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Abstract 
It is no doubt that soils are among the Earth’s largest terrestrial reservoirs of 
carbon pool and hold potential for its sequestration and thus, soils can serve 
as potential way of mitigating the ever-increasing atmospheric CO2 concen-
tration. However, the stability and flux of soil organic carbon are affected in 
response to changes that are being driven by forms of environmental and an-
thropogenic factors. Therefore, to establish carbon sequestration potential of 
soils, an in-depth scientific evaluation that would provide mapping of and 
speciation of carbon chemical forms, as well as factors influencing the persis-
tence of carbon in soils are key to the process which are beyond quantitative 
measurements that are conventionally implemented under different land use 
and/or soil management. This involves soil chemistry, physics, biology, and 
microbiology. Hence, this short review communication highlights portions of 
soil chemistry and physics as well as soil biology and microbiology that have 
not been given attention in determining and/or underpinning decisions on 
carbon sequestration potential of soils. 
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1. Introduction 

In response to reduce atmospheric CO2 concentration over the next coming 
years, carbon sequestration potential of soils has been identified as a priority in 
climate change mitigation strategy (Jackson et al., 2017; Stockmann et al., 2013). 
The idea was initiated from the soil historical storage capacity of carbon (C), 
since carbon reservoirs in soil (ca. 2344 Gt in the surface and 3 m downward) 
exceed those combined all together both in the atmosphere (850 Gt) and biotic 
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pool (560 Gt) (Stockmann et al., 2013). In other words, soils are the main carbon 
sink as well as source and thus are important components of the global carbon 
cycle (Faggian et al., 2012), containing about 1206 Pg organic carbon (OC) in the 
upper 1 m depth (Hiederer & Köchy, 2011) which is significantly greater than 
the atmospheric carbon stock (800 Pg) (Zdruli et al., 2017). This implies that a 
small increase in the soil carbon stocks can play an important role in reducing 
greenhouse gases to the atmosphere. For that reason, as part of the contribution 
to the annual emissions reduction target at the global scale, soil scientists put 
their interest in carbon sequestration potential of soils. In addition, they further 
believed that carbon sequestration in soils plays a vital role in combating climate 
change due to the ability of plants to remove carbon dioxide (CO2) from the at-
mosphere and add to soil, which in turn reducing the warming effect of carbon 
dioxide down to earth. That has truly promoted the propagation of the value of 
soils in their role of carbon sequestration. On the other hand, the Kyoto Protocol 
recognized that net emissions of CO2 can be reduced either by decreasing the 
rate at which the carbon dioxide is emitted to the atmosphere or by increasing 
the rate at which CO2 is removed from the atmosphere through sinks (Lal, 2001). 
In the quest to achieve that, soils are among the Earth’s largest reservoirs of car-
bon and thus, their carbon sequestration potential is indisputable. Consequently, 
soils can provide a future way of mitigating the ever increasing atmospheric level 
of CO2. Hence, for nearly two (2) decades, soil scientists have studied and esti-
mated the potential of sequestering carbon in soil quantitatively by cross-sectional 
method (Lal, 2001, 1999), which has been the most widely applied technique. 
Under the cross-sectional method, carbon sequestration potential of soils in a 
particular area is determined using two different land-use types disturbed (De-
creting) and undisturbed (Accreting), where the calculated difference of carbon 
stock concerning the two different land-use serves as a measure of carbon se-
questration potential of the soils of the area under investigation. Unfortunately, 
such technical expression of carbon sequestration potential of soils is funda-
mentally and scientifically inadequate. The methodology is just hype and an in-
explicit tool for quantifying and predicting carbon sequestration potential of 
soils. Because there are a lot of questions needed to be asked! However, it is only 
with an in-depth knowledge that cut across between biological and physical sci-
ences can actually foretell about carbon sequestration potential and suitability of 
soils before that terrestrial component of the Earth can be regarded as “consid-
erable” sink for atmospheric carbon dioxide (CO2).  

