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ABSTRACT 

Soil aggregation is an important mechanism, which plays a significant role in soil 

fertility as it decreases soil erosion and mediates air permeability, water infiltration, 

and nutrient cycling.  Aggregation depends on a variety of aggregate binding agents, 

including carbon and its fractions, interrelating concurrently at different spatial scales. 

However, biologically active fractions of organic matter, such as microbial biomass 

carbon (MBC) and water-extractable organic carbon (WOC) could better reflect the 

changes in soil quality. Recent studies have highlighted the existence of a 

thermostable, water-insoluble soil glycoprotein operationally referred to glomalin-

related soil protein (GRSP) that is crucial for preserving SOC. However, the 

relationship between SOM fractions and GRSP, and effects of different land uses on 

these parameters and relationships in humid environments are not clearly understood. 

The study sought to determine the relationships between soil organic carbon fractions, 

GRSP and aggregate stability under different management practices. The study was 

conducted on a farm located in the south-east of Howick, in the  uMgungundlovu 

District Municipality, KwaZulu Natal province of South Africa. Soil samples were 

collected at 0-5, 5-10, 10-20 and 20-30 depths from three management practices i.e. 

long-term no till (NT), conventional tillage (CT), and native Forest (F). The native forest 

soils served as the control. Glomalin was assayed. The soils were further analysed for 

Ca, Mg, K, and Na, microbial biomass carbon (MBC), water soluble organic carbon 

(WSOC), soil bulk density (BD). Interaction between land-use and soil depth had 

significant effects on SOC content. There was general decrease in SOC as depth 

increased for all management practices except for no till, where no significant 

differences were observed in SOC across the four soil depth layers. The interaction 

between land-use and soil depth had significant effects (p < 0.05) on both easily 

https://en.wikipedia.org/wiki/UMgungundlovu_District_Municipality
https://en.wikipedia.org/wiki/UMgungundlovu_District_Municipality
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extractable (EE-GRSP) and total (T-GRSP) glomalin related soil proteins. The NT 

treatment had the lowest concentration of EE -GRSP than the other two treatments in 

the 0-5 cm depth whilst no differences among the management practices at deeper 

soil layers were observed. The concentration of T-GRSP for soils under forest and NT 

tended to decrease with depth, while in CT the 10-20 and 20-30 cm depths had higher 

concentrations than the 0-5 and 5-10 cm depths. Land use also had significant effects 

(p < 0.05) on soil aggregate stability. Soils under Forest were the most stable with an 

MWD of just over 3, whilst soils under Conventional Tillage had the lowest MWD value 

of 1.24. The observed aggregate stability was significantly influenced by GRSP as 

evidenced by a significant positive relationship between both EE-GRSP (R2 = 0.72) 

and T-GRSP (R2 = 0.82). Therefore, management practices that mimic natural forest 

favour the accumulation of SOC and T-GRSP and should be widely adopted. 

 

Keywords: microbial biomass carbon, organic matter, water soluble carbon,  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background  

Soil degradation is of major concern in most parts of Africa. Lal (1994) defined soil 

degradation as the loss of actual or potential productivity or utility of soil because of 

natural or anthropogenic factors.  The most severe soil degradation, particularly 

erosion, occurs in communal croplands, grazing lands, and rural settlements of Africa 

(Laker, 2004). The ensuing loss of fertile top soil causes extreme degradation of soil 

quality (Lal, 2001) with negative effects on agricultural productivity (Scherr and Yadav 

1996; Mukhebi et al., 2011; Blaikie, 2016). Le Bissonnais (2003) summarised the soil 

erosion process as a three-step event starting with aggregate disintegration followed 

by transportation and deposition by overland flow. Disintegration of a soil aggregate 

under the influence of raindrops is largely a function of aggregate stability (Le 

Bissonaiss, 1996; Amezketa, 1999). Soil aggregate stability thus gives a measure of 

the ability of aggregates to resist disintegration and maintain their integrity when 

exposed to breakdown forces (Le Bissonnais, 1996). Stable soil aggregates play a 

pivotal role in soil functions, such as, protection and stabilisation of organic matter, 

stabilisation of microbial community structure, control oxygen diffusion, regulate water 

flow (Six et al., 2000; Diaz-Zorita et al., 2002), determine nutrient adsorption and 

desorption (Linquist et al., 1997; Wang et al., 2001), and reduce run-off and erosion 

(Barthes and Roose, 2002).  
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Soil aggregation, the process by which aggregates of different sizes are joined and 

held together by different organic and inorganic materials and the stability thereof is a 

function of intricate interactions between biological, chemical and physical factors 

(Amezketa, 1999).  This process is controlled by inherent soil properties such as 

texture, structure, SOM content, clay mineralogy, sesquioxides exchangeable cations, 

and water retention and transmission properties (Lal, 2001; Six et al., 2004). In 

addition, Norton et al. (2006) reported that aggregate stability also depends on CaCO3, 

Fe and Al oxides. There is a plethora of literature widely highlighting the role of SOM 

and sesquioxides on soil aggregate stability (Barthès et al., 2008; Peng et al., 2015). 

However, there are contradictions in the role and interactions between the various 

aggregating agents in different soils especially soils varying in weathering levels 

(Bronick and Lal, 2005; Wei et al., 2016). It is generally agreed that SOM acts as a 

cementing agent, binding together primary particles in the aggregates, both physically 

and chemically, and hence increasing the stability of the aggregates and ultimately 

limiting their breakdown during wetting (Wuddivira and Camps-Roach, 2007). 

However, the role of SOM in stabilizing soil aggregates has been elaborated for young 

soils (Nciizah and Wakindiki, 2012). In contrast, its role in highly weathered soils is not 

clear (Denef et al., 2002), with most researchers suggesting that aggregation is less 

related to SOM in these soils (Six et al., 2000). Instead, it is generally hypothesised 

that in highly weathered soils iron oxides act as the cementing agents between the 

surfaces of clays and as charged discrete particles (Briedis et al., 2012). It is also often 

argued that where SOM is low, oxides of Fe and Al are the dominant factors 

responsible for soil aggregation (Barthes et al., 2015). The authors further reported 

that in tropical soils from sub-Saharan Africa and Brazil the Al containing sesquioxides 
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had a more important aggregating role than did SOM. Similarly, Duiker et al. (2003) 

highlighted that poorly crystalline iron oxides are more effective than free forms in 

stabilizing soil aggregates whilst Barthès et al. (2008) noted that Al-containing 

sesquioxides play a more significant role than SOM in the aggregation of tropical soils. 

According to Peng et al. (2015), Fe/Al oxides are the major agents in micro-aggregates 

while SOM plays a primary role in stabilizing the macro-aggregates in Ultisols. 

Moreover, where SOM is high it could interact with sesquioxides and the effects of 

such interactions on aggregate stability are not clearly understood (Peng et al., 2015).  

 

It is generally agreed that consequences of unsustainable practices such as intensive 

long-term cultivation of highly weathered soils results in their degradation resulting in 

degradative processes such as soil acidification, SOM depletion and extreme erosion 

(Jien and Wang, 2013). However, highly weathered soils are known for their large 

content of 1:1 clay minerals and oxides, resulting in a variable (pH dependent) charge 

and both positive and negative surface charges at field pH (Oades and Waters, 1991; 

Six et al., 2002). Therefore, electrostatic interactions between oxides and 1:1 clay 

mineral can lead to aggregate formation through mineral–mineral bonding (Six et al., 

2000; Denef et al., 2002) Hence the suggestion that aggregation is less related to 

SOM in highly weathered soils (Six et al., 2000 Duiker et al., 2003; Briedis et al., 

2012).Instead, as earlier alluded to, the Al containing sesquioxides play a more 

important aggregating role than SOM (Barthes et al., 2015). However, there is also 

high possibility that the contribution of SOM in highly weathered soils could depend on 

the organic matter fractions including POM-C, water soluble C and the microbial 

fraction (Franzluebbers et al., 1995; Sainju et al. 2007). Therefore, measurement of 

total SOC alone does not adequately reflect soil quality and nutrient status 
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(Franzluebbers et al., 1995). Instead, measurements of biologically active fractions of 

organic matter, such as microbial biomass carbon (MBC) and water-extractable 

organic carbon (WOC) could better reflect the changes in soil quality and productivity 

that alter nutrient dynamics in these soils (Sainju et al., 2007). MBC is particularly 

important since it reflects a soil’s ability to store and cycle nutrients and organic matter 

(Carter et al., 1999). Essentially, MBC is the pool of SOC that contributes cyclically to 

immobilization and release of minerals during formation and breakdown (Hassink, 

1995).  Moreover, MBC is related to biologically derived processes such as soil N 

mineralisation and soil aggregation. It is generally postulated that Microbial mucilages 

and polysaccharides produced by some groups of bacteria as well as many fungi can 

play an important role in the stabilization of aggregates (Gupta and Germida, 2015). 

Addition of crop residue rapidly stimulates microbial growth and activity which 

generate transient binding agents mostly polysaccharides in the first few weeks 

(Mupambwa and Wakindiki, 2012). These binding agents contribute to aggregate 

stabilisation. 

 

In addition to the inherent soil aggregation agents discussed above alteration of soil 

conditions by tillage practices has complex effects on soil characteristics thereby 

affecting structural conditions (Borie et al., 2008), and number, diversity or activity of 

microorganisms. Decades of intensive agriculture have diminished SOM content, 

thereby reducing fertility and biodiversity of arable lands (Moore et al., 2004; Gardi et 

al., 2013). In contrast practices such as No-tillage (NT) which comprise land 

preparation with little or no soil surface disturbance the only disruption during planting 

(Bai et al., 2018) result in enhancements in soil quality in the upper soil layer by 

improving soil structure and enhancing soil biological activity, nutrient cycling and 
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reducing bulk density (Hamza and Anderson, 2005).   This improves soil water holding 

capacity, water infiltration, water use efficiency (Islam and Weil, 2000; Pittelkow et al., 

2015) and aggregate stability (Aziz et al., 2013). Accumulation of organic matter and 

nutrients near the surface under NT produces beneficial effects on soil physical, 

chemical and biological properties (Beare et al., 1997; Tebrugge and During, 1999), 

including enhanced rhizosphere biological activities (Kladivko, 2001). Fungal biomass 

is enhanced in the topsoil under NT (Frey et al., 1999), including arbuscular 

mycorrhizal fungi (AMF), which are important mediators of soil aggregation (Borie et 

al. 2008). Many reports have shown that AMF are able to counteract soil degradation 

by increasing the stability of soil aggregates (Bethlenfalvay et al., 1999; Miller and 

Jastrow, 2000) through the combined action of extraradical hyphae and their exudates 

and residues (Miller and Jastrow, 1992, 2005).  The AMF are mutualistic symbionts 

living in association with roots of most terrestrial plants and they influence soil fertility 

and plant nutrition (Smith and Read, 2008).  

