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Abstract 

Soil organic carbon (SOC) is an essential component of the Earth's carbon cycle, significantly 

influencing soil fertility and productivity. The level of SOC in the soil depends on the equilibrium 

between carbon inputs-such as plant residues and organic amendments-and losses through microbial 

activity and respiration. SOC exists in diverse pools, including active or labile, intermediate, and stable 

or passive forms, each contributing uniquely to soil properties. Its stability and distribution are shaped 

by various factors, including climatic conditions, vegetation types, and land management strategies. 

Dryland soils, characterized by limited rainfall and high evapotranspiration, typically exhibit low 

organic matter content, resulting in poor fertility. The harsh environmental conditions, combined with 

high evaporation rates, often exacerbate issues like salinization, further degrading soil quality. 

Increasing SOC levels in these regions is vital for enhancing soil health and productivity. Agroforestry, 

which involves integrating trees and shrubs into farming systems, offers a viable approach for 

improving carbon sequestration in drylands. Specific strategies such as using leguminous trees, 

applying mulches, adopting cover cropping, and minimizing tillage can effectively boost carbon storage 

in these soils, enhancing their fertility, resilience, and overall sustainability. 
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Introduction 

Soil organic carbon (SOC) is essential for maintaining soil fertility, particularly in rainfed 

arid, semiarid, and sub-humid regions where limited water availability and harsh climatic 

conditions dominate [1]. SOC plays a critical role in sustaining agricultural productivity and 

preventing soil degradation in these environments. However, intensive cropping systems and 

poor rainwater management practices have led to significant losses of soil organic matter 

(SOM), resulting in degraded soil quality, nutrient deficiencies, and reduced productivity [2]. 

SOC is closely associated with SOM and exists in active and passive pools. The active pool, 

which includes living microorganisms, has a short turnover rate, while the passive pool is 

more stable and decomposes over a longer timeframe [3, 4]. Unlike inorganic carbon, which 

contributes to decomposition processes and salinity issues, SOC is essential for improving 

soil quality, enhancing food production, and reducing atmospheric CO2 levels [3]. Increasing 

SOC stocks is crucial for improving soil health and sustaining agricultural productivity, 

particularly in rainfed regions. Practices that effectively enhance SOC involve increasing 

organic inputs, slowing SOM decomposition, and minimizing SOC oxidation [5, 6]. 

Despite the recognized significance of SOC in improving soil quality and supporting 

agricultural systems, the dynamics of SOC in rainfed regions are not yet fully understood. 

Key aspects, such as the factors driving SOC loss and the most effective strategies for 

enhancing SOC stocks in these challenging conditions, require further investigation. 

Addressing these knowledge gaps is vital for developing sustainable agricultural practices to 

improve soil health and ensure long-term productivity in rainfed ecosystems [6].  

This research aims to explore the dynamics of soil organic carbon in rainfed arid, semiarid, 

and sub-humid regions of India, focusing on identifying the primary factors affecting SOC 

levels and assessing the impact of conservation agriculture practices. By addressing the 

unique challenges and potential opportunities for increasing SOC in these regions, the study 

seeks to provide insights that can aid in developing strategies to combat soil degradation, 
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enhance soil fertility, and support sustainable agricultural 

productivity amid increasing demands and environmental 

challenges. 

 

Soil organic carbon and carbon stock 

Soil serves as the largest terrestrial reservoir of carbon, 

holding approximately two-thirds of the Earth’s terrestrial 

carbon [7], with about 1500 Gt of organic carbon stored in 

the top one meter of soil [8]. The soil organic carbon (SOC) 

pool is estimated to contain 1500 Pg of carbon within the 

first meter, which surpasses the carbon present in the 

atmosphere (around 800 Pg) and terrestrial vegetation (500 

Pg) combined. SOC represents a key component of the 

global carbon cycle, which involves the continuous 

exchange of carbon among the soil, vegetation, oceans, and 

atmosphere. The SOC reservoir is dynamic, with carbon 

constantly cycling between various global carbon pools in 

different molecular forms. The amount of SOC in any soil 

depends on the balance between carbon inputs (such as 

organic matter additions) and outputs, including carbon 

dioxide released through microbial respiration and, to a 

lesser extent, dissolved organic carbon (DOC) lost through 

leaching. At local levels, soil erosion or deposition also 

contributes to the redistribution of carbon across local, 

landscape, and regional scales.  

According to Srinivasarao et al. (2009) [9], Vertisols and 

related soils have higher carbon stocks compared to other 

soil types, followed by Inceptisols, Alfisols, and Aridisols. 

SOC content tends to be higher than inorganic carbon in 

Alfisols and Aridisols, while Vertisols and Inceptisols 

generally contain more inorganic carbon than SOC. 

SOC is divided into different pools as a function of its 

physical and chemical stability [10]. 

1. Fast pool (labile or active pool): After addition of 

fresh organic carbon to the soil, decomposition results 

in a large proportion of the initial biomass being lost in 

1-2 years.  

2. Intermediate pool: Comprises microbially processed 

organic carbon that is partially stabilized on mineral 

surfaces and/or protected within aggregates, with 

turnover times in the range 10-100 years.  

3. Slow pool (refractory or stable pool): Highly 

stabilized SOC, enters a period of very slow turnover of 

100 to >1 000 years. 

 

Soil Organic Carbon Fractions 

a) Particulate Organic Carbon (POC) 

This is the coarse fraction of soil organic matter, consisting 

primarily of particles smaller than 53 µm. It represents an 

intermediate stage between fresh plant residues and 

humified organic matter, forming a relatively stable carbon 

pool. POC serves as an important source of available carbon 

and acts as a key indicator of soil quality. 

