEM. Lower carbon sequestration under CON 
may indicate accelerated mineralization of soil organic matter caused by limited organic 
residue return and intensive conventional management practices (Sebayang et al., 2024). 

From an environmental management perspective, the high carbon sequestration in organic 
coffee systems demonstrates that coffee agroecosystems have the potential to provide 
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important environmental services in tropical agricultural landscapes. Higher soil carbon stocks 
contribute to climate change mitigation by increasing carbon storage capacity while 
strengthening ecosystem resilience to environmental stressors. Therefore, the implementation 
of organic-based coffee management systems can be considered a sustainable land 
management strategy that integrates agricultural production objectives with natural resource 
conservation (Pramulya et al., 2026). 

Agregate Stability 

Soil aggregate stability varied substantially among coffee management systems and 
aggregate size fractions (Figure 4). In general, aggregate stability decreased with increasing 
aggregate size fraction, where the 63 µm fraction consistently exhibited the highest stability 
values, followed by 250 µm and 500 µm fractions. Differences among management systems 

were also clearly observed, particularly within the smaller aggregate fractions. 

Organic coffee management (ORG) consistently exhibited greater aggregate stability 
compared with SEM and CON across all aggregate size fractions. The higher stability 
observed under ORG indicated that continuous organic matter inputs from cattle manure 
compost and coffee husk compost enhanced soil aggregation and strengthened aggregate 
resistance against slaking and dispersion. Organic matter acts as a cementing agent that 
binds mineral particles together and promotes the formation of stable soil aggregates (Jat et 
al., 2022). In the 63 µm fraction, aggregate stability under ORG reached 62%, compared with 
55% under SEM and 42% under CON. Similar trends were also observed in the 250 µm and 
500 µm fractions, where ORG consistently maintained the highest stability values across all 
treatments. 

The highest aggregate stability values observed within the 63 µm fractions suggested that 
microaggregates possessed greater structural resistance than larger aggregate fractions. 
Aggregate stability declined progressively with increasing aggregate size fraction. Under 
ORG, stability decreased from 62% at 63 µm to 38% at 250 µm and 28% at 500 µm. Similar 
declining patterns were also evident under SEM and CON. Microaggregates are generally 
more stable because they physically protect organic matter within mineral-associated 
structures, thereby reducing microbial decomposition and aggregate breakdown (Inayah and 
Arbiwati, 2025). In contrast, macroaggregates are more susceptible to disruption caused by 
soil disturbance, wetting–drying cycles, and reduced organic binding agents (Wu et al., 2021). 

The lower aggregate stability observed under CON may indicate weaker soil structural 
development resulting from limited organic residue return and prolonged dependence on 
synthetic agricultural inputs. Reduced organic matter inputs may decrease microbial activity 
and weaken aggregate-binding mechanisms, leading to greater susceptibility to soil 
disintegration (Yin et al., 2026). In the present study, CON exhibited the lowest aggregate 
stability values across all aggregate fractions, ranging from 42% at 63 µm to only 12% at 500 
µm. Intensive conventional management practices may also accelerate aggregate turnover 
and reduce the persistence of stable soil structural units (Abdelrhman et al., 2025). 

The SEM system exhibited intermediate aggregate stability values across all aggregate 
fractions. Partial incorporation of organic amendments likely contributed to aggregate 
formation and stabilization; however, the effectiveness remained lower than fully organic 
management systems. At the 250 µm fraction, aggregate stability under SEM reached 30%, 
whereas ORG exhibited 38% and CON only 22%. Similar trends have been reported in tropical 
agricultural soils where integrated nutrient management improves aggregate stability but 
remains less effective than continuous organic matter application (Hidayat et al., 2025). 
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Figure 4. Aggregate Stability Across Different Aggregate Size Fractions Under Different 

