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ABSTRACT

Soil organic matter (SOM) has very important functions in the soil. It affects the soil
physical, chemical and biological properties, and eventually affecting the overall soil and
crop productivity. Increase in SOM matter is associated with an increase in soil and crop
productivity. It also contributes to climate change mitigation through soil carbon
sequestration. This paper discusses various soil management and/or farming strategies
that contribute to the building up of SOM. The paper also highlights mechanisms that
stabilize organic matter in the soil and protect it from rapid decomposition and its loss
from the soil. Through reviewing of various research papers, literature shows that a
number of strategies provide substantial contributions to building up of SOM. These
include: conservation agriculture, crop rotations, cover cropping, agroforestry and
afforestration, improved fallows, well managed pastures and organic farming. Various
physical, chemical and biochemical mechanisms contribute to stabilization of organic
matter and protect the accumulated SOM from rapid decomposition. Quantity and quality
of organic materials, soil matrix and clay minerals, organo-mineral interactions and soil
management practices are all important factors in SOM stabilization. From this review it
can be pointed out that research based knowledge of both SOM accumulation strategies
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and SOM stabilizing mechanisms is very beneficial in making recommendations and
implementation of soil management practices that can increase and build up organic
matter in the soil.

Keywords: Soil organic carbon; soil organic matter stocks; soil organic matter stabilization;
soil carbon sequestration; soil management strategies.

1. INTRODUCTION

Soil organic matter is defined as any material produced originally by living organisms (plants,
animal and soil biota) that is returned to the soil and goes through the decomposition
processes and is biochemically altered and remains in the soil [1,2]. Its amount is easily
determined through quantification of soil organic carbon (SOC). Soil organic carbon is a
main constituent of soil organic matter (SOM) comprising from 48 to 58% of the total weight
[3]. It is a component that is usually determined in estimating SOM through multiplying its
value by a factor of 1.72 [3]. For the purposes of this paper the terms SOM and SOC will be
used interchangeably.

Soil organic matter is a very important component for the productivity of soils. It is formed by
the biological, chemical and physical decay of organic materials that enter the soil system
from sources above ground and/or below ground [4]. Sources of SOM include leaf fall, crop
residues, animal wastes and remains of roots and soil biota [4]. Functions of SOM include
soil nutrient supply and reserves for metabolically active microbial community; improving soil
water holding capacity; maintaining soil structure stability; enhancing chelation and
bioavailability of trace elements to plants; reducing phosphorus fixation; decreasing bulk
density and increasing pore space [1,4]. Processes that accumulate SOM contribute to
climate change mitigation through soil carbon sequestration [5]. Soil carbon sequestration is
the process of transferring carbon dioxide (CO,) from the atmosphere into the soil through
crop residues and other organic materials in a form that is not immediately reemitted [6]. In
view of these functions, SOM accumulation and maintenance are of paramount importance.

Soil organic matter accumulation is mainly affected by the amount of organic inputs into the
system and the rate of decomposition [5]. The rate of decomposition is affected by a number
of factors including composition or quality of SOM (C:N ratios, lignin and polyphenol
content), and environmental factors such as pH, moisture and aeration [4]. In tropical soils
climatic factors such as temperatures have a very significant contribution in that, high
tropical temperatures are associated with increased rate of decomposition thereby leading to
loss of SOM as compared to temperate regions [4]. The resistance of humus to microbe-
facilitated oxidation is important in maintaining SOM levels and in protecting associated
nitrogen and other essential nutrients against rapid mineralization and loss from the soil [4].
Despite its resistance, it is still subjected to continuous degradation [4]. The above stated
factors coupled with soil management factors contribute to the decrease or increase of
organic matter in the soil. However, there are specific mechanisms that protect or stabilize
SOM in the soil. SOM protective processes can be considered as the ways in which it is
stabilized and get prevented from high rates of decomposition. Sollins et al. [7] defined SOM
stabilization as the decrease in its potential loss through microbial respiration, erosion or
leaching. Therefore the aim of this paper is to discuss the strategies for building up SOM
stocks in soils. The paper also highlights the mechanisms that are involved in stabilization of
organic matter in the soils.
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2. STRATEGIES OF BUILDING UP SOIL ORGANIC MATTER STOCKS
2.1 Conservation Agriculture