 

b) Water-Soluble Carbon (WSC) 

This fraction is highly degradable by microorganisms and 

plays a significant role in nutrient transport. It contributes to 

soil formation and influences biogeochemical processes. 

WSC is also involved in redistributing organic carbon at 

different soil depths. 

 

c) Microbial Biomass Carbon (MBC) 

MBC represents the living component of soil organic 

matter, accounting for approximately 2% of the total organic 

matter. Although its proportion is small, it plays a critical 

role in soil functions and processes, often underestimated in 

importance. 

 

d) Permanganate Oxidizable Carbon (POXC) 

This fraction includes reactive organic carbon that is easily 

broken down by microorganisms. POXC is closely linked to 

particulate organic carbon and microbial biomass carbon 

and is highly sensitive to changes in management practices. 

It serves as an indicator for assessing the effects of cropping 

systems and soil management on soil organic matter. 

 

e) Humic Substances 

Humic substances are relatively stable, high-molecular-

weight compounds with a characteristic brown to black 

coloration. They are formed through secondary synthesis 

reactions and include components such as humic acid, fulvic 

acid and humin. These substances play a vital role in 

improving soil structure and long-term carbon sequestration. 

 

Effect of different management practices on soil organic 

carbon dynamics 

Tillage practices 

Conventional tillage practices in dryland areas often result 

in significant carbon loss through oxidation, which reduces 

soil organic carbon (SOC) levels and subsequently 

diminishes soil fertility. Tillage disrupts soil aggregates, 

exposing stabilized carbon to microbial decomposition, 

leading to carbon release as carbon dioxide [11]. In contrast, 

conservation tillage minimizes soil disturbance and carbon 

losses, while the incorporation of crop residues helps to 

enhance SOC levels. 

Intensive agricultural practices involving frequent tillage 

accelerate the decline of SOC. The extent to which SOC is 

depleted or increased under continuous cultivation depends 

on factors such as carbon losses due to oxidation, the quality 

and quantity of crop residues returned to the soil, and the 

addition of organic amendments. No-tillage (NT) systems 

retain crop residues on the soil surface, reducing soil 

disturbance and supporting the accumulation or maintenance 

of SOC, unlike conventional tillage (CT) systems [11]. NT 

systems also influence soil organic matter (SOM), microbial 

communities, and nutrient availability. 

Kumar et al. (2014) [12] observed that tillage reduced 

aggregate stability and physical protection of SOM, 

resulting in rapid decomposition by heterotrophic 

microorganisms. Their findings showed significantly higher 

SOC levels in NT soils compared to CT soils, particularly in 

the 0-10 cm depth. Similar trends were noted for total 

nitrogen (TN) and the C/N ratio. Additionally, drainage 

influenced SOC, TN, and the C/N ratio at this depth. 

Prasad et al. (2016) [13] reported that reduced tillage 

intensity and nitrogen source selection significantly affected 

oxidizable carbon fractions. At the 0-20 cm depth, medium 

tillage (MT) combined with 100% organic sources (100% 

OS) showed higher oxidizable carbon levels compared to 

other tillage practices and nitrogen sources. They found that 

oxidizable carbon accounted for 23.1-24.7% of total organic 

carbon. Key labile SOC pools, such as particulate organic 

carbon (POC), microbial biomass carbon (MBC) and 

permanganate oxidizable carbon (KMnO4-C), were higher 

in MT and 100% OS treatments compared to conventional 

tillage or inorganic nitrogen sources. 
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The improvement in labile carbon pools such as particulate 

organic carbon (POC), microbial biomass carbon (MBC), 

and permanganate oxidizable carbon (KMnO4-C) under 

medium tillage (MT) compared to conventional tillage (CT) 

in the surface soil (0-20 cm) was 47.6%, 16.0%, and 43.2%, 

respectively. Similarly, treatments using 100% organic 

sources (100% OS) exhibited increases of 37.5%, 23.1%, 

and 66.7% for these carbon fractions, respectively, 

compared to treatments with 100% inorganic organic 

sources (IOS). Surface soils generally showed greater 

concentrations of labile carbon pools than deeper layers [13]. 

Reduced tillage practices are well-established for enhancing 

labile carbon fractions, particularly in the upper soil layers 
[14]. 

Minimum tillage contributes to the development of active 

carbon pools, especially in the plough layer of legume-based 

cropping systems and in the lower soil profile of cereal-

based systems. The dynamics of SOC fractions within the 

soil profile highlight the positive impacts of conservation 

tillage on soil quality [15]. 

Sandra Hermle et al. (2008) [16] reported that tillage had 

minimal impact on overall soil carbon stocks, SOC 

concentrations, and the distribution of carbon among 

different SOC fractions when considering equivalent soil 

masses. Their study found that carbon sequestration in no-

tillage (NT) systems was not consistently higher than in 

tilled plots. Treatment-induced effects primarily altered the 

vertical distribution of carbon rather than the proportions of 

carbon among soil fractions. 

The vertical distribution of SOC exhibited predictable 

patterns: NT and grassland (GL) systems accumulated the 

highest SOC levels near the soil surface, while ploughed 

soils showed a more uniform distribution of SOC across 

depths. Changes in carbon fractions were mainly associated 

with shifts in the intermediate fraction (aggregate-associated 

carbon). However, the presence of plant residues on the 

surface in NT systems encouraged the accumulation of 

labile particulate carbon compared to ploughed systems. 