Coffee Agroecosystems 

The close relationship between aggregate stability and soil organic carbon observed in this 
study indicated that soils with higher TOC concentrations generally exhibited stronger 
aggregate stability. Soil organic carbon contributes directly to aggregate formation by 
enhancing microbial activity, fungal hyphae development, and organo-mineral interactions that 
physically stabilize soil particles (Xing et al., 2025). Improved aggregate stability may 
subsequently enhance soil porosity, water infiltration, root penetration, and resistance to 
erosion, all of which are essential for maintaining long-term soil productivity and ecosystem 
sustainability (de Goede et al., 2025). This relationship was clearly reflected in the present 
study, where ORG consistently showed higher TOC values accompanied by greater 
aggregate stability across all aggregate size fractions. Higher aggregate stability in organic 
coffee systems indicates that organic matter-based management can increase soil resilience 
to physical degradation processes, including erosion and soil structure damage. In the long 
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term, this supports the sustainability of soil ecosystem function and the conservation of land 
resources in highland coffee agroecosystems (Dessureault-Rompré, 2022). 

CONCLUSION AND RECOMMENDATION 

Organic coffee management (ORG) significantly improved soil quality compared with semi-
organic (SEM) and conventional management (CON) systems by increasing total organic 
carbon (TOC), carbon sequestration, and aggregate stability while reducing bulk density 
across soil depths. TOC and carbon sequestration were consistently higher in surface soils 
(0–10 cm) and gradually decreased with increasing soil depth, indicating greater carbon 
accumulation in biologically active topsoil layers. ORG also exhibited the greatest aggregate 
stability across all aggregate size fractions, particularly at 63 µm, suggesting stronger soil 
structural resistance and enhanced physical protection of soil organic carbon. In contrast, 
CON showed lower TOC, lower aggregate stability, and higher bulk density, indicating reduced 
soil structural quality and carbon retention potential. Overall, continuous organic matter inputs 
through organic coffee management contributed substantially to improving soil physical 
characteristics and long-term carbon stabilization in tropical highland coffee agroecosystems. 
Therefore, wider adoption of organic coffee management practices is recommended to 
enhance soil health, strengthen carbon sequestration, and support sustainable land 
management. These benefits contribute to climate change mitigation and support the 
achievement of Sustainable Development Goal 13 (Climate Action). 

REFERENCES 

Abdelrhman, A. A., Sayed, Y. A., Fadl, M. E., Casucci, C., Drosos, M., Scopa, A., & Moftah, 
H. (2025). Impact of aggregate-associated carbon on soil mechanical properties: 
Stability and compaction indices in pomegranate orchards of different ages. Soil 
Systems, 9(1), 20. https://doi.org/10.3390/soilsystems9010020  

Ayu, P. C., Sebayang, N. U. W., & Sinamo, K. N. (2023). Environmentally friendly method in 
determining the water content of coffee by NIR spectroscopy. IOP Conference Series: 
Earth and Environmental Science, 1241. 

Bradford, M. A., Wieder, W. R., Bonan, G. B., Fierer, N., Raymond, P. A., & Crowther, T. W. 
(2016). Managing uncertainty in soil carbon feedbacks to climate change. Nature 
Climate Change, 6, 751–758. https://doi.org/10.1038/NCLIMATE3071  

Campos-Cascaredo, A., Cruz-Huerta, L., & Rocha-Ortíz, S. (2021). Fine root density across 
soil profiles in tropical mountain cloud forest and adjacent managed fields in Veracruz 
(Mexico): Influence of soil properties. Tropical and Subtropical Agroecosystems, 24, 
91. 

Cárceles Rodríguez, B., Durán-Zuazo, V. H., Soriano Rodríguez, M., García-Tejero, I. F., 
Gálvez Ruiz, B., & Cuadros Tavira, S. (2022). Conservation agriculture as a 
sustainable system for soil health: A review. Soil Systems, 6(4), 87. 
https://doi.org/10.3390/soilsystems6040087  

Claude Patrick Millet, C. P., Jeune, W., Guervil, J. S., St Armand, L. A., Duval, G., Jean Louis, 
R. B., Robert, B., Poncet, V., & Allinne, C. (2025). Ecosystem service bundles 
associated with agrobiodiversity in agroforestry systems: A case study of two coffee-
growing regions of Haiti. Ecosystem Services, 76, 101782. 
https://doi.org/10.1016/j.ecoser.2025.101782  