Even though soils can act as both sources and sinks of carbon, biomass input 
levels, micro-climatic conditions, biochem-climatic changes, as well as environ-
mental driving forces and conditions are imperatively important factors needed 
for the scientific prediction of carbon sequestration potential of soils (Lehmann 
& Kleber, 2015; Thomson et al., 2015; Smith et al., 2012). It also involves the 
necessary understanding of the underlying mechanisms of carbon stabilization 
and the imaginable processes of its destabilization in soil environment. This is 
because carbon is rarely stored in soils in its elemental form, but rather in its or-
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ganic form that contains significant amounts of other nutrients more than all the 
nitrogen-based nutrients in soils (Van Groenigen, 2017). For this reason, bio-
mass productivity, the type of vegetation, water and nutrients availability and 
mobility, among other constraints can therefore be major limiting factors deter-
ring carbon sequestration potential of soils (Lal, 2002). In addition, other 
co-multiple factors including water infiltration viability, water holding capacity 
and ecological resilience/elasticity also play a vital role in increasing the carbon 
sequestration potential of soils (Zomer et al., 2017). Therefore, in an attempt to 
know the potential of soils to sequester carbon in places where can be abun-
dantly stocked, soil chemistry and physics as well as soil biology and microbiol-
ogy need to be accommodated too in the conventional methods (e.g., cross-sectional 
method) and this can better provide high decision independence on predicting car-
bon sequestration potential of soils. Accordingly, this short communication 
highlights portions of soil chemistry and physics as well as soil biology and mi-
crobiology that have not been given attention in determining and/or underpin-
ning decisions on carbon sequestration potential of soils.  

2. Carbon Sequestration Potential of Soils—What Are the  
Missing Sciences?  

2.1. Chemical and Physical Processes Affecting Soil Organic  
Carbon Stabilization—The Soil Chemistry 

Despite the fact that soils function as carbon reservoirs, it has also been pro-
jected that in certain circumstances, soils may also be reasonably strong sources 
of CO2 in the future as temperature rises continuously (Sitch et al., 2008). For 
example, it has been argued that the amount of CO2 released into the atmos-
phere as a result of soil microbial activities is much higher than the amount re-
leased due to human activities. According to (Crowther et al., 2015), the amount 
of atmospheric CO2 produced due to microbial decomposition on annual basis is 
7.5 - 9 times more than that released due to anthropogenic emissions worldwide. 
A similar earlier report indicated that through the decomposition of plant or-
ganic matter, microbial communities in the soil could release 5.5 × 1012 Kg (5.5 
billion tons) of CO2 annually, which is eight times more than that released due 
to human activities (Zimmer, 2010). This scenario has a tremendous influence 
on the carbon cycle—climate feedback, which is the basis upon which the Inter-
governmental panel makes projections on climate change (Crowther et al., 
2015). Consequently, regardless of the soil importance in stocking pools of car-
bon, indeed there need to consider stabilization mechanisms of organic carbon 
in soil environment while attempting to determine the potential of soils for car-
bon sequestration. It has been scientifically proven that the stability of soil or-
ganic carbon is controlled by the three main physico-chemical stabilization 
processes, namely: 1) Protection and preservation of complex organic com-
pounds within the soil aggregates, which translates to spatial inaccessibility of 
soil microbes to organic compounds and a limitation on O2 availability (Schmidt 
et al., 2011); 2) Soil organic carbon interactions with mineral surfaces and metal 
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ions, as there is a strong correlation between the soil clay mineral phase and the 
various forms of soil organic carbon due to organo-mineral associations (Kleber 
et al., 2007); 3) Physical inaccessibility of occluded soil organic carbon to eco-
logical stresses and microbial communities and extracellular enzymes (Dungait 
et al., 2012; Solomon et al., 2012). These aspects of physical and physical organic 
chemistry are of importance because each or all provide(s) a priori limits to the 
soil carbon sequestration potential (Stockmann et al., 2013), which can be af-
fected through the surface properties of minerals such as functional groups and 
charge of the soil organic moiety and capacity for soil aggregation and stability 
(controlled by soil particle size distribution).  

Therefore, with the recognition of the importance of soil organic carbon 
speciation and fractionation in probing carbon sequestration potential of soils, it 
becomes important to stress that aspects of carbon speciation and fractionation 
in soil environments are the fundamentals to help better understanding the spe-
cific carbon specie(s) that are thermodynamically stable and inert or unstable 
and also kinetically labile based on which of the fraction(s) of soil carbon is/are 
either in exchangeable, soluble, oxidizable, reducible and residual (organics 
bound and occluded to soil silicates). In fact, these are what would really explain 
about persistence and permenance of carbon in soil environment and in turn 
establish the carbon sequestration potential of soils in a specific time and at a 
particular location.  