 

Soil aggregation by AMF is through the combined action of extraradical hyphae 

exploring soil to form an aggregate network and an insoluble, hydrophobic, recalcitrant 

glycoprotein, called “glomalin” operationally known as glomalin related soil protein 

(GRSP) which has binding properties (Bedini et al., 2009). Haddad and Sakar (2003) 

reported that GRSP detaches from the hyphae, moves into the soil, and becomes a 

distinct component of the SOM. GRSP is an immunoreactive glycoprotein, which is 

produced by hyphae of AMF (Wright et al., 1996). Wright and Upadhyaya (1996) 

described GRSP using a monoclonal antibody Mab32B11 raised against crushed 

AMF. GRSP is an insoluble in water and resistant to heat degradation and hence very 

stable (Wright and Upadhyaya, 1996). Several studies have shown a significant 
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relationship between the amount of GRSP present in soil and aggregate stability 

(Wright and Upadhyaya, 1998; Wright et al., 2007). However, (Piotrowski et al. 2004) 

argues that the relationship is not that close. They stated that mechanisms underlying 

aggregation were not explained by measuring root biomass and total hyphal lengths 

alone, signifying that other physiological or architectural mechanisms may be 

responsible. Hence the need for more studies.  

 

Soil disturbance leads to increased hydrolysis of the GRSP molecule and reduced 

production of GRSP due to disruption of the network of mycorrhizal hyphae (Wright et 

al., 2000). Significant differences in soil glomalin have been observed among different 

land use types and soil layers (Tang et al., 2009). GRSP exhibits vertical distribution 

pattern, which decreases with increasing soil depth. Despite evident importance of 

glomalin in maintaining soil aggregate stability, little remains known about soil profile 

distribution patterns and influencing factors of glomalin under different land use type. 

Generally, GRSP levels are affected by cropping systems and land management 

practices such as tillage despite its recalcitrance (Wright et al., 2007). For instance, in 

a study to determine glomalin content in aggregate size classes from three different 

farming systems, Wright et al. (2007) observed greater GRSP under no tillage than 

chisel tillage and intensive tillage for the whole soil. Moreover, larger proportions of 

GRSP were noted in macro-aggregates of no tillage than chisel tillage. In another 

study, Wright et al. (2009) observed substantial increases in GRSP concentration 3 

years after converting from conventional to no-till. Therefore, practices such as No-till 

are likely to enhance the concentration of GRSP in cultivated soil, which will in turn 

improve soil structural properties particularly aggregate stability. It is particularly 
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important to determine how management practices are likely to influence GRSP 

concentrations.  

 

The importance of GRSP on C-sequestration and aggregate stability and its huge 

potential as a biotechnology approach to control soil degradation particularly erosion 

is evident. However, relationships between GRSP and SOM fractions, and effects of 

land uses on these parameters, their relationships and influence on soil aggregation, 

are not clearly understood especially in highly weathered soils. Therefore, this study 

sought to determine the relationships between GRSP, SOC, WSOC, and MBC and 

aggregate stability under different land uses in highly weathered soils.  

 

1.2 Objectives 

The general objective of this study was to determine the changes in GRSP, SOC, 

WSOC, and MBC and aggregate stability under different soil management a 

subtropical region of South Africa after 15 years. The specific objectives were: 

 

1. To determine the effects of soil management and depth on the soil organic 

carbon and glomalin related protein (GRSP) in a subtropical region of South 

Africa after 15 years.  

2. To determine the effects of soil management and depth on aggregate stability 

of soil in a subtropical region of South Africa after 15 years. 

3. To determine the relationships between GRSP, soil organic carbon fractions 

and aggregate stability under different management practices in a subtropical 

region of South Africa after 15 years.  
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1.3 Hypothesis  

i. Soil management and depth, significantly affects soil organic carbon and 

GRSP in a subtropical region of South Africa. 

ii. Soil management and depth significantly increase aggregate stability in 

a subtropical region of South Africa.  

iii. GRSP and aggregate stability increase with an increase in SOC, MBC 

and WSOC depending on management practices in a subtropical region 

of south Africa. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

  

2.1 Soil degradation in South Africa 

Land degradation is one of the most serious global environmental issues, connected 

to food security, poverty, urbanization, climate change, and biodiversity (Reynolds and 

Stafford Smith, 2002; Scholes and Biggs, 2004). Soil erosion is a chief soil degradation 

problem, challenging land and water resource management throughout South Africa 

(Rosenberg,2007). Eroded soil particles carry vital plant nutrients such as nitrogen, 

phosphorus, potassium and calcium (Meenar et al., 2017), resulting in nutrient 

depletion and decline in overall soil productivity (Pimentel et al., 2006; Cronk et al., 

2012). Approximately 60% of the land in South Africa is currently degraded (UNEP, 

1997), with severely degraded areas being closely associated with the distribution of 

communal rangelands, precisely in the steeply sloping environments in Limpopo, 

KwaZulu-Natal, and the Eastern Cape (Rosenberg, 2010). Several communal areas 

in the Limpopo, North West, Northern Cape, and Mpumalanga provinces are also 

severely degraded (Rosenberg, 2007). Commercial farming areas with the most 

severe degradation are located in the Western and Northern Cape Provinces (State 

of the Environment South Africa, 2008).  
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The vulnerability of soil to erosion, is related to soil aggregate stability, and aggregate 

breakdown leads to detachment of particles and small aggregates, resulting in 

crusting, then runoff and transport of the particles (Le Bissonnais, 1996: Torri et al 

1998). Soil aggregates can be defined as groups of soil particles that bind to each 

other more strongly than to adjacent particles (Lal et al., 2004; Kibblewhite et al., 2008; 

Siddique et al., 2017). Soil aggregate stability is the consequence of complex 

interactions between biological, chemical and physical processes in the soil (Levy et 

al., 2003; Six et al., 2004; Regelink et al., 2015), as well as other environmental factors 

such as climate.  A number of authors have documented the importance of soil 

aggregate stability in the ecosystem as it is strongly correlated to soil services such as 

carbon storage (Balabane and Plante 2004; John et al., 2005), organic matter 

stabilization (Six et al., 1998), water holding capacity (Shukla et al. 2003) and 

resistance to erosion (Barthes and Roose, 2002). Raindrop impact triggers soil erosion 

through breakdown of aggregates and transportation of the resulting micro-aggregates 

and soil particles by flowing water (Lal, 2001). Disintegration of soil aggregates under 

the influence of raindrop impact is largely a function of aggregate stability (Le 

Bissonaiss, 1996; Amezketa, 1999).  

 

South Africa is subject to soil erosion, owing to poor farming practices, climate and 

topography, south African soils are easily eroded (Garland et al.,1999; Laker, 2004). 

Soil degradation is perceived as more of a problem in KwaZulu-Natal, Limpopo and 

the Eastern Cape (Hoffman et al., 1999; Hoffman and Todd, 2000) and less of a 

problem in the Free State, Western Cape and Northern Cape (Le Roux et al., 2007). 

South Africa have soil parent materials that yield in soils inherently susceptible to 

various forms of soil degradation, such as crusting, compaction, and water and wind 
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erosion. Soils derived from basic igneous rocks, especially dolerite, have higher 

stability against erosion as compared with the majority of other soils, mainly those from 

sedimentary rocks of the Beaufort and Ecca groups (D'Huvetter, 1985). The Beaufort 

(i.e. shales and mudstone) and Ecca groups are associated with substantial amounts 

of magnesium, sodium and the clay mineral illite and as a result they produce soils 

with silt percentages. Moreover, they produce unstable duplex soils that are erodable. 

It is well known that high Mg give rise to very poor structure resulting in very compact 

soils and high erodable soils. sodium is by far the most dispersive major cation in soils. 

Soils in the Eastern Cape Province are dominated by quartz minerals and are prone 

to crusting (Mandiringana et al., 2005; Nciizah and Wakindiki, 2012). The low specific 

surface area of quartz promotes rapid soil organic matter (SOM) mineralisation 

resulting in poor aggregate stability (Buhman et al., 2006) 

 

 A number of researchers reported that there is an interaction between aggregation 

and clay content and its mineralogy (Lado et al., 2004; Denef and Six, 2005; Norton 

et al. 2006). Calcium ions associated with clay generally promote aggregation, 

whereas sodium ions promote dispersion (Siddique et al., 2017). Soils with at least 

five percent iron oxides, expressed as elemental iron, tend to have greater aggregate 

stability. Soils that have a high content of organic matter have greater aggregate 

stability (USDA,1996).  

 

2.2 Factors affecting aggregate stability 

Soil aggregation and soil structure are important properties of natural and managed 

environments (Miller and Jastrow, 1992). A stable soil structure is vital not only for 



 

12 
 

increasing soil productivity and soil quality but also improving nutrient availability and 

water use efficiency (Byung et al., 2007). The processes of aggregation depend on a 

variety of aggregate binding agents interacting simultaneously at different spatial 

scales (Six et al., 2004; Bronick and Lal, 2005).  

 

Factors affecting aggregate stability can be grouped as abiotic, biotic and 

environmental (Chen et al., 1998). The stability of aggregates is affected by soil 

texture, the predominant type of clay, extractable iron, and extractable cations. Soil 

organic matter and texture particularly clay content are the chief abiotic binding agents 

in the formation and stabilization of aggregates (Duchicela et al., 2012; Portella et al., 

2012), whereas soil microbes (bacteria and fungi) and plant roots have been reported 

as key biotic aggregating agents (Chaudhary et al., 2009; Duchicela et al., 2013). 

Plants contribute to water-stable aggregates, with exudates from roots and soil 

microbes contribute to the formation of microaggregates, whereas fine roots and 

mycorrhizal hyphae contribute to the stabilization of macroaggregates (Amezketa, 

1999; Six et al., 2004). A study by Amezketa (1999) found that microaggregates 

comprise mostly of associations of free primary particles bound together by persistent 

binding agents that comprise of metal oxy(hydr)oxides, polyvalent cations, Ca- and 

Mg- carbonates, CaSO4 and organic molecules (Amezketa, 1999). Six et al. (2004) 

and Bronick and Lal (2005) also reported that SOC and microbial biomass acts as 

important binding agents for aggregation. However, some interaction between binding 

agents may negatively influence soil aggregation. For instance, Manyevere et al. 

(2016) indicated that in arid areas soils with high clay content and high Na, on long 

and steep slopes were vulnerable to erosion. They further noted that soils with high 

fine sand and very fine sand content are extremely vulnerable, especially where the 

http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162015000100075#B14
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162015000100075#B29
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162015000100075#B29
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162015000100075#B5
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162015000100075#B15
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clay content also contains quartz, which reduces the aggregating potential of the clay. 

These effects are particularly worse for soils low in organic matter. 

 

Aggregates that have high water resistance tend to have high organic carbon content 

within aggregates and directly influences soil structure and physical properties 

(Simansky and Bajcan, 2014). Simansky (2011) noted that microaggregates tend to 

be easily eroded and more influenced by soil management compared to macro-

aggregates. Particles in small aggregates (<0.25 µm) are bound by older and more 

stable forms of OM (Oades and Waters,1991; Bossuyt et al., 2001; Six et al., 2004). 