Das, S., Beegum, S., Acharya, B. S., & Panday, D. (2025). Soil carbon sequestration: A 
mechanistic perspective on limitations and future possibilities. Sustainability, 17(13), 
6015. https://doi.org/10.3390/su17136015  

Steven P C de Goede, S Emilia Hannula, Boris Jansen, Elly Morriën, Fungal-mediated soil 
aggregation as a mechanism for carbon stabilization, The ISME Journal, Volume 19, 
Issue 1, January 2025, wraf074, https://doi.org/10.1093/ismejo/wraf074  

 

https://doi.org/10.3390/soilsystems9010020
https://doi.org/10.1038/NCLIMATE3071
https://doi.org/10.3390/soilsystems6040087
https://doi.org/10.1016/j.ecoser.2025.101782
https://doi.org/10.3390/su17136015
https://doi.org/10.1093/ismejo/wraf074


Jurnal Belantara Vol. 9, No.2, August (367-382) 

380 
 

Dessureault-Rompré, J. (2022). Restoring soil functions and agroecosystem services through 
phytotechnologies. Frontiers in Soil Science, 2, 927148. 
https://doi.org/10.3389/fsoil.2022.927148  

Dieleman, W. I. J., Venter, M., Ramachandra, A., Krockenberger, A. K., & Bird, M. I. (2013). 
Soil carbon stocks vary predictably with altitude in tropical forests: Implications for soil 
carbon storage. Geoderma, 204–205, 59–67. 
https://doi.org/10.1016/J.GEODERMA.2013.04.005  

Fari, A., & Sebayang, N. U. W. (2026). Soil macrofauna presence under organic coffee 
cultivation systems in Simalungun, North Sumatra. IOP Conference Series: Earth and 
Environmental Science, 1583, 012083. https://doi.org/10.1088/1755-
1315/1583/1/012083  

Gougoulias, C., Clark, J. M., & Shaw, L. J. (2014). The role of soil microbes in the global 
carbon cycle: Tracking the below-ground microbial processing of plant-derived carbon 
for manipulating carbon dynamics in agricultural systems. Journal of the Science of 
Food and Agriculture, 94(12), 2362–2371. https://doi.org/10.1002/jsfa.6577  

Hamza, A., Karčauskienė, D., Mockevičienė, I., Repšienė, R., Tahir, M. A., Manzoor, M. Z., 
Kousar, S., Lodhi, S. S., Rasool, N., & Ullah, I. (2025). Soil aggregate dynamics and 
stability: Natural and anthropogenic drivers. Agriculture, 15(23), 2500. 
https://doi.org/10.3390/agriculture15232500  

Hidayat, Y., Baskoro, D. P. T., Purwakusuma, W., Siregar, M. S., & Ramadhi, M. H. A. (2025). 
Soil aggregate stability index on agricultural, plantation, and forest lands. Jurnal Ilmu 
Tanah dan Lingkungan, 27(2), 56–62. https://doi.org/10.29244/jitl.27.2.56-62  

Inayah, H., & Arbiwati, D. (2025). Stabilitas agregat pada berbagai penggunaan lahan di Desa 
Muntuk, Kecamatan Dlingo, Kabupaten Bantul. Jurnal Tanah dan Air, 22(2), 35–48. 

Indrawati, Y. (2025). The concept of land management by state-owned enterprises (SOE’s). 
Jurnal USM Law Review, 8(2), 1148–1163. https://doi.org/10.26623/julr.v8i2.11394  

Jat, M. L., Chakraborty, D., Ladha, J. K., Parihar, C. M., Datta, A., Mandal, B., Nayak, H. S., 
Maity, P., Rana, D. S., Chaudhari, S. K., & Gerard, B. (2022). Carbon sequestration 
potential, challenges, and strategies towards climate action in smallholder agricultural 
systems of South Asia. Crop and Environment, 1(1), 86–101. 
https://doi.org/10.1016/j.crope.2022.03.005  

Kaipakasseri, A. H., Vattekat, D. V., Mitran, T., Valsalakumari, A. L., Indira, B. V., & Antony, 
S. (2026). Soil aggregate stability and carbon distribution for sustainable carbon 
management. Soil Use and Management, 42(2), e70199. 
https://doi.org/10.1111/sum.70199  

Kemper, W. D., & Rosenau, R. C. (1986). Aggregate stability and size distribution. In A. Klute 
(Ed.), Methods of Soil Analysis, Part 1: Physical and Mineralogical Methods (2nd ed., 
pp. 425–442). Madison, WI: American Society of Agronomy. 