Shallow tillage demonstrated clear advantages over 

ploughing, resulting in significantly higher amounts of all 

SOC fractions, while exhibiting no significant differences 

from NT. 

 

Cropping systems 

Cropping systems play a crucial role in determining soil 

fertility in agricultural practices, as different systems 

contribute varying amounts of carbon to the soil. 

Incorporating forage crops into cropping systems can 

significantly enhance soil organic carbon (SOC) due to their 

higher biomass production, extensive root systems, and 

incorporation of crop residues. 

The influence of cropping systems on SOC dynamics 

depends on factors such as crop type, cropping duration, and 

management practices. Including annual forage crops in 

rotation with cereals helps maintain both cereal and forage 

yields. Forages are harvested earlier for hay than cereals, 

which conserves soil moisture and supports subsequent crop 

yields [17, 18]. Rotating perennial legume forages with cereals 

enriches soil nitrogen and aids in weed and pest control [17]. 

Continuous cropping systems also contribute more crop 

residue to the soil, improving organic matter compared to 

crop-fallow rotations [19]. 

Upendra et al. (2011) [20] observed that growing forages in 

rotation, with or without durum wheat, influenced carbon 

inputs both above and below ground, as well as soil carbon 

fractions. Alfalfa cultivation resulted in higher SOC, 

particulate total carbon (PTC) at 0-15 cm depth, potential 

carbon mineralization (PCM), and microbial biomass carbon 

(MBC) at 0-120 cm depth compared to durum-forage 

rotations. 

Moharana et al. (2017) found that different fractions of 

oxidizable organic carbon (VLC, LC, LLC, and NLC) under 

varying oxidation conditions followed the order: NLC > 

LLC > LC > VLC, except in specific systems like barley-

fallow, mustard-moth bean, and chickpea-groundnut. In 

wheat-pearl millet systems, VLC constituted 17% of total 

organic carbon (TOC), while LC, LLC, and NLC accounted 

for 22%, 23%, and 38%, respectively [21]. 

Jiashu Chu et al. (2016) reported the highest recovery of 

organic carbon in continuous alfalfa systems, primarily in 

the >0.053 mm aggregate size class, which varied by 

cropping system. Continuous alfalfa led to the accumulation 

of carbon and nitrogen in the 0.25-2 mm and 0.053-0.25 mm 

size classes, with more stable carbon and nitrogen compared 

to continuous wheat or rotational systems. Similarly, Liebig 

et al. (2004) [22] noted greater SOC levels under switchgrass 

systems than in row-crop cultivation. 

Mahdi and Jesse (2007) highlighted that microbial biomass 

carbon (MBC) in corn-soybean (CS) systems was 

approximately half of that in switchgrass systems (S5 and 

SA). The S5 system exhibited 20% more MBC than SA, 

attributed to higher detritus on the soil surface due to less 

frequent burning. Switchgrass systems, with their extensive 

root development, contributed significantly more carbon to 

the soil than corn-soybean rotations and enhanced subsoil 

MBC by approximately 200% compared to these rotations 
[23]. 

 

Application of organic and inorganic fertilizer and crop 

residue incorporation 

In agricultural systems, particularly under dryland 

conditions, incorporating crop residues and applying organic 

manures are critical for sustaining soil fertility and 

productivity over the long term. Organic manure application 

enhances soil organic carbon (SOC) through microbial 

decomposition of residues. Increased organic matter 

improves soil water-holding capacity, which is especially 

beneficial for dryland crops. 

Enke Liu et al. (2013) [24] observed that particulate organic 

carbon (POC) was distributed along the soil depth, with 

higher concentrations in surface soils decreasing with depth. 

At the 0-20 cm depth, POC under treatments like NP+FYM 

(Farm Yard Manure), NP+S, and FYM alone was 103%, 

89%, and 90% higher, respectively, than under the control 

(CK). Regardless of depth, NP+FYM consistently resulted 

in higher dissolved organic carbon (DOC) levels compared 

to other treatments, while CK and N treatments exhibited 

lower DOC contents. Microbial biomass carbon (MBC) also 

varied significantly across fertilizer treatments, with the 

SOC concentration in the 0-80 cm soil profile increasing 

notably with farmyard manure or straw application. The 

NP+FYM treatment led to an 82% higher mean MBC 

content compared to the CK treatment. 

Adding organic matter is particularly effective at increasing 

SOC and soil fertility when initial SOC levels are below a 

critical threshold. However, maintaining or building SOC in 

Andosol croplands can be challenging due to their naturally 

high SOC content [25]. Intensified tillage and crop cycles can 
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reduce soil organic matter (SOM), deteriorating soil 

structure [26]. Conversely, SOM accumulation can enhance 

soil structure, creating a positive feedback loop that supports 

SOM stocks and dynamics [27]. 

Salvatore Baiano and Luigi Morra (2017) [28] reported that 

compost application improved the mean weight diameter 

(MWD) of soil aggregates compared to mineral fertilization. 

However, the unfertilized control showed MWD values 

similar to those of organic fertilization plots, despite lower 

SOC concentrations. This could be due to reduced 

disruptive factors like root penetration in the unfertilized 

control. Compost application increased organic carbon (OC) 

content across all aggregate size classes, with SOC 

primarily accumulating in macroaggregates (>250 µm). 

Biowaste compost was more effective than mineral 

fertilization for long-term carbon sequestration by 

stabilizing carbon in the mineral-associated fraction (MOM) 

and enhancing soil structure in sandy loam soils. 