Microbial decomposition of fresh organic matter release less stable products that bind 

small aggregates into large aggregates (>2-5 µm). When the proportion of large to 

small aggregates increases, soil quality increases. Manyevere et al. (2016) reported 

that the role of texture, cations and organic matter are less important in subhumid and 

humid areas where oxyhydroxides of Fe and Al dictate the aggregation of soils. While 

the effects of organic matter in highly weathered soils could be minimal, the 

interactions of organic matter with oxyhydroxides of Fe and Al is a well-known 

mechanism (Lutzou et al., 2006). The effects of such interactions on aggregation is 

not clearly understood. Studying changes in organic matter fractions and soil 

aggregate stability, as a result of tillage management can give an opportunity to 

understand the role of organic matter in aggregation in highly weathered soils. 

 

2.3 Organic Matter and its labile fractions 

A number of researchers (Yu et al., 2015; Peng et al., 2015; Somasundaram et al., 

2016) suggests that SOM can improve the formation of soil aggregates and increase 
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the mechanical stability of aggregates by binding soil mineral particles. The influence 

of SOM on aggregate formation and stability is proven, although the existing fractions 

act differently in these processes (Baldock, 2002). These fractions may be arbitrarily 

established on the basis of location, composition or stability degree of the organic 

material (Baldock and Nelson, 2000). Costa et al. (2004) found differential 

contributions of total organic and particulate organic carbon (more labile) in the 

formation of soil aggregates. 

 

Labile organic matter pools can be considered as fine indicators of soil quality that 

influence soil function in specific ways and that are much more sensitive to changes 

in soil management practice (Haynes, 2005). Particulate organic matter (POM) is 

composed of readily available material for decomposition by microbial attack, e.g., 

leaves, roots and animal remain (Amezketa, 1999; Six et al., 2004). This fraction 

responds more sensitively to soil management changes (Vieira et al., 2007; Campos 

et al., 2011)  than to the total soil organic carbon (OC) (Figueiredo et al., 

2013; Quanying et al., 2014.). This is especially true for occluded POM that may be 

lost from soil aggregates due to intense cultivation (Golchin et al., 1994). The 

particulate fraction acts as a cementing agent, to stabilize macroaggregates and as 

intra-aggregate protection of the proper organic matter (Six et al., 2002).  

 

Water soluble organic carbon (WSOC) is the fraction of organic carbon that is soluble 

in water and is either sorbed on soil or sediment particles or dissolved in interstitial 

pore water (Tao and Lin, 2000). The WSOC accounts for a small portion of the total 

soil organic carbon content (Tao and Lin, 2000; Ohno et al., 2007; Barbara ad Fabrizio, 

http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162016000600535#B9
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162016000600535#B27
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162016000600535#B5
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162016000600535#B5
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162016000600535#B8
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162016000600535#B8
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-90162016000600535#B18
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2009).  Some researchers (Boyer and Groffman, 1996; Stevenson, 1994) consider it 

as the most vital labile and mobile form in soil organic matter pools since it is the main 

energy source for soil microorganisms (Schnabel et al., 2002; Marschner and Kalbitz, 

2003), a primary source of mineralizable N, P, and S, and it influences the availability 

of metal ions in soils by forming soluble complexes. The contribution of WSOC may 

not easily be separable from the contribution of soil microbial biomass. 

 

Soils with more labile C tend to have a higher microbial biomass. Microbial biomass 

comprises mostly of bacteria and fungi, which decompose crop residues and organic 

matter in soil and make up 1-5% total SOC (Haynes, 2005). Microbial biomass carbon 

is a measure of the carbon (C) contained within the living component of soil organic 

matter (i.e. bacteria and fungi). Unlike total organic C, microbial biomass C responds 

quickly to management changes (Vema et al., 2011). A change to more disruptive 

practices can quickly deplete soil carbon in the topsoil, particularly microbial biomass. 

 

Arbuscular mycorrhizal fungi (AMF) are among the most widespread and important 

components of the soil microbiota in natural and agricultural systems (Finlay, 2008). 

Rillig (2004) noted that AMF directly contributes to soil aggregate stability through a 

physical effect of a network around soil particles, and indirectly by means of the hyphal 

exudation glomalin as an aggregate binding agent. AMF physically stabilize soil 

through the enmeshment of soil particles by means of hyphal networks and the 

production of glomalin operationally defined glomalin-related soil protein (GRSP) 

Miller and Jastrow 2000, Rillig 2004). Wright and Upadhyaya (1998) and Rillig (2004) 
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reported that GRSP confers stability to soil aggregates (Wright and Upadhyaya, 1998; 

Rillig, 2004).  

While different organic matter fractions make an essential contribution on soil 

chemical, biological and some physical properties, the relationships with aggregate 

stability are not clearly understood. Although the different fractions of soil organic 

matter vary with soil management, management effects on GRSP are not clearly 

understood, especially in humid regions where nutrient cycles occur at high rates. 

2.4 Glomalin related soil protein 

Glomalin was discovered by Sara E. Wright in 1996 at the Agricultural Research 

Service, United States Department of Agriculture (USDA) and was firstly mistaken for 

an unidentifiable constituent of soil organic matter (Nichols, 2002; Nichols and Wright, 

2004). It was identified during attempts to produce monoclonal antibodies reactive with 

AMF. It was recognized as a unique fungal glycoprotein secreted only by spores and 

extraradical mycelium of arbuscular mycorrhizal fungi in the taxon Glomales, including 

the genera Acaulospora, Entrophospora, Gigaspora, Glomus, and Scutellospora 

(Wright et al., 1996). The protein was named glomalin, because it is secreted by fungi 

belonging to Glomales.  Glomalin either coats on the surface of extraradical mycelium 

or remains as a component of spore and hyphal walls (Wright and Upadhyaya, 1996), 

probably released into the soil by mycelium turnover (Driver et al., 2005), where it 

subsequently contributes to linking soil particles and stabilizing aggregates (Rillig and 

Mummey, 2006). Driver et al. (2005) reported that glomalin is only released into the 

soil environment during AMF hyphal turnover, after the death of the fungus.  

Glomalin is a hyphal glycoprotein produced on the hyphae and spores of AMF (Wang 

et al., 2015) as well as non-mycorrhizal-related heat-stable proteins, lipids, and humic 
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materials (Jia et al.,2006) that has been found to make a significant contribution 

to SOM and to play a key role in the process of soil aggregation (Ariza, 2008).  

Immediately after degradation of the mycorrhizal hyphae, glomalin enters into the soils 

where it gets incorporated into the soil organic matter pool (Driver et al., 2005). It was 

named glomalin-related soil protein (GRSP), as per a grouping of proteins of AMF and 

non-AMF origin, together with soil-related heat-stable proteins (Rillig, 2004; Gillespie 

et al., 2011). However recent studies claim that GRSP is a mixture of many 

compounds and cannot be related to AMF (Wang et al., 2015). For instance, Snhindler 

et al. (2007) discovered that GRSP has variances in the aromatic carboxyl groups, 

which exhibited similar nuclear magnetic resonance spectra to humic acid. Similarly, 

Gillespie et al. (2011) detected that GRSP is a mixture of proteinaceous, humic, lipidic 

and inorganic substances and with a consortium of proteins and other impurities.  

 

Glomalin related soil protein exists in large amounts in soils and is certainly a distinct 

component of soil organic matter. The GRSP is insoluble in water and resistant to heat 

degradation and hence very stable (Wright and Upadhyaya, 1996). GRSPs resistant 

to most chemical used in routine and characterization methods (Wright and 

Upadhyaya, 1996). Moreover, it has high cation exchange capacity and high affinity 

for polyvalent cations (Seguel et al., (2013) and has the potential to immobilize high 

amounts of metals (Gonzalez-Chávez et al., 2004; Vodnik et al., 2008; Cornejo et al., 

2008). Because it is glue-like in nature and attaches to horticultural film and soil 

surfaces, glomalin is likely hydrophobic in its native state (Wright and Upadhyaya, 

1998, 1999). However, GRSP has not yet been biochemically defined but it is a N lined 

glycoprotein which comprises of 5% N, 36 to 59% C, 4 to 6 % hydrogen, 33 to 49% 

oxygen (Lovelock et al. 2004; Schindler et al., 2007), and 0.03 to 0.1% P (Schindler et 
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al., 2007; Singh, 2011). Rillig et al. (2001) found that glomalin accounted for 4 to 5% 

of total C and N in Hawaiian soils. In another study in the tropical forest soils of Costa 

Rica and Hawaii, Lovelock et al. (2004) noted that 3.2% of total soil C and 5% of soil 

N was in glomalin (Fig 2.1). However, both C and N declined linearly with increasing 

total concentration of glomalin in the soil, whereas the opposite was true for protein 

and C: N.  Glomalin is dark red-brown color and soil after extraction loses the brown 

color associated with organic matter. According to Wright and Upadhyaya, (1998) the 

reddish colour of glomalin extracts may be due to the presence of Fe (0.8 - 8.8 %). 

Glomalin accumulation in soils is assumed to result from the insolubility, 

hydrophobicity and high Fe content of the molecule.  
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Figure 2.1: The protein (a), nitrogen (b)and carbon (c)concentration, and C : N ratio 

(d)of glomalin extracted from soils within old-growth tropical wet forest (Lovelock et 

al., 2004). 

 

 

 

Hammer and Rillig (2011) characterized glomalin as a putative homolog of heat shock 

protein (hsp) 60. Wright and Upadhyaya (1998, 1999) and Nichols (2003) noted that 

GRSP is found abundantly (2 to 60 mg/ g) in a wide array of soils ranging from 

agricultural, grasslands, forest, desert and non-cultivated. The largest amount of 

GRSP has been reported in undisturbed forest soils, suggesting that tillage may affect 

the concentration of GRSP and associated aggregate stability. Rillig et al. (2001) 

reported concentrations of over 100 mg/g in Hawaiian tropical forests and up to 21 

mg/g in woodland soils (Wright and Upadhyaya, 1996).  

  

A number of authors have established the roles of glomalin in soil aggregate 

stabilization (Rillig et al., 2002; Wright et al., 2007). Glomalin contributes to the 

stabilization of aggregates by sloughing off hyphae onto the surrounding organic 

matter, binding to clays perhaps by means of cation bridging by iron, and providing a 

hydrophobic coating (Wright and Upadhyaya, 1999). The hydrophobic properties of 

glomalin contribute to aggregate stability by reducing the disruptive force of water 

movement within the pores of aggregates (Wright and Upadhyaya ,1998).  Wright and 

Upadhyaya (1998) reported that glomalin content is highly correlated to soil aggregate 

stability and that the most stable aggregates had higher concentrations of extractable 

glomalin and immunoreactive extractible glomalin than less stable aggregates.  
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Nichols (2003) claims that the correlation between glomalin concentration and soil 

aggregation is possibly influenced by iron. Iron- and Al-(hydr) oxides are involved in 

aggregate formation by bridging organic matter with clay minerals hence contributing 

to the persistence of aggregates (Bird et al., 2002; Wright and Upadhyaya, 1998). This 

contribution could be of great importance particularly in high rainfall areas where soil 

Fe is high. Etcheverría (2009) showed that GRSP has the capacity to sequester 

substantial quantities of Al (4.2 to 7.5% by weight) in acidic soils of a temperate forest 

in southern Chile. Glomalin may have a crucial role in soil aeration and drainage, plant 

nutrient uptake, and productivity through its contribution in aggregation (Nichols and 

Wright, 2004; Rillig and Mummey, 2006). By virtue of its role in aggregate stability, 

glomalin enables soil C storage (Zhu and Miller, 2003, Rillig et al., 2004). 