Kamau, S., Barrios, E., Karanja, N. K., Ayuke, F. O., & Lehmann, J. (2017). Soil macrofauna 
abundance under dominant tree species increases along a soil degradation gradient. 
Soil Biology and Biochemistry, 112, 35–46. 
https://doi.org/10.1016/j.soilbio.2017.04.016  

Khan, M. T., Supronienė, S., Žvirdauskienė, R., & Aleinikovienė, J. (2025). Climate, soil, and 
microbes: Interactions shaping organic matter decomposition in croplands. Agronomy, 
15(8), 1928. https://doi.org/10.3390/agronomy15081928  

Kumar, D., Purakayastha, T. J., Das, R., Yadav, R. K., Shivay, Y. S., Jha, P. K., Singh, S., 
Aditi, K., & Prasad, P. V. V. (2023). Long-term effects of organic amendments on 
carbon stability in clay–organic complex and its role in soil aggregation. Agronomy, 
13(1), 39. https://doi.org/10.3390/agronomy13010039  

Li, S., Li, Y., Yan, X., Gu, Z., Xue, D., Wang, K., Yang, Y., Lv, M., Han, Y., Li, J., Lv, Y., & Hu, 
A. (2026a). Long-term organic fertilization enhances soil fertility and reshapes 
microbial community structure with decreasing effects across soil depth. 
Microorganisms, 14(1), 250. https://doi.org/10.3390/microorganisms14010250  

 

https://doi.org/10.3389/fsoil.2022.927148
https://doi.org/10.1016/J.GEODERMA.2013.04.005
https://doi.org/10.1088/1755-1315/1583/1/012083
https://doi.org/10.1088/1755-1315/1583/1/012083
https://doi.org/10.1002/jsfa.6577
https://doi.org/10.3390/agriculture15232500
https://doi.org/10.29244/jitl.27.2.56-62
https://doi.org/10.26623/julr.v8i2.11394
https://doi.org/10.1016/j.crope.2022.03.005
https://doi.org/10.1111/sum.70199
https://doi.org/10.1016/j.soilbio.2017.04.016
https://doi.org/10.3390/agronomy15081928
https://doi.org/10.3390/agronomy13010039
https://doi.org/10.3390/microorganisms14010250


Jurnal Belantara Vol. 9, No.2, August (367-382) 

381 
 

Li, Y., Guo, X., Xian, Y., Li, Z., Fu, H., Tang, L., Dai, Y., Gao, W., Zhou, P., Liu, S., & Wu, J. 
(2026b). Granulated organic amendment enhances recalcitrant carbon accumulation 
through soil aggregation in a barren paddy field. Journal of Integrative Agriculture, 
25(3), 1194–1208.  

Liu, E., Zhou, J., Yang, X., Jin, T., Zhao, B., Li, L., et al. (2023). Long-term organic fertilizer-
induced carbonate neoformation increases carbon sequestration in soil. Environmental 
Chemistry Letters, 21, 663–671. https://doi.org/10.1007/S10311-023-01568-4  

Lyu, H., Sakai, K., Toyota, K., Hayashi, H., Morigasaki, S., Tanaka, H., & Sugihara, S. (2025). 
Long-term NPK fertilization enhances microbial carbon use efficiency in Andosols by 
alleviating P limitation and shifting microbial strategies. Environmental Research, 277, 
121598. https://doi.org/10.1016/j.envres.2025.121598 

Ma, Y., Zhu, Y., Li, J., Li, Z., Zhao, D., Qu, Z., Zhou, X., Zhao, W., Wei, X., Sun, J., Yang, L., 
& Dong, S. (2026). Addressing black soil compaction: An integrated analysis of the 
mechanisms, efficacy, and future directions of conservation tillage. Agronomy, 16(2), 
274. https://doi.org/10.3390/agronomy16020274  