Incorporating straw into semiarid soils significantly 

increased SOC storage, macroaggregate content (>0.25 

mm), MWD, and geometric mean diameter (GMD). Higher 

rates of straw incorporation further enhanced these 

parameters, while fractal dimensions decreased with 

increasing straw addition. Thus, straw incorporation is an 

effective strategy for improving soil aggregate content and 

stability in semiarid regions [29]. 

Integrating summer green gram into a maize-chickpea 

cropping system is a promising approach for enhancing crop 

productivity, soil fertility, and energy efficiency. This 

system is closely followed by maize-mustard-green gram 

rotations. Cultivating summer green gram was most 

profitable under conventional tillage with crop residue 

addition. However, zero tillage offers additional benefits, 

such as improved soil aggregation, carbon sequestration, 

nitrogen availability, and environmental sustainability. 

While productivity and economic returns may be slightly 

lower under zero tillage, it is more energy-efficient and 

environmentally friendly [30]. 

In agricultural practices, particularly in dryland areas, the 

incorporation of crop residues and organic manure is vital 

for sustaining soil fertility and productivity over the long 

term. The decomposition of organic residues by microbes 

contributes to an increase in soil organic carbon (SOC), 

enhancing the soil's water-holding capacity, which is crucial 

for crops in dryland conditions. 

Lisa Reiter (2015) [31] found that incorporating residues into 

the soil increased SOC stocks by 3.15 Mg ha-1, although the 

effect was relatively modest compared to other studies. 

Fractionation analysis indicated that most carbon was 

retained in the fraction associated with clay and silt 

particles, with the greatest increase in this fraction after 

residue incorporation. This suggests that straw incorporation 

in clay soils may lead to a stable, long-term sequestration of 

carbon, even if management practices change. 

The application of filter cake (a by-product of sugar 

processing) and municipal solid waste, combined with 

recommended NPK fertilizers, has been shown to 

significantly boost wheat grain yields, water use efficiency 

(WUE), and total organic carbon (TOC) in surface soils (0-

15 cm). The recommended combination of 3 t C ha-1 of both 

municipal solid waste and filter cake with NPK fertilizers 

has been suggested for use in wheat-maize cropping systems 

in Khyber Pakhtunkhwa to enhance productivity, WUE, and 

soil carbon status [32]. 

Lehtinen (2014) [33] demonstrated that long-term crop 

residue incorporation can increase crop yields. A positive 

relationship between crop residue incorporation and SOC 

concentration was observed over a period of more than 20 

years in a continental climate. However, this practice also 

resulted in increased CO2 and N2O emissions, highlighting 

the need to maintain or increase SOC levels to protect soil 

properties like aggregate stability. 

Integrated nutrient management (INM) is crucial for 

improving soil productivity in dryland areas. By providing 

essential nutrients, INM enhances both aboveground and 

belowground biomass, which contributes carbon to the soil. 

Root proliferation and root exudates boost microbial 

activity, leading to faster decomposition and higher SOC 

levels. 

Using farmyard manure (FYM) alongside NPK fertilizers 

based on a soil test-based targeted yield (STCR) approach 

has been shown to increase soil fertility and SOC pools. 

Significant correlations between labile carbon (LBC), 

microbial biomass carbon (MBC), and crop yield suggest 

that these pools play a key role in nutrient turnover and 

plant nutrient availability. The Carbon Management Index 

indicates that INM is effective in enhancing crop 

productivity, nutrient availability, and soil carbon pools over 

the long term [34]. 

Sur et al. (2010) [35] found that organic carbon content 

significantly increased with different treatments compared 

to the control. The highest organic carbon content (0.88%) 

was observed when 4 tonnes per hectare of organic manure 

was applied alongside recommended NPK and zinc. Soil 

nutrients, including nitrogen (N), phosphorus (P), and 

potassium (K), also increased gradually with these 

treatments. 

Long-term application of farmyard manure combined with 

NPK fertilizers to rice and brown sarson cropping systems 

improved both the physicochemical and biological 

properties of the soil. This practice significantly increased 

SOC, particulate organic carbon (POC), microbial biomass 

carbon (MBC), and other soil organic carbon fractions, 

thereby enhancing soil quality and crop productivity [36]. 

Kashyap et al. (2017) observed that the application of 

vermicompost improved soil organic stock, carbon 

sequestration rates, and nutrient uptake, especially in 

treatments using 100% recommended dose of fertilizer 

(RDF). The highest SOC and carbon sequestration values 

were recorded in the 100% RDF treatment, followed by 

50% RDF combined with vermicompost, with the control 

showing the lowest values [37]. 

Lawrence Aula et al. (2016) [38] showed that manure 

application led to a significant increase in SOC, with values 

rising by 4.1 and 3.8 g kg-1 in 2013 and 2014 compared to 

the unfertilized check plot. Over the long term (1993-2014), 

SOC in the unfertilized plot decreased slightly, highlighting 

the importance of nutrient management in maintaining soil 

organic carbon levels. 