  

 

2.5 Relationship between glomalin and selected soil physicochemical 

properties  

It is universally acknowledged that GRSP performs a vital role in making soil structure 

(Wright et al. 1996). The content of glomalin in soil particles is significantly correlated 

with aggregate stability (Driver et al. 2005, Koide and Peoples, 2013). GRSP have a 

role in both forming and stabilising microaggregates. Wright and Upadhaya (1998) 

assessed the association between the quantities of glomalin present in small 

aggregates (1-2 mm) with the water stability of those aggregates; results disclosed 

relatively strong part-whole correlations between the different fractions of glomalin. 

Correlation was relatively highly significant between aggregate stability and numerous 

fractions of glomalin, with the highest correlation coefficient found between 
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Immunoreactive easily extracted glomalin (IREEG) and aggregate stability. As in 

Wright and Upadhaya (1996) correlation between TG and soil carbon was very high 

(r=0.82, p≤ 0.01). 

 

In a study on Bradford-reactive soil proteins and aggregate stability under abandoned 

versus tilled olive groves in a semi-arid calcisol, Hontoria et al. (2009) discovered that 

there was twice as much glomalin in stable than in unstable aggregates under different 

land management and abandonment. Emran et al. (2012) noted that after deposition 

of glomalin on soil particles soil micro- and macro-aggregates are progressively 

stabilized, so that larger contents of glomalin produce better structure. This in turn 

increases soil porosity, water storage and root development, and a more consistent 

resistance to surface crusting and sealing, and hence erosion (Wright and Anderson, 

2000). Additionally, the ability of glomalin to maintain a stable structure can preserve 

organic compounds in soil microsites, which are able to protect organic carbon from 

mineralization processes, thereby favoring carbon sequestration against carbon 

dioxide production (Rovira and Vallejo, 2003). 

 

Wang et al., (2015) noted that the relationship between GRSP composition and soil 

properties were not only in concentration but also its compositional characteristics. 

They state that SOC content (R2 = 0.89) and N content (R2 = 0.62) have great impact 

on both GRSP concentration and composition. Yang et al., (2017) noted that T-GRSP 

and EE-GRSP had significant positive relations (P<0.01) with SOC and TN. The highly 

significant correlation between SOM and GRSP confirmed that glomalin was a 

significant component of the soil organic matter, which was in agreement with the 
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findings of Rillig et al. (2003) who demonstrated that glomalin was a significant 

component of soil C and N and accounted for about 27% of SOM. 

  

Neutral or slightly acidic soils are suitable for accumulation of GRSP due to it being 

suitable for plant roots and fungi. Soil pH directly affects effectiveness of AMF for 

improving plant viability and synthesis and secretion of GRSP from AMF (Wang et al., 

2014).  Soils low in pH have more TG due to increased organic activity (Bird et al., 

2002). Fungi tend to prevail in more acidic soils. In higher pH soil environments, fungi 

still grow, nonetheless, they meet competition from bacteria and other organisms and 

as a result they may not be as active as they are in acid soils (Brady, 1990). Glomalin 

is produced by AMF, therefore, more protein is anticipated in the more acidic soils 

because of an increase in the activity of AMF and lower competition. 

 

The C/N ratio is one of the indicators of soil aggregate stability (Bird et al., 2002). They 

established a strong, positive correlation between the C/N ratio and immunoreactive 

glomalin and noted that inorganic carbon demonstrated a significant positive 

correlation with the immunoreactive fractions of glomalin. Plants use inorganic carbon 

in the form of carbon dioxide from the atmosphere (Rillig et al., 1999). Plants in turn 

assign a great portion of their photosynthetically fixed carbon to root-infecting 

symbionts, such as mycorrhizal fungi (Rouhier and Read, 1998; Bonkowski, 2003). 

Because of this, there is improved nutrient uptake from the soil, causing the hyphae 

to become more active (Haddad and Sarkar, 2003) and therefore produce glomalin, 

which helps to improve soil structure, easing the passage of air and water and 

increasing resistance to erosion. This as well leads to an increased ability for the soil 

to hold on to valuable organic matter and soil carbon (Haddad and Sarkar, 2003). A 
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study by Fokom et al. (2013) in a humid forest zone south of Cameroon where he 

measured TG and C in soil from three-different land used systems (native forest, fallow 

and continuous growing fields systems), found a positive correlation between TG and 

C concentration in the three land use systems. This observation agrees with those 

from other studies showing strong correlation between TG and C pool in natural and 

cultivated soils (Rillig, 2003; Nichols and Wright, 2005). Similarly, in an evaluation of 

12 acidic soils of tropical and temperate zone in America, TG was strongly correlated 

with soil C the essential atoms found in OM (R2 = 0.84; Wright and Upadhyaya, 1996). 

Fokom et al. (2013) also noted a positive correlation between the EEGRP, carbon and 

nitrogen concentration (r.= 0.76, 0.55; P < 0.01) across the three systems. As a result, 

they concluded that the positive correlation might explain the insinuation of GRSP to 

the restoration of soil stock of C and N for the reason that glomalin molecules are 

made with a relatively high proportion of C and N atoms. The relationship between 

GRSP with soil C and N indicate that the factors that affect this soil component also 

affect SOC. However, the relationship between GRSP and different labile fractions of 

SOC is not clear. 

 

2.6 Influence of soil management on aggregate stability 

Soil aggregate stability is an important ecosystem property which deteriorates 

overtime due to agricultural practices. Soil aggregate stability is often deteriorated by 

agricultural practices through directly breaking the soil particles or indirectly by the 

disturbance of potential aggregate binding agents (Barto et al., 2010; Duchicela et al 

2013). The main disruptors of aggregate stability are tillage (Six et al., 2002; Lal, 

2013)., subsoil compaction due to equipment (Pulleman et al., 2003)  and traffic 

from livestock (Oades, 1993).  Tillage can disrupt soil aggregation in several ways: (i) 

https://en.wikipedia.org/wiki/Tillage
https://en.wikipedia.org/wiki/Agricultural_machinery
https://en.wikipedia.org/wiki/Livestock
https://en.wikipedia.org/wiki/Tillage


 

24 
 

it brings subsoil to the surface, thereby exposing it to precipitation and freeze-thaw 

cycles, and (ii) it changes soil moisture, temperature, and oxygen level, thereby 

increasing decomposition and carbon loss (Six et al., 2000). An increasing number of 

studies have found that tillage results in degradation of aggregate stability (Wright et 

al.1999; Pikul et al., 2007). In addition, tillage alters soil microbial community dynamics 

(Jansa et al., 2002; Wang et al., 2010) and modifies AMF density and composition 

(Jansa et al., 2002; Yuan-Ying and Liang-Dong, 2007) which can disrupt soil 

aggregate stability. 

 

In the view of Filho et al. (1998), NT with accumulation of plant organic residues on 

the surface improves aggregation by increasing organic carbon levels in the topsoil in 

so doing raising the percentage of aggregates > 2. mm. Reduced tillage or NT permits 

the possible recovery of soil aggregate binding agents such as soil micro-organisms 

and biochemical properties (Portella et al., 2012). In addition, cover cropping 

physically protect the soil form erosive forces such as water and wind while building 

up more SOM as they enhance biomass to the soil and also increase biological activity, 

thus improves soil aggregate stability (Liu et al. 2005; USDA, 2008).  

 

2.7 Effects of management on soil organic matter and its fractions 

Human activities also contribute to disruption of aggregate stability. When stable soils 

are subjected to continuous arable cultivation (CT) there is a deterioration in the 

physical properties which, has been shown to be a result of loss of organic matter and 

the stability of the aggregates (Six et al., 2002; Lal, 2013).In the view of, Borie et al. 

(2006) CT abrades the network of mycelium by mechanical breakdown of 

https://en.wikipedia.org/wiki/Subsoil
https://en.wikipedia.org/wiki/Decomposition
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macroaggregates, which reduces the content of SOM, microbial biomass and faunal 

activities ( Sainju et al., 2009; Curaqueo et al., 2011). Farming systems that maximise 

organic matter return to soil and minimise soil disturbance tend to increase the 

microbial biomass. Minimising tillage increases microbial biomass by protecting soil 

aggregates formed by fungal networks pore spaces in the aggregates are an important 

habitat for the microbial biomass in soil. 

 

The use of conservation agriculture (CA) has proved to be a viable alternative to 

improving soil quality. Conservation agriculture is achieved through (a) minimal soil 

movement, (b) permanent cover with crop residues or growing plants and (c) crop 

rotations (Thierfelder et al., 2009, Murungu et al., 2010). As a means of improving soil 

productivity and crop production, crop residues are left on the soil surface. However, 

when the gap between harvesting one crop and establishing the next is too long, cover 

cropping is recommended (Lal, 2015). Cover crops are important as they conserve N 

for grain crops; reduce soil erosion; and increase crop yields and reduce moisture 

stresses (Pretty 2008; Miller, 2017). Cover crops with deep roots can alleviate soil 

compaction in NT systems (Williams and Weil, 2004) and suppress weeds (Moyer et 

al., 2000; Triplett and Dick 2008; Lal, 2015). Moreover, cover crops impact soil 

chemical properties (Calegari and Alexander, 1998) and affect N mineralization and 

availability (Schomberg and Endale, 2004).   Prevailing farming systems are not 

disturbed by introduction of winter cover crops. Cover crops such as canola (Brassica 

napus), hairy vetch (Vicia villosa), lupins (Lupinus albus), broad-beans (Vicia faba), 

Japanese raddish (Raphanus sativus) and black oats (Avena strigosa) are grown in 

the Eastern Cape (Allwood, 2006).The selection of the best cover crop species has 

been mainly based on their ability to produce high and persisting biomass and the 
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ability to meet part of the nutrient requirement of the subsequent crop. However, no 

single cover crop species is able to adequately achieve both objectives. Growing of a 

mixture of legume and non-legume cover crops (bicultures) has been identified as an 

ideal method of fulfilling both the objectives of cover cropping (Sainju et al., 2005; 

Odhiambo et al., 2001). In contrast some authors advocate for monocultures instead 

of bicultures (Haynes et al., 1997; Ramos et al., 2010). Organic matter (OM), one of 

the main products of cover crops, is the most widely acknowledged indicator of soil 

quality (Ramos et al., 2010). OM strongly influences soil structure stability and water 

retention (Holland, 2004). Decomposing plant material releases organic material that 

directly stabilizes soil particles. According to dos Reis Martins et al., (2009), easily 

hydrolysable polysaccharides, which originate from decomposing plant material, 

represent the most active binding agents in aggregation of soil particles. 

 

Winter cover crops do not only protect the soil from direct raindrop impact, they also 

add to SOM. Land management systems like winter cover cropping that prevent soil 

disturbance, improve soil fertility, increase organic materials and decrease organic 

matter losses from the soil, significantly improve soil aggregation (Pagliai et al., 2004; 

Wei et al., 2006).  