Conservation agriculture (CA) is an integrated system of farming that is aimed at managing
agro-ecosystems to achieve sustained productivity, increased profits and food security by
implementing and managing the following three principles: minimum soil disturbance,
permanent soil cover, diversified crop associations and rotations [8,9]. Tillage systems
applied in CA (No till, strip tillage, permanent ridge till) help to reduce soil disturbance.
Reduction in soil disturbance slows the rate of organic matter decomposition thus, increasing
soil carbon accumulation. Mulch put on the surface and cover crops reduce erosion through
the reduction of the impact of rain drops, also reduction of soil temperatures and in turn slow
the rate of decomposition, leading to accumulation of SOM [10]. Research conducted by
Nijsingh [11] showed 32% higher organic carbon in CA as compared to conventional
agriculture in Brazil. From a 10 year study on comparing no-till, minimum till and
conventional tillage systems Sombrero and Benito [12] reported the following: at a depth O-
10 cm SOC was 58% and 11% higher under no-till than under convention tillage and
minimum tillage respectively; SOC was 41% higher with minimum tillage than with
conventional tillage; at a depth of 10-20 cm SOC was 30% higher with no-till than
conventional tillage and 7% with no-till than minimum tillage. A number of authors have
reported higher SOM levels in no-till systems [13,14,15].

Cover crops increase SOM through their decomposed litter. Continuous cover crops
increase SOM through litter fall and prevention of soil carbon loss by erosion [16]. However,
SOM building up needs both C and N but the ratios of C:N have an effect on long term
accumulation of organic matter. Halvin et al. [17] noted that a C:N ratio of greater that 20:1
leads to reduced rates of mineralization. Salon [18] suggested that legume cover crops that
are rotated with grasses or cereals have a higher potential of increasing SOM stocks
because of relatively higher carbon input into the system. It is also noted that cover crops
that are left for a long period in the field up to maturity lead to increase in C:N ratios and this
has a positive contribution to long term build up of SOM [18].

Crop rotations and diversified intercropping systems with high residue crops and diversity of
crops applied in CA, increase soil biomass which helps to build SOM [16]. Some rotation
crops leave large quantities of residues for example grass-legume forage crops supply a lot
of root biomass which can contribute to increasing SOM levels [5]. Rotations containing
cover crop legumes produced significantly higher accumulations of SOC in no-till soils
varying from 5 to 8 Mg ha™ in comparison with conventional tillage management with 59%
greater SOC accumulation down to 100 cm than to 30 cm in Brazil [19]. Maize/legume
cropping systems as well provide a good balance between legume nitrogen rich material and
more recalcitrant maize stover and increase both N and SOM levels [20,21].

2.2 Agroforestry and Afforestration

Agroforestry is one of the ecological practices of increasing sustainability of agricultural
systems. It is an agricultural system where trees are grown together with annual crops
and/or animals, resulting in enhanced complementary relations between components, and
increasing multiple use of the agroecosystem [22]. It contributes to SOM accumulation
through, decomposed leaf litter, decomposed prunings, root exudates, sloughed off root
parts and decaying feeder roots [23,24]. Trees have a large amount of below ground
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biomass with an average of 20-30% with some reaching 50% of the total [23]. This offers a
potential long term contribution and more materials such as root exudates going into the soil.
Kunhamu et al. [25] reported 24 to 35 ton ha™ soil C content in the 0-15 cm soil layer from
agroforestry perennial, Accacia mangium in India which was significantly higher than those
of plots with treeless cropping systems.

Afforestration which is the establishment of a stand of trees in an area where there were no
trees is also reported to increase SOM. As shown under a discussion on agroforestry how
trees contribute to SOM stocks, forest ecosystems are reported to contain more soil C per
unit area than any other land use type, and their soils can contain around 40% of the total C
[24]. This can be attributed to the products of the trees themselves as described earlier but
also the increasing diversity that is created by forests whereby grasses and other shrubs
grow within it. These lead to increased biomass contribution from root systems and
eventually SOM accumulation [5].