In a six-year study, integrated nutrient treatments led to a 

2.0-fold increase in SOC sequestration compared to fallow 

plots, indicating the potential of integrated approaches for 

long-term soil health and carbon sequestration. Among the 

different treatments, the highest easily wettable yield 

(EWY) was observed in T4 (15.06 Mg ha-1), followed by T5 

(11.76 Mg ha-1) and T6 (11.20 Mg ha-1) [39]. 
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Water Management and Land Use 

Carbon dynamics in soils are influenced by both land use 

systems and water management practices. Land use impacts 

carbon stocks through vegetation, while water management 

affects the decomposition rate and distribution of carbon 

fractions within the soil. In dryland areas, where water is 

scarce and temperatures are high, carbon loss from the soil 

due to oxidation tends to be higher. Therefore, adopting 

water conservation practices and effective land use 

management is crucial for minimizing carbon loss. 

Apesteguia et al. (2015) [39] found that a higher percentage 

of maize-derived organic carbon was present in irrigated 

maize (M-irr) compared to rainfed maize (M-rf), particularly 

in both large and small macro-aggregates. The largest 

proportion of maize-derived organic carbon was 

incorporated into the large macro-aggregates in both 

treatments. 

Assize Toure et al. (2013) [40] observed that soil organic 

carbon (SOC) concentrations and stocks were greater under 

semi-natural savanna compared to groundnut fields. Crop 

cultivation resulted in a reduction in SOC levels, largely due 

to the removal of wood and other organic matter. In 

comparison to semi-natural savanna, SOC storage in 

groundnut fields was approximately 27% to 35% lower in 

the top 20 cm of soil. This decrease was not linked to soil 

texture, as similar trends were observed in soils with both 

low and high clay content. 

 

Agroforestry 

The integration of trees into cropping systems can 

significantly enhance soil carbon content and fertility. This 

improvement occurs due to the organic matter contributions 

from tree litterfall and fine roots. Kaur et al. (2000) [41] 

found that inputs from trees, particularly from litterfall and 

fine roots, increased soil organic matter content. The order 

of organic matter contribution varied among tree species, 

with Acacia contributing the most, followed by Populus and 

Eucalyptus. The levels of microbial biomass carbon and 

nitrogen ranged from 76.1 to 153.4 mg C g−1 soil and 11.1 

to 32.6 mg N g−1 soil, respectively. Tree species had a 

significant impact on microbial carbon and nitrogen levels, 

with the integration of trees with crops showing a positive 

effect on microbial biomass. The increase in microbial 

biomass was observed to be 7%, 23%, and 15% for Acacia, 

Eucalyptus, and Populus systems, respectively. The 

microbial C:N ratio varied from 6.92 to 5.86 in Eucalyptus 

and Populus systems, while in Acacia-based systems, it 

ranged from 4.56 to 4.71. 

Guibin Wang et al. (2015) [42] concluded that agroforestry 

systems are highly effective at restoring soil organic carbon 

(SOC) stocks in areas that were previously used for 

agriculture. Even afforestation with Ginkgo alone led to 

benefits, with systems showing higher total and SOC stocks 

compared to monocropping after nine years. The labile 

carbon fractions were particularly sensitive to changes in 

cultivation practices, with their increase following Ginkgo 

establishment indicating an improvement in soil quality. 

Remi Cardinael et al. (2015) [43] demonstrated that 

agroforestry systems have the potential to increase SOC 

stocks. However, despite the deep rooting systems of trees, 

most additional SOC was concentrated in the topsoil layers 

and in labile organic fractions, which are more vulnerable. 

Tree rows were found to be a crucial factor for SOC storage 

in alley cropping systems. Combining agroforestry with no-

till or permanent cover practices could effectively enhance 

SOC stocks. In addition, higher SOC in the inter-row areas 

could improve soil fertility, reduce the need for chemical 

fertilizers, and indirectly lower greenhouse gas emissions. 

Over more than 10 years, agroforestry practices have 

notably improved soil quality compared to rubber 

monoculture. These improvements included better soil 

aggregation, increased carbon and nitrogen accumulation, 

and better distribution of SOC and nitrogen within 

aggregates. Aggregate formation was linked to higher 

carbon storage, and the macroaggregate fraction (>0.25 mm) 

contained more organic carbon and nitrogen than the 

microaggregate fraction [44]. Additionally, the presence of 

the A. caven tree positively influenced microbial biomass, 

respiration rate, light fraction, and SOC levels, with values 

being higher under its canopy than outside. However, 

microbial biomass carbon was lower under the canopy of all 

agroforestry systems compared to natural forests (NF) at 

depths of up to 10 cm [45]. 

 

Carbon sequestration in dryland agriculture 

Carbon sequestration refers to the process of increasing 

carbon content in both soils and plants, which is essential 

for reducing atmospheric carbon dioxide levels. Plants are 

crucial for carbon fixation as they absorb carbon during 

photosynthesis and store it in the form of carbohydrates. In 

contrast, soils receive carbon from various sources and store 

it in different forms and fractions. The importance of carbon 

sequestration is particularly significant in dryland areas, as it 

enhances organic carbon levels in the soil, which is vital for 

improving soil fertility and boosting crop production. 

There are two main strategies for increasing soil organic 

carbon (SOC) sequestration in cropland soils: (1) restoring 

degraded soils and ecosystems, and (2) applying 

recommended agricultural practices to prime soils. 

Restoring degraded soils increases biomass production, 

enhances SOC content, and improves water quality. Various 

management practices have the potential to sequester carbon 

in dryland ecosystems. 

Drylands are characterized by several features that limit 

their carbon sequestration potential. The most prominent 

factor is the scarcity of water, which significantly reduces 

plant productivity and, consequently, the accumulation of 

carbon in the soil. This issue is further exacerbated by low 

and often erratic rainfall patterns. Efficient management of 

available water is therefore crucial. Additionally, SOC 

levels tend to decrease with rising temperatures, further 

complicating carbon sequestration efforts in drylands [46]. 