 

Improvement of SOM content of degraded agricultural soils could enhance physical 

and chemical properties, and biological activity (Salazar et al., 2011), and promote 

productivity of the soil. The SOM content influences, largely the activities of soil 

organisms, which in turn influence the SOC dynamics. Accumulation of organic matter 

and nutrients near the surface under no-tillage produces beneficial effects on soil 

physical, chemical and biological properties (Beare et al., 1997; Tebrugge and During, 
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1999), including enhanced rhizosphere biological activities (Kladivko, 2001). Fungal 

biomass including arbuscular mycorrhizal fungi (AMF), which are important mediators 

of soil aggregation (Borie et al., 2008). is enhanced in the topsoil under NT (Frey et 

al., 1999), Many reports have shown that AMF are able to counteract soil erosion by 

increasing the stability of soil aggregates (Bethlenfalvay et al., 1999; Miller and 

Jastrow, 2000) through the combined action of extraradical hyphae and their exudates 

and residues (Miller and Jastrow, 1992, 2005).  The AMF are mutualistic symbionts 

living in association with the roots of most terrestrial plants and are vital for the soil–

plant system as they influence soil fertility and plant nutrition (Smith and Read, 2008). 

However, there are limited studies on effects of CA on AMF and associated organic 

compounds in soil.  

 

Soil aggregation by AMF is through the combined action of extraradical hyphae 

exploring soil to form an aggregate network and an insoluble, hydrophobic, recalcitrant 

glycoprotein, called “glomalin” which has binding properties (Bedini et al., 2009). 

Haddad and Sakar (2003) reported that the glomalin related soil protein (GRSP) 

detaches from the hyphae, moves into the soil, and becomes a distinct component of 

the SOM. By virtue of impacting soil aggregate stability, GRSP is a crucial component 

of soil that significantly affects its structure (Haddad and Sakar, 2003).  

 

 

2.8 Effects of management on glomalin-related soil protein concentration 

Glomalin has been found in agricultural, grassland, forest, desert, and non-cultivated 

soils (Nichols and Wright, 2004; Antibus et al., 2006; Bai et al., 2009). Pools of glomalin 

are responsive to ecosystem disturbances, these consist of factors of global change, 
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such as elevated atmospheric carbon dioxide, leading to increased GRSP 

concentrations (Rillig et al., 1999, 2000, 2001) or warming which was observed to lead 

to decreased levels of GRSP (Rillig et al., 2002) and land use change (Rillig et al., 

2002), tillage practices (Wright et al., 1999), and crop rotation systems (Wright and 

Anderson, 2000).  A study by Wright et al. (1999) on the conversion from plough till to 

no till in maize in relation to a control grassland on a single soil type, found that 

glomalin concentrations increased with transition to NT. They noted that the correlation 

amongst the two-varied depending on the sampling location but was generally high 

(0.82 ≤ r ≤0.88. p < 0.001). They discovered that the glomalin concentrations and 

aggregate stability were lower in all cases in the cornfield than in the surrounding 

grass.  Similarly, Wright and Anderson (2000) found that aggregate stability correlated 

well with glomalin concentration under various crop rotations in the Great Plains. 

Whilst Wright et al. (1999) reported the highest correlation to be between T-GRSP and 

aggregate stability, Wright and Anderson (2000) observed the highest correlation 

between immunoreactive glomalin (IRTG) and aggregate stability. However, 

Franzluebbers et al. (1999) conducted a long-term study of conservation tillage and 

grazing on aggregate stability and soil glomalin concentration and found that these 

measures were weakly related. 

  

Effects of CA, with no-till and residue retention relative to conventional tillage, on 

GRSP, are not clearly understood. These effects will have implications on aggregation 

of soils and overall soil quality. This is particularly essential in dryland CA systems in 

sub humid and humid areas, where the practice is more feasible due to high rainfall 

and the soils are also highly weathered, with high oxyhydroxides of Fe and Al. In South 

Africa, CA practices with no-till, residue retention and rotations, are practiced mainly 
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in high rainfall areas to support high biomass input. Aggregation in highly weathered 

soils is mainly due to the oxides of Fe and Al, and the effects of GRSP and other SOC 

fractions are not clearly understood under these conditions. The understanding of 

effects of management on GRSP and its relationship with aggregate stability and SOC 

fractions requires that the protein is extracted and analysed  

 

Glomalin levels can also be affected by other management practices such as the 

application of fungicides and pesticides. According to Kabir (2005), implementation of 

these practices perhaps will recover soil physical properties at the macroscopic level, 

however this will in due course affect chemical and biological properties of soil at the 

microscopic level as well as AMF. A study by Rillig and Mummey (2006) in long-term 

grassland plots from which application of fungicide resulted in in the elimination of 

AMF, as a result GRSP concentrations were drastically decreased. In addition, Wilson 

et al. (2009) in their study that was done over a six years’ period of suppressing 

mycorrhizal symbioses through fungicide application, discovered that easily 

extractable Bradford reactive soil protein (EE-BRSP) and Bradford reactive soil protein 

(BRSP) levels were reduced by 18% and EE-IRSP and immunoreactive soil protein 

(IRSP) reduced by 53 and 76%, respectively. 

 

Most farmers are inclined to agricultural practices such as the application of and 

organic manures owing to the fact that they improve soil aggregation as well as other 

soil characteristics such as increases in porosity, infiltration capacity, hydraulic 

conductivity, and decreases in bulk density (Haynes and Naidu, 1998; Brar et al., 

2015). Thus, there have been an increase in interests on how these practices affect 

glomalin. Long term application of manure and straw increased soil GRSP 
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accumulation in China (Dai et al., 2015). Their study concluded that long-term 

fertilisation significantly increased GRSP concentration. In contrast, a study by 

Lovelock et al. (2004) showed that soils in old growth forests of Costa Rica that were 

higher in residual fertility correlated with lower levels of T-GRSP and EE-GRSP. Thus, 

even though low nutrient status has been made known to improve AMF associations 

(Liu et al., 2000; Bohrer et al. 2001), high soil nutrient content can enhance glomalin 

production by increasing the fungal turnover (Lovelock et al., 2004a). 

 

In addition to agricultural practices, abiotic and biological factors such as elevated CO2 

global warming, climate conditions, vegetation types, could affect GRSP concentration 

in soils. According to Rillig et al. (2002) elevated CO2  can only indirectly affect AMF, 

since soil serves mostly as a buffer against changes in atmospheric gas composition. 

AMF are obligate symbionts and hence depend on their host plant for carbon and 

variations in the availability of carbon may affect the amount of glomalin that is 

produced (Hernandez 2001). A decrease in carbon below ground possibly will limit the 

carbon availability to AMF, which might result in lower rates of glomalin production 

(Rillig et al., 1999, 2000, 2001). Rillig et al. (2001)   conducted a study on an irrigated 

sorghum field and found an increase in EE -GRSP and no change in T -GRSP in 

response to artificially elevated carbon dioxide, while Rillig et al. (2000) discovered an 

increase in EE -GRSP and T-GRSP along a naturally occurring carbon dioxide 

gradient near a carbon dioxide spring in New Zealand. Warming can directly affect 

AMF and the decomposition of their products (such as glomalin) but warming can also 

indirectly affect the fungi by altering carbon allocation from the host to the mycobiont 

(Rillig et al., 2002). They found that artificial warming in a grassland decreases 

glomalin concentration. Rillig et al., (2002) found that IRTG and IREEG decreased in 
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response to artificial climate warming, whereas T -GRSP and EE-GRSP did not 

change. Warming can increase decomposition of soil organic matter (Buol et al., 

1990), consequently reducing glomalin pools in soil. 

 

 

2.9 Extraction of GRSP. 

Glomalin   is usually fractionated into total glomalin related soil protein (T-GRSP), 

easily extractible glomalin related soil protein (EE -GRSP), Immunoreactive total 

glomalin (IRTG) and Immunoreactive easily extracted glomalin (IREEG). 

 

Glomalin-related soil protein is extracted from field soil, roots, mesh strips or bags, or 

pot culture media (Wright and Jawson, 2001; Rillig, 2004; Wright et al., 2006). The 

extract solution is then used in further analyses such as the ELISA and Bradford total 

protein assay. Glomalin is extracted from hyphae and soil in sodium citrate solution by 

autoclaving for thirty to sixty minutes or more (Wright and Upadhyaya, 1996). A 

substitute to using an autoclave is to use a pressure cooker. This methodology was 

tested and verified to be possible by Wright and Jawson (2001). The procedure that is 

used in the extraction process varies depending on what fraction of glomalin is of 

interest; either easily extractable or total glomalin. Easily extractable glomalin related 

soil protein (EE -GRSP) is extracted with 20mM citrate, pH 7.0 at 121 °C for 30 

minutes, whereas Total glomalin related soil protein (TG) is extracted with 50 mM 

citrate, pH 8.0 at 121 ◦C  for  an hour (Rillig, 2003) ,though, additional time may be 

required depending on the soil horizon (Wright and Upadhyaya, 1998).T-GRSP is 

extracted up until the supernatant is colourless or straw-coloured, which can be 

achieved after autoclaving for three to five cycles, though up to seven (Wright and 
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Upadhyaya, 1998) and nine (Rillig et al., 2003) extraction cycles have been reached. 

By means of a centrifuge, soil from which glomalin is extracted is pelleted soon after 

autoclaving to ensure the glomalin extract is free of soil particles when decanting the 

supernatant. For the reason that it is proteinous in nature, extracts are stored at 4˚C 

(Wright et al., 1996). They recommended that any analysis ought to be done within 

two to four weeks as glomalin does degrade.  

 

Two detection methods are frequently used to quantify glomalin, that is the Bradford 

protein assay, yielding the EE-GRSP and the T-GRSP fractions, and an ELISA assay 

(Wright and Upadhyahya 1998), yielding the Immunoreactive easily extractable 

glomalin (IREEG) and Immunoreactive total glomalin (IRTG) fractions. (Rillig and 

Steinberg, 2002; Gadkar and Riling, 2006). Bradford assay, originally described by 

Dr.Marion Bradford in 1976, is one of the common methods to determine GRSP 

concentration. According to Wright et al. (1996) the Bradford essay depends on the 

formation of a complex between Coomassie brilliant blue G-250 dye and proteins in 

the acidic environment of the reagent, protein binds to the Coomassie dye. The colour 

changes are read by a spectrometer at a wavelength of 590nm (A590) as optical 

density can be related to protein concentration in GRSP extract using a standard of 

known concentration of protein. A number of studies (Jonathan and Javier, 2006; 

Schindler et al., 2007; Whiffen et al., 2007) have shown that polyphenolic compounds, 

such as soil tannins and humic acids, might be coextracted with glomalin and interfere 

with the Bradford quantification, indirect enzyme-linked immunosorbent assay (ELISA) 

is relatively specific (Wright et al., 1996).  
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Total glomalin quantified using ELISA is regarded as Immunoreactive soil protein 

(IRSP) and the easily extractable fraction is named easily extractable Immunoreactive 

soil protein (EE-IRSP) (Wright and Upadhyaya 1998; Rillig 2004b). The procedure 

involves using monoclonal antibody MAb32B11 developed against crushed spores of 

G. intraradices antibody as the primary antibody and biotinylatedanti-mouse IgM 

antibody as the secondary antibody (Wright et al., 1996). The procedure is done as 

explained by Adeleke (2010), MAb32B11 is added to the glomalin extract and 

subsequently binds to an antigenic site (i.e., a site in which antibodies are induced) of 

glomalin. A solution containing a protein (e.g., ExtAvidin) and an enzyme (e.g., 

peroxidase) is added, followed by the addition of fifty microliters of 2,2~-azino-bis -(3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS) colour developer. The protein molecules 

bind to the biotin in the anti-mouse IgM antibody, and the enzyme reacts with a 

substrate molecule in the colour developer to produce a blue-green colour. The degree 

of colour change is determined using a spectrophotometer at 405 or 410 nm and 

compared with a standard to calculate glomalin concentrations. The standard curve in 

a range of 0.005 and 0.04 μg is prepared using glomalin obtained from soil samples 

with 100% immunoreactivity (Wright et al., 1996; Nichols and Wright, 2004; Rillig, 

2004).  