2.3 Fallows and Pastures

Managed fallows and pastures are some practices that are associated with increased SOM
stocks. A fallow can be natural whereby land that has lost fertility is left for natural vegetation
growth [26]. It can also be an improved fallow whereby some plant species such as legume
trees, herbaceous cover crops and shrubs that are known to yield more biomass for a
specific period, for example one to three years are planted [26]. Fallows are known to
improve SOM where there is reduced exportation to off field uses of the biomass produced
[27]. Plants that are grown with high density such as some cereals like wheat and grasses or
pasture contribute high amounts of root biomass and this lead to increasing SOM stocks. In
Germany, Soil C content rose by 10% in plots with continuous grassland whereas Soil C
under potato monocrop (fertilized with synthetic fertilizer) decreased by 50% over the course
of 32 years [28]. Mc Lauchlan et al. [29] reported substantial SOC increases on land that
was converted from agriculture to grassland in Midwestern United States of America where
SOC increased steadily by 62.0 g m™? yr* in the top 10 cm regardless of type of vegetation
whether C3 or C4 plants in a period of 40 years.

2.4 Organic Farming

Organic farming relies on practices such as; crop rotations, crop residues, animal manures,
off-farm organic wastes, legumes, green manures and aspects of biological pest control and
prohibits the use of synthetically compounded fertilizers, pesticides, growth regulators, and
livestock feed additives [30]. Most of these practices are associated with SOM accumulation
as noted in previous sections. Some studies indicate that organic farming emits 40-60%
lower CO, than in inorganic farming [31]. This leads to soil carbon sequestration and
accumulation of SOM in general. Some studies show that on average organic farming
produced 28% higher soil carbon levels than non-organic farming in northern Europe and
20% for all countries studied (Europe, North America and Australasia) [32]. Gattinger et al.
[33] reported from meta analysis data from 74 studies comparing organic and non-organic
farming, where organic farming produced significantly higher SOC values of 0.18% for
concentration, 1.08 Mg C ha™ for stocks, and 0.45 Mg C ha’lyr'l for sequestration rates than
non-organic farming.
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2.5 Organic Amendments and Inorganic Nutrient Application

Inorganic fertilizer is reported to increase SOM in short term through increased biomass
production however, in the long term, excessive inorganic fertilizers application especially N
fertilizers have been reported not to build SOC stocks because of its association with lower
C:N ratios crop residues [16]. Lower C:N ratios are favorable for microbial proliferation and
increased rates of decomposition leading to loss of carbon [2]. However, this is still a
controversial area and needs more research as a recent finding by Gentile et al. [34] shows
that stabilization of SOM is more controlled by the quantity of input and its interaction with
the soil matrix compared to the effect of quality. Farm yard manure was reported to increase
SOM levels because of the mix of recalcitrant material and easily mineralizable material [16].
Therefore, when compositing is done, consideration of both the quantity and quality of the
organic material is important. The quantity and quality of the material used may affect its
capacity to build carbon stocks.

3. SOIL ORGANIC MATTER STABILIZATION
3.1 Mechanisms of SOM stabilization

As noted in the introduction section that organic materials that accumulate in the soil may
easily be lost through microbial facilitated rapid decomposition. Therefore, stabilization of
SOM is very important to protect its loss. The commonly reported major mechanisms of
SOM protection are based on physical, chemical and biological processes. These include:
physical SOM protection, chemical stabilization or silt and clay protection of SOM and
biochemical stabilization of SOM [35,36,37].

Physical protection or stabilization is a mechanism in which SOM is protected from
decomposition by being inserted, occluded or obstructed within soil aggregates especially
soil microaggregates [35,36]. It is considered as a spatial inaccessibility of SOM against
decomposer organisms [36]. On the other hand chemical stabilization mainly describes inter-
molecular interactions between organic matter and either inorganic soil components or other
organic compounds that alter the rate of decomposition [36]. It is considered as the
stabilization of organic matter with mineral surfaces and metal ions or protection of SOM by
silt and clay particles. [35,36,37]. It is proposed that the type of clay (phyllosilicates) plays an
important role because different types of clay (i.e. 1:1 and 2:1 clays) have substantial
differences in cation exchange capacities (CEC) and specific surface areas, and should
consequently, have different capacities to adsorb SOM materials [4]. It is noted that
polyvalents such as Fe®* and AP** form strong coordination complexes and bridges with
organic molecules [35,36,37].