2.2. Biological and Microbiological Processes Affecting Soil  
Organic Carbon Stabilization—The Soil Biology and  
Microbiology 

Recently, stable isotopic study has shown that the residence time of soil organic 
compounds is independent to its chemical composition (Hernandez-Soriano et al., 
2018; Stockmann et al., 2013). This has explained that relative chemical complexity 
of soil organic constituents only helps define short-term bio-decomposition at 
seasonal scales and it does not explain soil organic matter bio-decomposition in 
the long term (e.g., decades and/or centuries). For example, the different carbon 
pools existing in the soil environments have different average residence times, 
ranging from one year to a few years to decades or more than 1000 years (stable 
fraction), which largely depend on the biochemical composition of the soil car-
bon source (e.g., lignin is more stable than cellulose) (Robert, 2001). However, 
the mineralization of soil organic constituents is often directly connected to 
chemical complexity (e.g., their molecular size and reactivity) through soil mi-
crobial communities correlated to specific activity and/or composition of the soil 
organic carbons (Fontaine & Bardot, 2005; Marschner & Kalbitz, 2003). This 
translates to some connection between chemical composition and bio-mineralization 
associated with the kind of protection or the type of bonds. For instance, stable 
carbon fractions are protected or sequestered either physically and/or chemi-
cally, of which by definition “physical” means an encapsulation of organic car-
bon fragments by clay particles or soil macro- or micro-aggregates and “chemical” 
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refers to specific bonds of organic carbon with colloid or clay constituents of soil 
(Balesdent et al., 2000) and as a result, can withstand microbial mineralization. 
This means that physical and chemical protection and/or sequestration controls 
bioavailability and biodegradability of organic carbons in soils. It is, therefore, 
appropriate to say that where bio-mineralization is more severe, the soil organic 
carbon is generally expected to be biochemically broken into CO2.  

In the same context of use stable isotope of δ13C, isotopic analysis can also parti-
tion the dynamics of soil carbon in relation to release of CO2 from soils to the at-
mospheric environment by respiratory process through plant-microbe soil spec-
trum (Hernandez-Soriano et al., 2018; Högberg et al., 2008). In addition, it has 
been established that the release of CO2 from soil to the atmosphere occurs 
through combined activities, namely: 1) Root respiration (autotrophic) and 2) Mi-
cro- and macro-organisms decomposing (heterotrophic respiration) debris and 
organic matter in soil (Högberg et al., 2005). As each of these components returns 
soil carbon to the atmosphere on different average time scales, the partitioning of 
heterotrophic and autotrophic sources of release of CO2 to atmospheric environ-
ment using isotopic analysis is therefore a very promising tool that can reveal the 
dynamic and static state of soil carbon and the capacity of soil to sequester it de-
pending on the dominance of one source of release of CO2 than the other.  

In addition, rich plant diversity can increase soil organic carbon, because 
much of the influence of individual plant species on soil microbial activity on 
carbon and nutrient cycling is through the quality and quantity of organic car-
bon returning to the soil (Stockmann et al., 2013). In support of this, plant spe-
cies that host N-fixing bacteria (such as legumes) or root systems with my-
corrhizal associations, most often enhance nutrient uptake and can provide a 
biochemical reaction pathway for the return of carbon substrate directly to mi-
crobes and soil simultaneously (Kogel-Knabner & Rumpel, 2018). Therefore, in 
a situation like that, the increase of carbon stocks in soils is most likely influ-
enced by decomposition processes. In a similar attempt, study showed that 
Eucalyptus species that are potently N-fixing trees increased soil nitrogen (N) 
availability and likewise the potential to sequester soil organic carbon (Resh et 
al., 2002; Kaye et al., 2000). This suggests that some plant species tend to add 
more fresh carbon to the soils while others are more preferentially to decompose 
all older forms of carbon. Overall, biological and micro-biological processes also 
contribute to addition and depletion of soil organic carbon stocks depending on 
the responsive evidence(s), which either supporting or opposing potential of 
soils to sequester carbon.  