The soil carbon pool is vital for maintaining soil quality, 

ensuring the availability of plant nutrients, supporting 

environmental functions, and contributing to the global 

carbon cycle. Drylands, which typically have low fertility 

and minimal organic matter, are particularly suited for 

carbon sequestration efforts. 

Srinivasarao et al. (2009) [9] found that organic carbon 

stocks in soils were significantly influenced by rainfall 

amounts, with legume-based cropping systems contributing 

to higher organic carbon sequestration. Long-term 

experiments using manure under rainfed conditions resulted 

in slight improvements in organic carbon levels. However, 

many dryland farmers lack access to manure or crop residue, 

which limits their ability to enhance soil carbon. Therefore, 

alternative strategies such as minimum tillage, green 

manuring, cover cropping, using green leaf manure (e.g., 
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Gliricidia), composting farm waste, vermicomposting, and 

incorporating legumes into the cropping system may help 

improve carbon stocks in Indian soils. 

Combining chemical fertilizers with farmyard manure 

(FYM) can increase crop yields and enhance carbon 

sequestration in Alfisols of southern India. To maintain SOC 

levels, it requires an annual input of 1.62 Mg C ha-1 year-1. 

However, the availability of FYM or crop residues at 

sufficient levels is often a challenge in this region. Thus, a 

balanced use of NPK fertilizers, along with modest amounts 

of FYM or crop residues, is a practical and sustainable 

approach to ensure continued crop production while 

promoting carbon sequestration [47]. 
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Conclusion  

This study emphasizes the importance of soil organic carbon 

(SOC) in improving soil quality and supporting food 

production, especially in dryland areas. The results highlight 

those agricultural practices such as conservation tillage, 

proper fertilization, crop rotation, and agroforestry 

integration play a significant role in influencing SOC 

dynamics. These practices help to increase SOC stocks by 

promoting biomass growth, reducing carbon losses due to 

oxidation, and enhancing carbon sequestration. The research 

contributes valuable insights by showing that the adoption 

of sustainable farming practices can reduce soil degradation 

in drylands, leading to healthier soils and improved long-

term agricultural productivity. These findings have practical 

significance for farmers and policymakers focused on 

boosting soil carbon stocks in dryland regions, thus 

improving resilience to climate change and securing food 

production. However, the study does have some limitations, 

including the variation in SOC responses to different 

management practices across diverse soil types and 

climates. Future research should prioritize long-term field 

studies to gain a deeper understanding of how SOC 

dynamics interact with various management techniques in 

different dryland environments. Additionally, examining the 

socioeconomic factors that affect the adoption of these 

practices will offer a more holistic approach to promoting 

sustainable land management. 

 

References 

1. Srinivasarao C, Kundu S, Rakesh S, Lakshmi CS, 

Kumar GR, Manasa R, et al. Managing soil organic 

matter under dryland farming systems for climate 

change adaptation and sustaining agriculture 

productivity. In: Soil Organic Carbon and Feeding the 

Future. CRC Press; 2021. p. 219-251. 

2. Pal DK, Dasog S, Vadivelu S, Ahuja RL, 

Bhattacharyya T. Secondary calcium carbonate in soils 

of arid and semi-arid regions of India. In: Lal R, 

Kimble JM, Stewart BA, editors. Climate Change and 

Pedogenic Carbonates. CRC Press, Boca Raton, FL; 

1999. p. 185. 

3. Buol SW, Hole FD, McCracken RJ. Soil Genesis 

Survey and Classification. 2nd ed. The Iowa University 

Press, Iowa; 1980. 367 p. 

4. Srinivasarao C, Venkateswarlu B, Kundu S. Sustainable 

management of soils of dryland ecosystems of India for 

enhancing agronomic productivity and sequestering 

carbon. In: Sparks DL, editor. Advances in Agronomy. 

Academic Press, Burlington; 2013. p. 253-329. 

5. Srinivasarao C, Venkateswarlu B, Kundu S, Vittal 

KPR, Patel JJ, Patel MM, et al. Long-term cropping, 

fertilization and manuring effects on carbon pools, 

carbon sequestration and yield sustainability in semi-

arid tropical conditions of western India. Indian Journal 

of Dryland Agricultural Research & Development. 

2011;26(1):53-64. 

6. Paustian K, Six J, Elliott ET, Hunt HW. Management 

options for reducing CO2 emissions from agricultural 

soils. Biogeochemistry. 2000;48:147-163. 

7. Schimel DS, Braswell BH, Holland EA, McKeown R, 

Ojima DS, Painter TH, et al. Climatic, edaphic and 

biotic controls over storage and turnover of carbon in 

soils. Global Biogeochemical Cycles. 1994;8:279-293. 

8. Eswaran H, Van den Berg E, Reich P. Organic carbon 

in soils of the world. Soil Science Society of America 

Journal. 1993;57:192-194. 

9. Srinivasarao C, Vittal KPR, Venkateswarlu B, Wani 

SP, Sahrawat KL, Marimuthu S, et al. Carbon stocks in 

different soil types under diverse rainfed production 

systems in tropical India. Communications in Soil 

Science and Plant Analysis. 2009;40:2338-2356. 

10. Li XG, Li FM, Zed R, Zhan ZY. Soil physical 

properties and their relations to organic carbon pools as 

affected by land use in an alpine pastureland. 

Geoderma. 2007;139(1-2):98-105. 