Biochemical stabilization or selective preservation of SOM occurs due to the complex
chemical composition of the organic materials [35,36]. The complex chemical composition
can be an inherent property of the plant material (residue quality) or be attained during
decomposition through the condensation and complexation of decompositing residues
(secondary biosynthesis), rendering them more resistant to subsequent decomposition
[35,36]. These mechanisms are to some extent influenced by a number of factors including,
soil pH, temperatures and moisture. The authors commonly referred to in this section
[35,36,37] did comprehensive reviews on the subject of SOM stabilization. In this paper, only
a summary of the mechanisms involved in SOM stabilization is presented in Table 1.
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Table 1. Summary of mechanisms of SOM stabilization

Major Specific How SOM is protected References
mechanisms mechanisms
Physical Occlusion Labile (easily decomposed) SOM components are obstructed within soil [35,36,37,
stabilization aggregates especially micro-aggregates and get protected from the action of  38,39,40,41]
microbes and enzymes
Intercalation SOM components and macromolecules such as proteins, fatty acids and [36,40,42]
organic acids can be intercalated or inserted into phyllosillicates (sheet
silicate clay minerals) and get protected from decomposition processes
Hydrophobicity Hydrophobic properties decrease surface wettability and in turn decrease [36,43]
accessibility of SOM to microorganisms; increase aggregate stability
Encapsulation Labile SOM is encapsulated or shelled in a network of recalcitrant polymers [44,40]
Chemical Ligand exchange  Aromatic-C forms strong complexes with Al and Fe oxides in acid soils [45]
stabilization Polyvalent cation ~ Polyvalents such as Fe and Al form strong coordination complexes with [35,36,37]
bridges and clay organic compounds; large surface area in some clays such as 2:1 type with
type a high degree of isomorphous substitution attracts and protects more SOM
Weak interactions Van der waals create electrostatic forces; H-bonding interact with any [36]
(Van der waals, mineral with exposed oxygen or organic matter functional groups e.g
H-bonding) phenolic OH’
Biochemical Inherent or High amount of recalcitrant components such as lignin and polyphenols [35,36]
stabilization primary decompose slowly
recalcitrance
Secondary Secondary biosynthesis of organic matter renders the materials more [35,36]
recalcitrance resistant to subsequent decomposition
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3.2 Associating SOM stabilizing mechanisms and soil management practices

Soil organic matter stabilization is affected by many factors including chemical and physical
properties of the soil matrix as well as the morphology and chemical structure of organic
matter [46]. The physicochemical characteristics inherent to the soils also determine the
protective capacity of SOM pools by soil aggregates and clay minerals [47]. Soil
management practices also have their contributions on both degradation and stabilization of
organic matter [35,36]. Reports from many studies show that some mechanisms of SOM
stabilization have been covered but not many studies have directly associated these
mechanisms with specific soil management practices. Lutzow et al. [48] reported a
conceptual model of different stabilization mechanisms of SOM related to different pools with
different turnover times in four temperate soils and noted that soil management practices
contribute to SOM stabilization. This section is included to provide examples where specific
soil management practices can influence a SOM stabilizing mechanism. Nevertheless, using
information gathered from a few studies a summary of how some soil management practices
influence some specific mechanisms in SOM stabilization has been presented in Table 2.

Table 2. Soil organic matter stabilizing mechanisms as influenced by soil
management practices

Mechanisms Soil management practices References

Occlusion No-till: contributes to formation of stable [49,50]
aggregates that protect SOM

Hydrophobicity Manure (some components) application; [48]

biochar/charcoal (if present): reduces wettability
and protect SOM from microbial decomposition

Encapsulation No-till: restructures the architectural system of [40]
microaggregates

Ligand exchange and  Tillage can increase the importance on organo- [48]

polyvalent cations mineral interactions

Inherent recalcitrance  Addition of organic materials of various types: [51]