2.3. Function of Cohesive and Adhesive Forces (Internal and  
External Frictions) in Dynamics and Kinematics of Flow of  
Fluids Relative to Infiltration of Soil Solutes—The Soil Physics 

On the stability and fluidity of soil organic carbon, soil fluids and temperature 
also exert strong control on decomposition and mineralization processes of soil 
organic carbon. It is certain that temperature sensitivity varies among different 
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fractions of soil carbon pools (e.g., labile vs stable) and such are tight to cohesive 
and adhesive forces that exist within organic carbon composition as well as be-
tween organic carbon and the soil environment. A change of soil compaction 
from close-fitted to loose-fitted at depth stimulates mineralization of olden soil 
carbon buried underneath due to ease of distribution of fresh carbon at depth 
and potential release of carbon buried at depth by deep-rooted plants. In addi-
tion, increased soil aeration and intense disruption of cohesive forces that bind 
soil aggregates are the main factors stimulating mineralization of soil organic 
carbon by the soil micro-organisms. Similarly, carbon sequestration potential of 
soils may also be influenced by localized and controlled processes in soil ecosys-
tem which including rainfall and soil fluids infiltration, soil erosion and deposi-
tion of solutes govern by soil gradient heterogeneity—All of which can affect 
carbon input and carbon loss rates (Ontl & Schulte, 2012). Therefore, soil parti-
cles binding forces control aggregation, texture and dynamics of organic carbon 
pools in macro- and micro-aggregates of soils. Consequently, bulkiness of soil 
aggregates has a great effect on the hydraulic of soil carbon solutes.  

Despite somehow controversial, conventional viewers hold that the minerali-
zation rate of soil organic carbon is independent of the size, structure or texture 
of soils (Stockmann et al., 2013). However, it has been argued that the rate lim-
iting step in soil organic carbon mineralization is governed by abiotic rather 
than biotic (particularly microbial) processes, which is termed as the “Regulatory 
Gate” for soil organic carbon mineralization process (Kemmitt et al., 2008). The 
“Regulatory Gate” hypothesis processes including among others, specifically, 
diffusion and adsorption/desorption from soil surfaces, which control over car-
bon stocks in the soil. This indicates that carbon sequestration potential of soils 
is finite because soils’ carbon sequestration saturation limits are controlled by 
inherent soil cohesion and adhesion to mineral particles. From this, soil physics 
also provides better understanding of the significance of abiotic mechanisms of 
protection of carbon in soil environment, which in turn can guide decision on 
the capacity or potential of soils to sequester carbon.  

3. Conclusion 

The discussion concluded that though soils are likely to help us remediate the 
confronting climate change induced by influx emission of CO2 alongside with 
the other greenhouse gases, carbon sequestration potential of soils projected by 
conventional approaches such as cross-sectional requires additional scientific 
considerations for the irrefutable deduction. Such scientific considerations are 
best situated within a framework of in-depth scrutiny involving soil chemistry, 
physics, biology, and microbiology. This implies that overall in-situ soil archi-
tecture is required to underpin decisions on the potential of soils for carbon se-
questration. Therefore, the cross-sectional method which mainly involves quan-
titative measurements of carbon stock in soils requires inclusion of scientific 
mapping of and speciation of carbon chemical forms as well as environmental 
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factors (both induced by natural and anthropogenic causes) influencing the per-
sistence of carbon in soils. 

In addition, the most important conclusions from this short review are: 
1) The determination of total concentrations of the soil organic carbon in a 

sample is inadequate to support carbon sequestration potential of soil since this 
information alone will not reflect, for example, the biophysically transformed 
forms of organic carbon with different behaviour in the soil environment. 

2) In the literature, sufficient reports are lacking that establish including the 
relation between biophysical limiting factors in the soil environment and carbon 
sequestration potential of soil itself. 

3) The most important knowledge gap identified includes: a) The effect of 
uncontrolled removal of soil organic carbon stored at the surface of soil envi-
ronment causes by infiltration of precipitation that altering moisture regime and 
the vertical redistribution of soil organic carbon budget in the soil profile has 
been neglected; b) The relation between carbon sequestration potential of soil 
and mobility mechanism of soil organic carbon, soil organic carbon volatility 
and mobility mechanics, and dynamics of organic carbon packing and freeing is 
to large extent unknown. Thus, in order to make irrefutable inferences to sup-
port the decision on carbon sequestration potential of soil, many biophysical re-
search inputs are required which are including the key areas identified above.  
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