11. Kumar S, Nakajima T, Mbonimpa EG, Gautam S, 

Somireddy UR, Kadono A, et al. Long-term tillage and 

drainage influences on soil organic carbon dynamics, 

aggregate stability and corn yield. Soil Science and 

Plant Nutrition. 2014;60:108-118. 

12. Kumar S, Kadono A, Lal R, Dick W. Long-term no-till 

impacts on organic carbon and properties of two 

contrasting soils and corn yields in Ohio. Soil Science 

Society of America Journal. 2012;76:1798-1809. 

13. Prasad JVN, Srinivasa Rao CH, Srinivas K, Naga 

Jyothi, Venkateswarlu B, Ramachandrappa BK, et al. 

Effect of ten years of reduced tillage and recycling of 

organic matter on crop yields, soil organic carbon and 

its fractions in Alfisols of semiarid tropics of southern 

India. Soil and Tillage Research. 2016;156:131-39. 

14. Jacobs A, Helfrich M, Hanisch S, Quendt U, Rauber R, 

Ludwig B. Effect of conventional and minimum tillage 

on physical and biochemical stabilization of soil 

organic matter. Biology and Fertility of Soils. 

2010;46:671-80. 

15. Hassan A, Shahzada SI, Lal R, Ali S, Hussain Q, Ansar 

M, et al. Depth distribution of soil organic carbon 

fractions in relation to tillage and cropping sequences in 

some dry lands of Punjab, Pakistan. Land Degradation 

& Development. 2016;27:1175-85. 

16. Hermle S, Anken T, Leifeld J, Weisskopf P. The effect 

of the tillage system on soil organic carbon content 

under moist, cold-temperate conditions. Soil and 

Tillage Research. 2008;98:94-105. 

https://www.biochemjournal.com/


 

~ 629 ~ 

International Journal of Advanced Biochemistry Research  https://www.biochemjournal.com 

   
 
17. Entz MH, Baron VS, Carr PM, Meyer DW, Smith Jr. 

SR, et al. Potential of forages to diversify cropping 

systems in the northern Great Plains. Agronomy 

Journal. 2002;94:240-50. 

18. Pikul Jr. JL, Aase JK. Water infiltration and storage 

affected by subsoiling and subsequent tillage. Soil 

Science Society of America Journal. 2003;67:859-866. 

19. Sainju UM, Lenssen AW, Caesar-TonThat T, Evans 

RG. Dryland crop yields and soil organic matter as 

influenced by long-term tillage and cropping sequence. 

Agronomy Journal. 2009;101:243-251. 

20. Upendra MS, Andrew WL. Dryland soil carbon 

dynamics under alfalfa and durum-forage cropping 

sequences. Soil and Tillage Research. 2011;113:30-37. 

21. Moharana PC, Naitam RK, Verma TP, Meena RL, 

Kumar S, Tailor BL, et al. Effect of long-term cropping 

systems on soil organic carbon pools and soil quality in 

western plain of hot arid India. Archives of Agronomy 

and Soil Science. 2017;63(12):1661-1675. 

22. Liebig MA, Johnson HA, Hanson JD, Frank AB. Soil 

carbon under switchgrass stands and cultivated 

cropland. Biomass and Bioenergy. 2004;28:347-354. 

23. Mahdi MA, Jesse BG. Cropping systems effects on 

improving soil carbon stocks of exposed subsoil. Soil 

Science Society of America Journal. 2007;71:1381-

1388. 

24. Liu E, Yan C, Mei X, Zhang Y, Fan T. Long-term 

effect of manure and fertilizer on soil organic carbon 

pools in dryland farming in Northwest China. PLoS 

One. 2013;8(2):56536. 

25. Iwasaki S, Endo Y, Hatano R. The effect of organic 

matter application on carbon sequestration and soil 

fertility in upland fields of different types of Andosols. 

Soil Science and Plant Nutrition. 2017;63(2):200-220. 

26. Gobin A, Campling P, Janssen L, Desmet N, van 

Delden H, Hurkens J, et al. Soil organic matter 

management across the EU: best practices, constraints 

and trade-offs. Final Report for the European 

Commission’s DG Environment; 2011. Available 

online at  

http://ec.europa.eu/environment/soil/pdf/som/fullreport.

pdf. Accessed December 28, 2016. 

27. Srinivasarao C, Kundu S, Rakesh S, Lakshmi CS, 

Kumar GR, Manasa R, Somashekar G, Swamy GN, 

Mrunalini K, Jayaraman S, Mohanty M. Managing soil 

organic matter under dryland farming systems for 

climate change adaptation and sustaining agriculture 

productivity. In: Soil Organic Carbon and Feeding the 

Future. CRC Press; 2021. p. 219-251. 

28. Pal DK, Dasog S, Vadivelu S, Ahuja RL, 

Bhattacharyya T. Secondary calcium carbonate in soils 

of arid and semi-arid regions of India. In: Lal R, 

Kimble JM, Stewart BA, editors. Climate Change and 

Pedogenic Carbonates. CRC Press, Boca Raton, FL; 

1999. p. 185. 

29. Buol SW, Hole FD, McCracken RJ. Soil Genesis 

Survey and Classification. 2nd ed. Iowa City, IA: The 

Iowa University Press; 1980. p. 367. 

30. Srinivasarao C, Venkateswarlu B, Kundu S. Sustainable 

management of soils of dryland ecosystems of India for 

enhancing agronomic productivity and sequestering 

carbon. In: Sparks DL, editor. Advances in Agronomy. 

Burlington: Academic Press; 2013. p. 253-329. 