 

Even though the Bradford assay is not specific for glomalin, positive and significant 

correlations are usually found between Bradford and ELISA values (Wright and 

Upadhyaya, 1996, 1998, 1999; Harner et al., 2004).  Rosier et al., (2008) claims that 

the Bradford assay is more accurate than the ELISA technique for the reason that the 

Bradford assay entails less pipetting. Apart from this, the Bradford assay is economical 

and faster, and not as technical and laborious compared with the ELISA technique 
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(Adeleke 2010). Glomalin values attained from the ELISA technique are compared 

with the Bradford values to determine percentage of Immunoreactive protein in 

glomalin extract (Adeleke 2010). Immunoreactivity is calculated by dividing ELISA 

values by the Bradford values and multiplying by 100. A number of researchers (Wright 

et al., 1996; Nichols and Wright, 2004 Rillig, 2004) concluded that the higher the 

percentage, the more Immunoreactive the glomalin fraction.  

 

CONCLUSION 

Soil organic matter and glomalin, operationally referred to as GRSP, were shown to 

be important determinants of soil structural stability and hence and important 

indicators of soil health. It was also shown that just like SOM, GRSP quantities are 

negatively affected by such unsustainable practices like continuous conventional 

tillage. However, little has been reported on the relationship between SOM fractions 

particularly the labile fractions and GRSP, in humid regions where the interaction with 

sesquioxides and clays could result in stabilisation, is not clearly understood.  
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1.1 Site description  

The study was conducted on a farm located in the south-east of Howick, in 

the  uMgungundlovu District Municipality, KwaZulu-Natal (Fig 3.1)..The area lies at 

altitudes ranging 950 to 1540 m and receives average annual rainfall of up to about 

1400 mm, with most rainfall occurring mainly during mid-summer. The topography is 

made up mostly from frequent occurrences of dolerite dykes that pierce Karoo system 

shale and often resulting in isolated hills within the general incline of the Drakensberg 

escarpment (Wiese et al. 2016). Most of the profiles that were identified were deep red 

apedal soils, with medium to high clay content.  The soils are derived from Ecca shale 

and to a lesser extent dolerite. For the reason that the area of research is such a large 

and dissected area (1 Ha), a dominant soil form was not identified which could have 

been used as a reference for all the observations  

 

 

 

 

https://en.wikipedia.org/wiki/UMgungundlovu_District_Municipality
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Figure 3.1: Map of study site 

 

3.1.2 Soil management practices 

The study site was situated in the Karkloof area, on a farm called Denleigh. No-till has 

been practiced on a portion of the farm for 15 years. These fields did not get ploughed 

at all, though the soil gets aerated with a special aerating implement to a 10 cm depth 

once in a decade. No weed control practices were practiced on the farm, neither 

chemical nor mechanical. After every three years Lime was applied with a spreader 

behind the tractor at a rate of between 2 – 3 tons per hectare. The lime was not get 

worked into the soil in any way after application.  The soils were applied with nitrogen, 

first nitrogen application for the season was applied during the planting of maize (Zea 

mays) with the no-till planter and it varied between 40 – 50 kg/ha of nitrogen band 

placed with the seeds. After emergence of the maize plants the top dressing was split 
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into two applications of 60 – 70 kg of nitrogen per hectare each. The nitrogen was 

always applied in the form of urea with a 46% N. In total the farmer applied between 

130 – 150 kg/ha of nitrogen each year during the maize growing season.  Cover crops 

were planted within the first week of the maize harvest; these cover crops were either 

oats (Avena sativa orx.Triticosecale  (a rye-wheat/triticale hybrid). Cattle were allowed 

to graze the cover crop from June to September each year and the following year’s 

maize was planted in the mulch.  

 

Conventional tillage has been practiced on a portion of the farm for over 15 years 

producing maize and soy beans (Glycine max). The plant residues were incorporated 

into the soil each year with the disc harrowing practices for maize and soy beans. After 

every harvest in May – June the fields got ripped up to 50 cm and disc harrowed to 

aerate the sub soil and break up all the clods on the soil surface. In total the 

conventional farmer aimed to apply 150 kg of nitrogen to the plants per growing 

season. With planting 20 – 30 kg of nitrogen was placed with the seeds in a mixture 

of urea and Monoammonium Phosphate. The planter was used to place the fertilizer 

in granular form in a band with the seeds during planting. Six weeks after planting 

when the plants have emerged successfully a top dressing was be applied. A tractor 

pulled a spreader and the spreader applied the fertilizer at a rate of between 100 – 

120 kg/ha in a granular urea (46%) form. Lime was not applied often on this farm, in 

the last 10 years lime was only applied twice once in 2008 and once in 2014 only on 

selected fields as well. When lime was needed it was applied with a spreader behind 

the tractor at a rate of 2 tons per hectare and then worked into the soil with a disc 

harrowing practice. Where maize was planted for two seasons in a row soils were 

ripped once after harvest up to a depth of 50 cm. After the first rain late in winter or 
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early spring a mouldboard plough was used to plough the soils up to a depth of 20 cm. 

Depending on the soil moisture; the fields were disc harrowed up to a depth of 15 cm 

at least once to incorporate the stubble as well as prepare the seedbed. The native 

forest (F) lands are a home to the native trees and shrubs which are dense. 

 

3.1.3 Soil sampling 

Soil samples were collected at 0-5, 5-10, 10-20 and 20-30 depths from three 

management practices i.e. long-term no-till (NT), native forest (F), conventional tillage 

(CT) in August 2017. The native forest served as the control. Sampling was done 

following procedures described by Filho et al. (2016). Briefly, nine centering points 

were georeferenced in 100 m x 100 m grid sampling plot, at a distance of 30 m from 

each other and 20 m from the edge in each tillage system (Figure 3.2). Around the 

centering point, nine soil samples were collected and used for microbiological, 

physical, and chemical analyses of the soil. For samples intended for microbiological 

analysis, samples were collected from a depth of 10 cm, sieved using a <0.002 m 

sieve, and then kept refrigerated at 4 °C for analyses. For chemical analysis, samples 

were collected from a depth of 10 cm, air-dried, sieved (<0.004 m), and stored until 

analysis. For physical analysis, disturbed and undisturbed samples were collected 

(from a depth of 0.30m). Disturbed samples were air-dried, sieved (<0.004 m), and 

stored. Undisturbed samples were collected using a core sampler and kept intact and 

sealed to prevent loss of moisture and used to determine soil bulk density. Samples 

for aggregate stability determination were transported to the laboratory in rigid 

containers to avoid further disruptions of the aggregates (Le Bissonnais, 1996) 

 

 



 

39 
 

 

Figure 3.2: Soil sampling map 

 

3.1.4 Soil characterisation 

Soil pH was measured in water at soil-water ratio of 1:2.5, using a pH meter (model 

pH 25, Crison Instruments, South Africa) after shaking the suspensions for 30 minutes 

and equilibrating for 10 min (Okalebo et al., 2000). The dry combustion method was 

used to determine total C and N determined using a LECO® TruSpec C/N auto 

analyser (LECO Corporation, St Joseph, MI, USA). Available phosphorus was 

 

100 m  
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determined using Bray-1 [0.03 M NH4F + 0.025 M HCl] at 1:10 soil/solution ratio 

(Okalebo et al., 2000).   Exchangeable cations (Ca2+, Mg2+, K+, and Na+) were 

extracted with and ammonium acetate (pH 7). Briefly, a 5 g air dry soil sample was 

placed in a 100 cm3 extraction bottle, 50 cm3 of ammonium acetate cooled to 20 +/- 2 

°C was added to the soil. The bottle was then shaken on a reciprocating shaker at 180 

oscillations per minute for 30 minutes. The extract was then rapidly filtered through a 

buschner funnel with suction (Helmke and Sparks, 1996) and their concentrations 

determined using a Varian 700-ES Model inductively coupled plasma-optical emission 

spectrometer (ICP-OES, Varian, Inc., USA).  Exchangeable acidity was determined 

using 1 mol dm-3 KCl on a volume basis.  A 2.5 g soil sample was transferred into an 

extraction bottle into which 25 cm3 of 1 mol dm-3 KCl was added. The mixture was 

stirred for 10 min at 400 rpm. The solution was filtered into a 150 cm3 capacity 

Erlenmeyer flask. A 10 cm3 aliquot was taken to which 10 cm3 deionised water was 

added. The solution was titrated with 0,01 mol dm-3 NaOH with phenolphthalein as 

indicator. A 10 cm3 KCl blank was included. Extractable acidity was calculated using 

the formula below: 

 

( )
( ) ( )

( ) volumesamplecm

fblankNaOHcmsampleNaOHcm
soildmcmol

3

33
3 100−

=+ −

 [Equation 1] 

Where f = concentration of NaOH (mol dm-3) 

 

Particle size distribution (7 classes) was determined after decomposition of organic 

matter with 30% hydrogen peroxide (H2O2), followed by dispersion with sodium 

hexametaphosphate. The sand fraction was separated by sieving and the coarse silt 

(0.05–0.02 mm effective diameter), fine silt (0.02–0.002 mm) and clay (<0.002 mm) 
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fractions were determined by the pipette method. The sand fractions were then 

separated by sieving, into coarse sand (2–0.5 mm), medium sand (0.5–0.25 mm), fine 

sand (0.25–0.1 mm), and very fine sand (0.1– 0.05 mm) (Soil Classification Working 

Group, 1991).  

 

Soil bulk density was determined using the core method (Grossman and Reinsch, 

2002). Briefly, soil samples were collected in triplicate at 0-5, 5-10, 10-20 and 20-30 

depths in each of the three tillage treatments using a core sampler. The fresh weight 

of soil plus core was recorded. The cores along with soil sample were dried in an oven 

at 105°C for 24 hours. Dry bulk density was determined from the ratio of mass of dry 

soil per unit volume of soil cores using the following formula; 

 

( )
)( 3cmsoilofvolumetotal

gsoildryovenofmass
b =

         [Equation 2] 

3.1.5 Aggregate stability determination 

The fast wetting method described by Le Bissonnais (1996) was used to determine 

the stability of aggregates between 3 and 5 mm diameters. The aggregates were oven 

dried at 40 °C for 24 h to ensure that all samples were at a constant matric potential. 