(biochemical) recalcitrance affects C:N ratios and decomposer

microbial community and processes

4. CONCLUSIONS

Soil organic matter is a very beneficial component of the soil, hence a need for the building
up of its stocks. From this review it can be confirmed that conservation agriculture; cover
crops; rotations; agroforestry; managed fallows and pastures; organic farming; and addition
of crop residue and manure are some of the important strategies in building SOM stocks.
The quality or composition of crop residues in terms of C:N ratios, lignin and polyphenol
content and quantity of organic inputs applied have huge influences on SOM stocks.
Quantity and quality of organic materials, soil matrix and clay minerals, organo-mineral
interactions and soil management practices are all important factors in SOM stabilization.
Understanding of mechanisms of organic matter protective or stabilizing processes is of
paramount importance because it enhances good choices of soil management strategies
that lead to accumulation and building up of SOM. Mainstreaming the farming practices
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covered in this paper, in agricultural production, accompanied by good residue management
can be very good options for the tropics where rates of decomposition are high.

ACKNOWLEDGEMENTS

The authors would like to thank AGRA Soil Health Programme for funding their doctoral
studies at Sokoine University of Agriculture. Prof. E. Semu and Dr. N. Amuri of the
Department of Soil Science, Sokoine University of Agriculture are also thanked for their
inspiration.

COMPETING INTERESTS

Authors have declared that no competing interests exist.

REFERENCES

1.

2.

10.

11.

12.

Sylvia DM, Furhmann JJ, Hartel PG, Zuberer DA. Principles and application of soil
microbiology. 2nd ed. Pearson Prentice Hall. New Jersey; 2005.

Bot A, Benitez J. The Importance of Soil Organic Matter. FAO Soils Bulletin 80. FAO,
Rome; 2005.

Nelson DW, Sommers LE. Total carbon, organic carbon, and organic matter. In:
Sparks DL, Page AL, Helme PA, Leoppert RH, Soluanpour PN, Tabatai MA, et al.
editors. Methods of Soil Analysis, Part 3: Chemical methods. Soil Science Society of
America, Inc. and American Society of Agronomy, Inc., Madison, Wisconsin, USA;
1996:961-1010.

Brady NC, Weil RR. The Nature and Properties of Soils. Revised 14th ed. Pearson
Prentice Hall. New Jersey; 2008.

Magdoff F, Weil RR, editors. Soil Organic Matter in Sustainable Agriculture. CRC
Press. London; 2004.

Sundermeier A, Reeder R, Lal R. Soil carbon sequestration — Fundamentals.
Extension Publications. Ohio State University; 2005.

Sollins P, Homann P, Cadwell BA. Stabilization and destabilization of soil organic
matter: mechanisms and controls. Geoderma. 1996;74:65-105.

Kassam A, Friedrich T. Principles, Sustainable Land Management and Ecosystem
Services. Societa Italiana de Agronomia XL Convegno Nazionale, Universita degli
Studi Teramo; 2011.

Food and Agricultural Organization of the United Nations (FAO). Farming for future in
Southern Africa: An introduction to conservation agriculture. Regional Emergency
Office for southern Africa (REOSA); 2010.

Sangar S, Abrol IP, Gupta RK. Conservation Agriculture: Conserving resources —
enhancing productivity. Centre for Advancement of Sustainable Agriculture, New
Delhi, India; 2004.

Nijsingh E. The effects of conservation farming on soil properties and farmers
situations in Parama, Brazil. MSc Dissertation, Wageningen University. Netherlands;
2007.

Sombrero A, Benito A. Carbon accumulation in soil. Ten year study of conservation
tilage and crop rotation in semi-arid area of Castile-Leon, Spain. Soil and Tillage
Research. 2010;107:64-70.

140



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

25.

26.

27.

28.

29.

30.

Njira and Nabwami; IJPSS, Article no. 1IJPSS.2013.011

Feng Y, Friendrick T, Reeves DW, van Santen E, Osbone JA. Soil Microbial
communities under conventional till and no-till continuous cotton systems. Soil Biology
and Biochemistry. 2003;35:1693-1703.

Wang Y, Tu C, Li C, Gentry LF, Hoyt GD, Zhang X, Hu S. Long term impact of farming
practices on soil organic carbon and nitrogen pools and microbial biomass and
activity. Soil Tillage and Research. 2011;117:8-16.