31. Srinivasarao C, Venkateswarlu B, Kundu S, Vittal 

KPR, Patel JJ, Patel MM, et al. Long term cropping, 

fertilization and manuring effects on carbon pools, 

carbon sequestration and yield sustainability in semi-

arid tropical conditions of western India. Indian Journal 

of Dryland Agricultural Research and Development. 

2011;26(1):53-64. 

32. Paustian K, Six J, Elliott ET, Hunt HW. Management 

options for reducing CO2 emissions from agricultural 

soils. Biogeochemistry. 2000;48:147-163. 

33. Schimel DS, Braswell BH, Holland EA, McKeown R, 

Ojima DS, Painter TH, et al. Climatic, edaphic and 

biotic controls over storage and turnover of carbon in 

soils. Global Biogeochemical Cycles. 1994;8:279-293. 

34. Eswaran H, Van den Berg E, Reich P. Organic carbon 

in soils of the world. Soil Science Society of America 

Journal. 1993;57:192-194. 

35. Srinivasarao C, Vittal KPR, Venkateswarlu B, Wani 

SP, Sahrawat KL, Marimuthu S, et al. Carbon stocks in 

different soil types under diverse rainfed production 

systems in tropical India. Communications in Soil 

Science and Plant Analysis. 2009;40:2338-2356. 

36. Li XG, Li FM, Zed R, Zhan ZY. Soil physical 

properties and their relations to organic carbon pools as 

affected by land use in an alpine pastureland. 

Geoderma. 2007;139(1-2):98-105. 

37. Kumar S, Nakajima T, Mbonimpa EG, Gautam S, 

Somireddy UR, Kadono A, et al. Long-term tillage and 

drainage influences on soil organic carbon dynamics, 

aggregate stability and corn yield. Soil Science and 

Plant Nutrition. 2014;60:108-118. 

38. Kumar S, Kadono A, Lal R, Dick W. Long-term no-till 

impacts on organic carbon and properties of two 

contrasting soils and corn yields in Ohio. Soil Science 

Society of America Journal. 2012;76:1798-1809. 

39. Prasad JVN, Srinivasa Rao CH, Srinivas K, Naga 

Jyothi, Venkateswarlu B, Ramachandrappa BK, et al. 

Effect of ten years of reduced tillage and recycling of 

organic matter on crop yields, soil organic carbon and 

its fractions in Alfisols of semiarid tropics of southern 

India. Soil and Tillage Research. 2016;156:131-139. 

40. Jacobs A, Helfrich M, Hanisch S, Quendt U, Rauber R, 

Ludwig B. Effect of conventional and minimum tillage 

on physical and biochemical stabilization of soil 

organic matter. Biology and Fertility of Soils. 

2010;46:671-680. 

41. Hassan A, Shahzada SI, Lal R, Ali S, Hussain Q, Ansar 

M, et al. Depth distribution of soil organic carbon 

fractions in relation to tillage and cropping sequences in 

some dry lands of Punjab, Pakistan. Land Degradation 

and Development. 2016;27:1175-1185. 

42. Hermle S, Anken T, Leifeld J, Weisskopf P. The effect 

of the tillage system on soil organic carbon content 

under moist, cold-temperate conditions. Soil and 

Tillage Research. 2008;98:94-105. 

43. Entz MH, Baron VS, Carr PM, Meyer DW, Smith Jr. 

SR, McCaughey WP. Potential of forages to diversify 

cropping systems in the northern Great Plains. 

Agronomy Journal. 2002;94:240-250. 

44. Pikul Jr. JL, Aase JK. Water infiltration and storage 

affected by subsoiling and subsequent tillage. Soil 

Science Society of America Journal. 2003;67:859-866. 

45. Sainju UM, Lenssen AW, Caesar-TonThat T, Evans 

RG. Dryland crop yields and soil organic matter as 

https://www.biochemjournal.com/


 

~ 630 ~ 

International Journal of Advanced Biochemistry Research  https://www.biochemjournal.com 

   
 

influenced by long-term tillage and cropping sequence. 

Agronomy Journal. 2009;101:243-251. 

46. Upendra MS, Andrew WL. Dryland soil carbon 

dynamics under alfalfa and durum-forage cropping 

sequences. Soil and Tillage Research. 2011;113:30-37. 

47. Moharana PC, Naitam RK, Verma TP, Meena RL, 

Kumar S, Tailor BL, et al. Effect of long-term cropping 

systems on soil organic carbon pools and soil quality in 

the western plain of hot arid India. Archives of 

Agronomy and Soil Science. 2017;63(12):1661-1675. 

48. Liebig MA, Johnson HA, Hanson JD, Frank AB. Soil 

carbon under switchgrass stands and cultivated 

cropland. Biomass and Bioenergy. 2004;28:347-354. 

49. Mahdi MA, Jesse BG. Cropping systems effects on 

improving soil carbon stocks of exposed subsoil. Soil 

Science Society of America Journal. 2007;71:1381-

1388. 

50. Liu E, Yan C, Mei X, Zhang Y, Fan T. Long-term 

effect of manure and fertilizer on soil organic carbon 

pools in dryland farming in northwest China. PLoS 

ONE. 2013;8(2):56536. 

51. Iwasaki S, Endo Y, Hatano R. The effect of organic 

matter application on carbon sequestration and soil 

fertility in upland fields of different types of Andosols. 

Soil Science and Plant Nutrition. 2017;63(2):200-220. 

 

https://www.biochemjournal.com/