A 5 g sample of aggregates was gently immersed into a 250-ml beaker filled with 50 

ml deionised water for 10 min. The water was then sucked off with a pipette to leave 

behind slaked aggregates. The slaked aggregates were then gently transferred onto 

a 0.053 mm sieve previously immersed in ethanol, to avoid re-aggregation during 

drying. The sieve was gently moved up and down in ethanol five times to separate the 

aggregates <0.053 mm from those >0.053 mm. The remaining <0.053 mm fraction 
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was oven dried at 40 °C for 24 h and its size distribution was measured manually. The 

aggregate fraction sizes were determined by sieving the soil in a net of sieves of 2, 1, 

0.5, 0.25, 0.1- and 0.05-mm diameter. The soil in each sieve was then weighed and 

expressed as a percentage of the total weight of the soil. The aggregate stability was 

expressed by calculating the mean weight diameter (MWD) of the seven classes: 

 


=

=
7

1i

ii wxMWD

        [Equation 3] 

 

where wi is the weight fraction of aggregates in the size class i with diameter x . xi is 

mean diameter of each size fraction (mm) (Le Bissonnais, 1996).  

 

3.1.6 Determination of water-soluble organic carbon 

Water Soluble organic carbon (WSOC) was determined following the procedure 

described by McGill et al. (1986). The concentration of WSOC was measured from the 

top 5 cm only. Briefly, WSOC was extracted from field-moist samples within 24 h of 

sampling by shaking 10 g soil with 20 mL deionized water for 60 min, followed by 

centrifugation at 10 000 x g for 30 min. The supernatant was then filtered using 0.45 

µm membrane filters. The filtrates were stored at - 10°C until they were analysed using 

the Walkley-Black Method (McGill et al., 1986) 
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3.1.7 Determination of soil microbial biomass and organic carbon. 

The soil microbial biomass was determined using the chloroform fumigation – 

incubation technique outlined by Vance et al. (1987). Microbial biomass carbon was 

measured from the top 5 cm only. Two 10 g sieved (2 mm sieve) wet samples were 

weighed from each of the soil sample into small plastic containers and labelled (t1) and 

(t2).  A third 10 g sample was weighed into a 125 ml watertight plastic bottle.  Sample 

(t1) was used for the determination of percent water content in order to express the 

results on a dry-weight basis. Sample (t2) was fumigated with chloroform free alcohol 

in a desiccator prior to incubation, and subsequent extraction of dissolved organic 

carbon. Sample (t3) was used for the extraction of dissolved organic carbon in 

unfumigated soil.  Ten samples for fumigation were arranged simultaneously on a wire 

gauze in a vacuum desiccator containing 300 ml alcohol free chloroform (Hobbie, 

1998) in a shallow dish beneath the gauze.  The lid of the desiccator was closed and 

vacuum applied through a pressure pump until the chloroform evaporated.  The tap 

on the desiccator was closed and placed in the dark for 5 days at room temperature.  

The desiccator was removed and each sample transferred into the respective 125 ml 

watertight extraction bottles.  Fifty millimeters of potassium sulphate (0.5M) was added 

into each of the bottles, tightly stopped and shaken on a rotary shaker for 30 minutes.  

The samples were then filtered through a Whatman No.1 filter paper.  Each of the 

extracts were analysed for dissolved organic carbon by titration following procedure 

described by Anderson and Ingram (1993). 

 

The titration method was commenced with 30 minutes placement on a pre-heated 

block (150°C) of l litre glass beaker containing tap water and eleven test tubes; and 
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thereafter removed.  Ten of the test tubes contained a mixture of 4.0 ml sample 

extraction, 1.0 ml of 0.0667 M K2Cr2O7 and 5.0 ml conc. H2SO4; while the last (blank) 

tube contained similar mixture but without sample.  The content of each heated tube 

was cooled together with one unheated blank tube and transferred into labeled 100 ml 

Erlen Meyer flasks and 4 drops of phenanthroline indicator added.  Extracts were 

titrated with acidified Fe (NH4)2SO4 solution through a green/violet color change to a 

red end point; ant the titre of each flask recorded.  Estimation of extracted organic 

carbon was done according to the equation: 

( )  100/0037.0% 







=

S

E
gMACOrganic

    [Equation 4] 

where 

A = (mL Hb-sample) (mL Hb-Ml Hb/mL uHb + (Ml Hb-sample) 

With Hb indicating heated blank and uHb indicated unheated blank. 

M = Molarity of Fe (NH4)2SO4 = 0.4/T 

T = Standardised titre obtained daily by titrating 1.0 ml 0.0667M 

 K2Cr2O7 in an Erlen Meyer flask with acidified Fe (NH4)2SO4 for the purpose of 

establishing its molarity. 

G = weight of dry soil 

E = Extraction volume (50 ml K2SO4) 

S = digest sample volume (4.0 ml) 

Estimate of the microbial biomass C of each sample as described by Vance et al. 

(1987) using the equation: 
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Microbial biomass C = (Extracted Ct2 – Extracted C t3) x 2.64  

  

3.1.8 Determination of GRSP Content  

The glomalin-related soil protein (GRSP) was determined as easily extractable 

glomalin (EE -GRSP) and total glomalin (T-GRSP) according to the method of Wright 

and Upadhyaya (1998). Briefly, EE-GRSP was extracted from 1 g of air-dried and 

sieved soil (<2 mm) by suspending in 8 mL of 20 mM citrate buffer at pH 7.0 and 

autoclaved for 30 min at 121°C. Samples were centrifuged immediately at 5000 rpm 

for 15 mins. The protein in the supernatant were determined using a Bradford protein 

assay with bovine serum albumin as the standard (Wright and Upadhyaya, 1998). The 

EE-GRSP concentration in aggregates was calculated as: 

 

( ) ( )
( )aggregatesofmassinitial

addedextractofvolumeGRSPEEofionconcentrat
GRSPEE

−
=−

 [Equation 5] 

The concentrations were expressed as mg g-1 dry soil aggregates. 

 

The T-GRSP was obtained by repeated extraction from 1 g of air-dried soil with 8 ml 

of 50 mM citrate, pH 8.0 at 121oC for 60 min. After each autoclaving cycle supernatant 

were removed by centrifugation at 5000 rpm for 20 min and stored. The extraction of 

T-GRSP was repeated until the glomalin content of supernatant was under the method 

detection limit (ca. 2 mg/ml). Extracts from each cycle were pooled, centrifuged at 

10,000 rpm for 10 min to remove soil particles and then and protein in the supernatant 

were determined using a Bradford protein assay with bovine serum albumin as the 
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standard (Wright and Upadhyaya, 1998). The T-GRSP concentration of aggregates 

was likewise calculated as: 

 

( ) ( )
( ) GRSPEEaggregatessoilofmassinitial

addedextractGRSPTofvolumetotalGRSPTpooledofionconcentrat
GRSPT

−+

−−
=−

 

          [equation 6] 

The concentrations were expressed as mg g-1 dry soil aggregates. 

 

 

3.1.9 Statistical Analysis 

The data for WSOC and MBC were subjected to one-way analysis of variance 

(ANOVA), while a two-way ANOVA was used for organic C, glomalin related soil 

protein and aggregate stability, using JMP 12.1 (SAS Institute, 2016). Mean 

separations were done using Fisher’s protected least significant differences (LSD) at 

P < 0.05. The coefficient of determination (R2) was used to measure the strength of 

relationships between SOC and both EE-GRSP and T-GRSP, WSOC and both EE-

GRSP and T-GRSP, MBC and both EE-GRSP and T-GRSP, aggregate stability and 

both EE-GRSP and T-GRSP as well as between aggregate stability and SOC, WSOC 

and MBC. 
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CHAPTER 4 

RESULTS 

 

4.1 Initial soil characterization 

Some of the chemical and physical properties measured for the soils used in this study 

are shown in table 4.1. All management practices had acidic soils with pH values 

ranging between 4.9 and 5.5. The EC values varied from 3 to 5 mS/m and decreased 

in the order NT >CT> F. Soil P ranged between 1.73 and 39.36 mg/kg CT had medium 

P, NT hand low and F had the lowest P content. Forest soils had the highest OC 

content averaging 5.6% whilst soils under RT had the lowest with an average value of 

2.04%. Clay content was highest in NT soil (23.1%) and lowest in soil under F (18.7%). 
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Table 4. 1 Selected physical and chemical soil properties of the three soil 

management practices after 15 years 

 Management practice 

Soil Property NT CT F 

Exchangeable acidity (cmol 

/kg) 0.94 b 0.72 b 2.27 a 

pH 5.5 a 5.4 a 4.9 b 

EC (dS m−1) 5.0 a 4.43 a 3.33 a 

CEC (cmol(+)/kg) 14.7 ab 9.9 b 17.4 a 

P (mg/kg) 12.4 b 36.1 a 2.5 b 

Clay (%) 23.1 a 21.0 a 18.7a 

Coarse Silt (%) 18.8 a 6.60 c 11.8 b 

Fine Silt (%) 31.05 a 19.6b 28.7a 

Coarse sand (%) 2.42 b 6.83 a 7.70 a 

Medium sand (%) 5.35 b 14.2 a 8.04 b 

Fine sand (%) 10.7 b 19.3a 12.1b 

Very fine sand (%) 9.61 a 7.9 b 9.57 f 

OC (%) 3.8 b 2.9 c 5.6 a 

Mean values and standard errors for the three land uses. Values in the same row 

with the same letter are not significantly different at p < 0.05. EC = Electrical 

conductivity, OC = Organic carbon, NT = Native forest, CT = Conventional tillage, F 

= Forest 
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4.2. Effects of soil management on soil aggregate stability 

Land use had significant effects (p < 0.05) on soil aggregate stability measured as 

MWD. Soils under F were the most stable with an MWD of just over 3, whilst soils 

under CT had the lowest MWD value of 1.24 (Fig 4.1). The differences in MWD 

between NT and CT were statistically significant. MWD in F was more than twice that 

of CT (61%), whilst that of NT was 41 % less.No till was 34% greater than CT. 

 

 

Figure 4. 1 Effect of soil management on aggregate stability in the top 0-5 cm depth. 

F = Native forest, NT = No till, CT = Conventional tillage. 

 

4.3 Effect of land use and soil depth on soil organic carbon content 

Both land-use and soil sampling depth had significant effects on SOC content (p < 

0.05). However, the SOC content among the three land-uses varied with depth as 

indicated by statistically significant interaction between land-use and soil depth. There 

was a general decrease in SOC as depth increased for all land-uses except for NT, 
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where no significant differences were observed in SOC across the four soil depth 

layers (Fig 4.2). Within each soil depth, soils under F had the highest SOC content, 

whilst soil under CT had the lowest. The greatest percentage difference in the top 5cm 

was found between F and CT (45%) whilst F and NT had 35%.the same trend was 

observed for all depths, that is greater percentage difference was found between F 

and CT. The lowest percentage difference was observed in the top 10-20cm depth 

between NT and CT (16%). The greatest percentage difference was observed in the 

top 5cm between F and CT (51%). 