Campos BC, Amando TJC, Tornguist CG, Nicoloso RS, Fiorin JE. Long term C-CO,
emmissions and crop residue mineralization in and oxisol under different tillage and
crop rotation systems. R. Bras. Ci. Solo. 2011;35:819-832.

Seiter S, Horwath WR. Strategies for managing soil organic matter to supply plant
nutrients. In: Magdoff F, Weil RR, editors. Soil organic matter in sustainable
agriculture. CRC Press. London; 2004.

Havlin JL, Beaton JD, Tisdale SL and Nelson WL. Soil Fertility and Fertilizers: An
Introduction to Nutrient Management. 7th ed. Pearson Prentice Hall. New Jersey;
2005.

Salon PR. Diverse cover crop mixes for good soil health. University of Cornell
Extension Publication; 2009. [www.hort.cornell.edu/.../Cover%20Crops/Cover%20
Crops%?20Salon] site visited on 10/02/2013.

Boddey RM, Jantalia CP, Conceicao, PC, Zanatta JA, Bayer C, Mielniczuk J, Dieckow
J, et al. Carbon accumulation at a depth in Ferrasols under zero tillage subtropical
agriculture. Global Change Biology. 2009;16(2):784-795. DOI: 10.1111/j.1365-
2486.2009.02020.x

Snapp SS, Mafongoya PL, Waddington S. Organic matter technologies for integrated
nutrient management in smallholder cropping systems of Southern Africa, Agriculture,
Ecosystems and Environment. 1998;71:185-200.

Drinkwater LE, Wagoner P, Sarrantonio M. Legume based cropping systems have
reduced carbon and nitrogen losses. Nature. 1998;396:262-264.

Nair PKR. Soil Productivity Aspects of Agroforestry. ICRAF, Nairobi; 1982.

Young, A. Agroforestry for Soil Conservation. CAB Internal. Wallingford. UK; 1989.
FAO. Soil carbon Sequestration for improved management. World Resources Reports.
FAO. Rome; 2001.

Kunhamu TK, Kumar, BM, Samuel S. Does tree management affect biomass and soil
carbon stocks of acacia mangium willd stands in Kerala, India? In: Kumar BM, Nair
PKR, editors. Carbon Sequestration Potential of Agroforestry: Opportunities and
Challenges. Springer. 2001;277-288.

Amadalo B, Jama B, Niang A, Noordin Q, Nyasimi M, Place F, et al. Improved Fallows
in Kenya: An Extention Guideline. World Agroforestry Centre (ICRAF). Nairobi, Kenya;
2003.

Styger E, Fernandes ECM. Contributions of managed fallows to soil fertility recovery.
In: Uphoff N, Ball AS, Fernandes E, Herren H, Husson O, Laing M, et al.,editors.
Biological Approaches to Sustainable Soil Systems. CRC Press, Taylor and Francis
Group, Boca Raton, FL; 2006:425-437.

Haider K, Groeblinghoff FF, Beck T, Schutten HR, Hempfling R, Luedman HD.
Influence of soil management on the soil organic matter structure and biochemical
turnover of plant residues. In Wilson WS, editor. Advances in Soil Organic Matter
Research: The Impact of Agriculture and the Environment. The Royal Society of
Chemistry, Cambridge, U.K; 1991;79-92.

Mc Lauchlan KK, Hobbie SE, Post WM. Conversion of agriculture to grassland soil
organic matter on Decadal Timescales. Ecologil Applications. 2006;16(1):143-153.
Lampkin N. Organic Farming. Farming Press. Ipswick; 1990.

141



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Njira and Nabwami; IJPSS, Article no. 1IJPSS.2013.011

Stolze M, Piorr A, Harring A, Dabbert S. Organic farming in Europe. Economics and
Policy. 2000;7:35-43.

Azeez G. Soil Carbon and Organic Farming. A review of the evidence of agriculture
potential to combat climate change. Soil Association; 2009.