Maffia, A., Marra, F. A., Battaglia, S., Mallamaci, C., Attinà, E., & Muscolo, A. (2026). Agro-
industrial residue amendments as circular tools for soil stewardship and greenhouse 
gas mitigation. Environments, 13(5), 241. 
https://doi.org/10.3390/environments13050241  

Martinelli, G., Vogel, E., Gimenes, R. M. T., Carducci, C. E., Souza, D. P., & Ruviaro, C. F. 
(2025). Carbon balance in coffee farming: A life cycle case study of conservationist 
versus conventional systems. Cleaner Production Letters, 9, 100106. 
https://doi.org/10.1016/j.clpl.2025.100106  

Oyebiyi, O. O., Laezza, A., Hoque, M. M., Thammavongsa, S., Li, M., Tsipas, S., Tasiopoulos, 
A. J., Scopa, A., & Drosos, M. (2026). Organic amendments for sustainable agriculture: 
Effects on soil function, crop productivity and carbon sequestration under variable 
contexts. C, 12(1), 7. https://doi.org/10.3390/c12010007  

Piccoli, I., Furlan, L., Lazzaro, B., & Morari, F. (2019). Examining conservation agriculture soil 
profiles: Outcomes from northeastern Italian silty soils combining indirect geophysical 
and direct assessment methods. European Journal of Soil Science, 71(6), 1064–1075. 
https://doi.org/10.1111/ejss.12861  

Pramulya, R., Asy’Ari, R., Pudjawati, N. H., Madinu, A. M. A., Rahmawati, A. D., Fachruddin, 
F., et al. (2026). Quantifying tree species effects on soil organic carbon using machine 
learning algorithm: A case study in tropical agroforestry system of Gayo coffee, 
Indonesia. Trees, Forests and People, 23, 101098. 
https://doi.org/10.1016/j.tfp.2025.101098  

Rahman, N., Giller, K. E., de Neergaard, A., Magid, J., van de Ven, G., & Bruun, T. B. (2021). 
The effects of management practices on soil organic carbon stocks of oil palm 
plantations in Sumatra, Indonesia. Journal of Environmental Management, 278(Part 
2), 111446. https://doi.org/10.1016/j.jenvman.2020.111446  

Romero-Chávez, L. E., Hermoza Ayme, N. A., Chuchon-Remon, R., Aldava-Pardave, U., 
Arroyo-Isuiza, R. K., Solórzano Acosta, R., & Vallejos-Torres, G. (2026). Climate, 
carbon, and soil stability: A key link in coffee-growing landscapes of the Peruvian 
Amazon. Frontiers in Soil Science, 6, 1737123. 
https://doi.org/10.3389/fsoil.2026.1737123  

Sebayang, N. U., Hidayat, B., Jamilah, & Akbar, A. M. (2024). Dynamics of microbial 
populations in the composting process of marine organic waste. IOP Conference 
Series: Earth and Environmental Science, 1297(1), 012026. 
https://doi.org/10.1088/1755-1315/1297/1/012026  

Sebayang, N. U. W., & Fari, A. (2026). Impact of different coffee system on soil microbial 
population in Simalungun, North Sumatra. IOP Conference Series: Earth and 
Environmental Science, 1616, 012001. https://doi.org/10.1088/1755-
1315/1616/1/012001  

 

https://doi.org/10.1007/S10311-023-01568-4
https://doi.org/10.1016/j.envres.2025.121598
https://doi.org/10.3390/agronomy16020274
https://doi.org/10.3390/environments13050241
https://doi.org/10.1016/j.clpl.2025.100106
https://doi.org/10.3390/c12010007
https://doi.org/10.1111/ejss.12861
https://doi.org/10.1016/j.tfp.2025.101098
https://doi.org/10.1016/j.jenvman.2020.111446
https://doi.org/10.3389/fsoil.2026.1737123
https://doi.org/10.1088/1755-1315/1297/1/012026
https://doi.org/10.1088/1755-1315/1616/1/012001
https://doi.org/10.1088/1755-1315/1616/1/012001