Gattinger A, Muller A, Haeni M, Skinner C, Fliessback A, Buckman N et al. Enhanced
top soil carbon stocks under organic farming. PNAS Early Edition; 2012.
www.pnas.org/cgi/doi/10.1073/pnas.1209429109.

Gentile R, Vanlauwe B, Six J. Litter quality inputs short — but not long-term soll
dynamics in soil aggregate fractions. Ecological Applications. 2011;21(3):695-703.

Six J, Conant RT, Paul EA, Paustian K. Stabilization mechanisms of soil organic
matter: Implications for C-saturation of soils. Plant and Soil. 2002;241:155-176.

Von Lutzow MV, Kogel-Knabner |, Ekschmitt K, Matzner E, Guggenberger G,
Marehner B. et al. Stabilization of organic matter in temperate soils: Mechanisms and
their relevance under different soil conditions. European Journal of Soil Science.
2006;57:426-445. DOI: 10.1111/j.1365-2389.2006.00809.x

Rabbi SM, Lockwood PV, Daniel H. How do microaggregates stabilize soil organic
matter? 19" World Congress of Soil Science: Soil solutions for a changing world. 1-6
August 2010. Brisbane. Australia. 2010:109-112.

Sollins P, Hofmann P, Caldwell BA. Stabilization and destabilization of soil organic
matter: mechanisms and controls. Geoderma. 1996;74:65-105.

Lehmann J, Kinyangi J. Organic matter stabilization carbon contents and carbon
forms. Biogeochemistry. 2007;85:45-57.

McCarthy JF, llavsky J, Jastro JD, Mayer LM, Perfect E, Zhuang J. Protection of
organic carbon in soil microaggregates via restructuring of aggregate porosity and
filling of pores with accumulating organic matter. Geochimica et Cosmochmica.
2008;72:4725-4744. DOI:10.1016/j.gca.2008.06.015.

Hofle S, Retheyer J, Mueller CW, John S. Organic matter composition and
stabilization in polygonal tundra soil of the Lena-Delta. Biogeosciences Discuss.
2012;9:12343-12373.

Violante A, Gianfreda L. Role of biomolecules in the formation and reactivity toward
nutrients and organics of variable charge minerals and organomineral complexes in
soil environments. In: Bollag JM, Stotzky G, editors. Soil Biochemistry. Marcel Dekker,
New York. 2000:207-270.

Piccolo A, Mbagwu JSC. Role of hydrophobic components of soil organic matter in soil
aggregate stability. Soil Science Society of American Journal. 1999;63:1801-1810.
Zang X, van Heemst JDH, Dria Kl, Hatcher PG. Encapsulation of protein in humic acid
from a histosol as an explanation for the occurrence of organic nitrogen in soil and
sediment. Organic Geochemistry. 2000;31:679-695.

Kaiser K, Guggenberger G. Mineral surfaces and soil organic matter. European
Journal of Soil Science. 2003;54:219-236.

Baldock JA, Skjemstad JO. Role of the soil matrix and minerals in protecting natural
organic materials against biological attack. Organic Geochemistry. 2000;31:697—710.
Stewart CE, Plante AF, Paustian K, Conant RT, Six J. Soil carbon saturation: linking
concept and measurable carbon pools. Soil Science Society of America Journal.
2008;72:379-392.

Von Lutzow M, Kogel-Knabner |, Ludwig B, Matner E, Flessa H, Ekschmitt K, et al.
Stabilization mechanisms of organic matter in four temperate soils: Development and
application of a conceptual model. Journal of Plant Nutrition and Soil Science.
2008;171:111-124. DOI: 10.1002/jpIn.200700047.

142



Njira and Nabwami; IJPSS, Article no. 1IJPSS.2013.011

49. Six J, Elliott ET, Paustian K. Soil macroaggregate turnover and microaggregate
formation: A mechanism for C sequestration under no-tillage agriculture. Soil Biology
and Biochemistry. 2000;32:2099-2103.

50. Jacobs A, Helfrick 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.

51. Breulmann M. Functional soil organic matter pools and soil organic carbon stocks in
grasslands — An ecosystem perspective. PhD thesis. University of Hannover.
Germany; 2011.

© 2013 Njira and Nabwami; This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history.php?iid=187&id=24&aid=1705

143