Jurnal Belantara Vol. 9, No.2, August (367-382) 

382 
 

Slepetiene, A., Belova, O., Fastovetska, K., Dinca, L., & Murariu, G. (2025). Advances in 
understanding carbon storage and stabilization in temperate agricultural soils. 
Agriculture, 15(23), 2489. https://doi.org/10.3390/agriculture15232489  

Tang, K. H. D. (2025). Biochar amendments for soil restoration: Impacts on nutrient dynamics 
and microbial activity. Environments, 12(11), 425. 
https://doi.org/10.3390/environments12110425  

Tao, W. Q., Wu, Q. Q., Zhang, J., Chang, T. T., & Liu, X. N. (2024). Effects of applying organic 
amendments on soil aggregate structure and tomato yield in facility agriculture. Plants, 
13(21), 3064. https://doi.org/10.3390/plants13213064  

Wasner, D., Abramoff, R., Griepentrog, M., Venegas, E. Z., Boeckx, P., & Doetterl, S. (2024). 
The role of climate, mineralogy and stable aggregates for soil organic carbon dynamics 
along a geoclimatic gradient. Global Biogeochemical Cycles, 38, e2023GB007934. 
https://doi.org/10.1029/2023GB007934  

Widjayanti, F. N., & Saputra, W. D. (2022). Analisis usahatani kopi rakyat (Coffea sp.) di 
Kecamatan Sukorambi Kabupaten Jember. National Multidisciplinary Sciences, 1(3), 
393–401. 

Wu, M., Pang, D., Chen, L., Li, X., Liu, L., Liu, B., Li, J., Wang, J., & Ma, L. (2021). Chemical 
composition of soil organic carbon and aggregate stability along an elevation gradient 
in Helan Mountains, Northwest China. Ecological Indicators, 131, 108228. 
https://doi.org/10.1016/j.ecolind.2021.108228  

Xing, Y., Xie, Y., & Wang, X. (2025). Enhancing soil health through balanced fertilization: A 
pathway to sustainable agriculture and food security. Frontiers in Microbiology, 16, 
1536524. https://doi.org/10.3389/fmicb.2025.1536524  

Wen, Y., Chai, Q., Fan, Z., Hu, F., Zhao, L., Wan, P., Zhao, C., Yu, A., Chen, H., Abdalla, M., 
& Smith, P. (2026). A review of mechanisms underlying soil carbon sequestration and 
enhancement strategies via diversified planting and green manure integration. Farming 
System, 100235. https://doi.org/10.1016/j.farsys.2026.100235  

Zheng, H., Xu, Y., Wang, M., Qi, L., Lian, Z., Hu, L., Hu, H., Ma, B., & Lv, X. (2024). The role 
of fertilization on soil carbon sequestration in bibliometric analysis. Agriculture, 14(10), 
1850. https://doi.org/10.3390/agriculture14101850  

Zong, D., Quan, Y., Penttinen, P., Qi, L., Wang, J., Tang, X., Xu, K., & Chen, Y. (2025). 
Organic amendments drive soil organic carbon sequestration and crop growth via 
microorganisms and aggregates. Agronomy, 15(12), 2919. 
https://doi.org/10.3390/agronomy15122919  

https://doi.org/10.3390/agriculture15232489
https://doi.org/10.3390/environments12110425
https://doi.org/10.3390/plants13213064
https://doi.org/10.1029/2023GB007934
https://doi.org/10.1016/j.ecolind.2021.108228
https://doi.org/10.3389/fmicb.2025.1536524
https://doi.org/10.1016/j.farsys.2026.100235
https://doi.org/10.3390/agriculture14101850
https://doi.org/10.3390/agronomy15122919


     ( B − S ) x   N   x   0 . 003   x   1 . 33   x   100 W


  T O C   ( M g   h   a  − 1 ) =  (   % C 100 ) × B D × D × 10 , 000


  B D =   M  V


  M W D = ∑ (   x  i ×   w  i )


    X  i


    W  i