 

Figure 4. 2 Effects of soil management and depth on soil organic carbon. Treatment 

means with the same letter are not significantly different. F = Native forest, NT = No 

till, CT = Conventional tillage. 

 

4.4 Effect of land use on microbial biomass carbon 

Soil management had significant effects (p < 0.05) on MBC, with higher values under 

F than CT and NT, which had similar levels (Figure 4.3). forest had 34% more MBC 
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than CT which had 12% more MBC than NT. The greatest percentage difference was 

amongst F and NT (42%). 

 

 

Figure 4. 3 Effects of soil management on microbial biomass in the 0-5 cm depth. 

Treatment means with the same letter are not significantly different. F = Native forest, 

NT = No till, CT = Conventional tillage. 

 

4.5 Land use effects on water-soluble organic carbon 

The WSOC significantly (p < 0.05) differed with land-use, with forest resulting in the 

highest concentrations of WSOC (200.63 µg g-1), whilst NT had the lowest (92.52 µg 

g-1) (Fig 4.4). However, there were no significant differences in WSOC concentration 

between NT and CT. Generally, concentrations of WSOC exhibited a similar response 

to that of MBC i.e. a gradual decrease in the following order F> CT >NT. The greatest 

percentage difference was obtained between F and NT (54%) and the least between 

CT and NT (24%). The difference between F and CT was 39%. 
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Figure 4. 4 Effect of soil management on water soluble organic carbon in the 0-5cm 

depth. Treatment means with the same letter are not significantly different. F = 

Native forest, NT = No till, CT = Conventional tillage. 

 

4.6 Soil management effects on bulk density 

Soil management and soil depth had significant interaction effects (p < 0.05) on soil 

bulk density. Soil bulk density was in the order CT = NT > F in the 0-5 and CT > NT > 

F in the 5-10 cm depths (Fig 4.5). Soil under CT had higher bulk density than both F 

and NT in both the 10-20 cm and 20-30 cm depths. There was no change in bulk 

density in the CT treatment with depth, while in the NT treatment the 0-5 cm depth had 

higher density than the other depths.  

.  
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Figure 4. 5 Effect of soil management and depth on bulk density. Treatment means 

with the same letter are not significantly different. F = Native forest, NT = No till, CT = 

Conventional tillage. 

 

4.7 Effects of soil management and depth on glomalin related soil proteins 

The interaction between land-use and depth also had significant effects (p<0.05) on 

the concentration of easily extractable (EE-GRSP) and total (T-GRSP) glomalin 

related soil proteins (Figure 4.7). The NT treatment had the lowest concentration of 

EE -GRSP than the other two treatments in the 0-5 cm depth, and there were no 

differences among the management practices at deeper soil layers (beyond the 0-5 

cm depth).  
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Figure 4. 6 Effect of soil management and depth on easily extractable glomalin 

related protein (EE-GRSP). Treatment means with the same letter are not 

significantly different. F = Native forest, NT = No till, CT = Conventional tillage. 

 

Interaction between management practice and depth also had significant (p < 0.05) 

effects on T-GRSP concentration. For NT, the highest T-GRSP was observed in the 

0-5 cm depth than other depths. No significant differences were observed on T-GRSP 

concentration across the remaining three soil sampling depths for NT. In contrast, 

under CT, the highest concentration of T-GRSP was observed in both the 10-20 cm 

and 20-30 cm depths than the 0-5 cm and 5-10 cm layers. The T-GRSP concentration 

was in the order F > NT > CT in the 0-5 and F>NT=CT in the 5-10 cm depth. The 

concentration of T-GRSP for soils under forest and NT tended to decrease with depth, 

while in CT the 10-20 and 20-30 cm depths had higher concentrations than the 0-5 

and 5-10 cm depths. The concentrations were in the order CT=F>NT in the 10-20 cm 

depth and CT>F=NT in the 20-30 cm depth. 
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Figure 4. 7 Effect of soil management and depth on total glomalin related soil protein 

(T-GRSP). Treatment means with the same letter are not significantly different. F = 

Native forest, NT = No till, CT = Conventional tillage. 

 

4.8 Relationships of glomalin related soil protein with organic C fractions and 

aggregate stability 

There were strong positive linear relationships between SOC and both EE-GRSP (R2 

= 0.84) (Figure 4.8) and T-GRSP (R2 = 0.83) (Figure 4.8). The linear relationships 

were moderate between WSOC and EE-GRSP (R2 = 0.71) (Figure 4.10) and T-GRSP 

(R2 = 0.6) (Fig 4.10).  However, the relationships between MBC and EE-GRPSP (R² 

= 0.36) and T-GRSP (R² = 0.32) (Fig 4.9, were weak. There were strong positive linear 

relationships between aggregate stability and both EE -GRSP (R2 = 0.72) and T-GRSP 

(R2 = 0.82) (Figure 4.12). There were strong positive linear relationships between SOC 

and WSOC (R² = 0.71) (Figure 4.11).  
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Figure 4. 8 Relationship between soil organic carbon with easily extractible (EE-

GRSP) and total (T-GRSP) glomalin related soil protein. F = Native forest, NT = No 

till, CT = Conventional tillage. 
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Figure 4. 9 Relationship between soil microbial biomass carbon with easily extractible 

(EE-GRSP) and total (T-GRSP) glomalin related soil protein. F = Native forest, NT = 

No till, CT = Conventional tillage. 
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Figure 4. 10 Relationship between water soluble organic carbon (WSOC) and total 

(T-GRSP) and easily extractible (EE-GRSP) glomalin related soil protein in the top 0-

5 cm depth. F = Native forest, NT = No till, CT = Conventional tillage. 
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Figure 4. 11 Relationship between organic carbon content and WSOC in the top 0-5 

cm depth. F = Native forest, NT = No till, CT = Conventional tillage. 
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Figure 4. 12 Relationship between aggregate stability with EE-GRSP and T -GRSP in 

the 0-5 cm depth. F = Native forest, NT = No till, CT = Conventional tillage. 

 

4.9 Relationships of aggregate stability with organic C fractions  

There were strong positive linear relationships between aggregate stability and SOC 

(R2 = 0.92). However, the relationships between aggregate stability and WSOC (R² = 

0.48) and MBC (R² = 0.41) (Fig 4.13) were weak 
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Figure 4. 13 Relationship between aggregate stability with organic C fractions in the 

top -cm depth. F = Native forest, NT = No till, CT = Conventional tillage. 
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CHAPTER 5 

 

DISCUSSION 

 

5.1 Soil organic carbon and glomalin related soil proteins effects on soil 

aggregate stability under different land-uses 

 Soil structure is an important indicator of soil quality due to its effects on water 

retention, infiltration capacity, porosity, and penetration resistance (Bronick and Lal, 

2005), hence water availability to crops and susceptibility to erosion (Six et al 2000).  

Soil aggregate stability is a commonly used as an indicator of soil structure (Bronick, 

Lal, 2005; Six et al., 2000). Aggregate stability is related to MWD (Nimmo and Perkins, 

2002), the higher the MWD the more stable the aggregates are (Le Bissonnais, 1996). 

Le Bissonnais (1996) classified aggregates into 5 groups i.e. when MWD is > 2.0 mm, 

very stable; 1.3-2.0 mm, stable; 0.8 to 1.3 mm, medium; 0.4-0.8 mm, unstable and < 

0.4 mm, very unstable. 

 

Land use and soil management have been shown to affect soil aggregate stability 

through their effects on soil aggregate binding agents and physical breakdown of 

macro-aggregates into micro aggregates (Six et al., 2002; Ashagrie et al., 2007; 

Emadodin et al., 2009). Increased soil disturbance through such practices as continual 

tillage has been shown to reduce aggregate stability through breakdown of macro 

aggregates into macro-aggregates (Ashagrie et al., 2007). In this study soils under F 

had the highest aggregate stability as shown by their higher MWD than the soils under 

other land uses with soil under Conventional Tillage having the lowest. Moreover, the 



 

63 
 

MWD values fell within the very stable to stable categories (Le Bissonnais, 1996).  

MWD for soils under F was more than two times higher than that for those under 

Conventional Tillage. Similar findings were reported by Emadi et al. (2008) and Saha 

et al. (2010). This was attributed to conventional tillage mechanically breaking down 

macro-aggregates into micro-aggregates (Six et al., 2000) and also disruption of 

binding agents such as roots, fungal hyphae, and by-products of microbial synthesis 

and decay (Kabir et al., 1997; Jastrow et al., 1998). On the other hand, reduced soil 

disturbance maintains the integrity of macro-aggregates (Jastrow et al., 1998) hence 

the higher MWD observed for soils under forest. 

 

A study by Wright et al. (1999) examined the influence of no till and conventional tillage 

systems on aggregate stability and observed higher MWD under no till. This was 

attributed to a higher organic carbon content in soils under no till compared to those 

under conventional tillage. Similarly, in this study, higher SOC was observed in soils 

under native Forest and No Till than those under Conventional Tillage (Fig 4.3). This 

finding proposes that tillage can significantly decrease aggregate stability due to 

exposing SOM to decomposition. The resultant low SOM increases soil wettability 

resulting in slaking and rapid breakdown of soil aggregates upon wetting (Le 

Bissonnais, 1996). Under dry conditions, organo-mineral coatings may decrease the 

wettability of aggregate surfaces due to an increased hydrophobicity of the soil organic 

matter (Goebel et al., 2005; Vogelmann et al., 2013). 
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Soil organic carbon and microbial biomass all act as important binding agents for 

aggregation (Six et al., 2004; Bronick and Lal, 2005). Amongst these binding agents 

SOC is considered the most important agent for aggregate stability (Six et al., 2002). 

This is owed to processes such as direct binding of metals by CEC or SOM, or metal-

cation bridges with SOC (Lal et al., 2007). Continuous tillage results in increased loss 

of organic matter by exposing it to decomposition by soil microbes and hence poor 

aggregation. In this study there were highly significant differences (p < 0.0001) in SOC 

among the different land uses as such propose that SOC was amongst the dominant 

mechanisms stabilizing soil aggregates. Soils under Forest had the highest SOC and 

MBC, which agreed with findings by Six et al. (2004) and Bronick and Lal. (2005) who 

showed that SOC and MBC act as binding agents for aggregates. Soil management 

practice had significant effects (p < 0.05) on both SOC and MBC. Conventional tillage 

had the lowest MWD because tillage interrupts the network of mycelium and 

mechanical breakdown of macro-aggregates (Borie et al., 2006), and reduces the 

content of soil organic matter, microbial biomass and faunal activities (Mikha and Rice, 

2004; Sainju et al., 2009; Curaqueo et al., 2011). 

 

The observed aggregate stability was also significantly influenced by GRSP as 

evidenced by a significant positive relationship between both EE-GRSP (R2 = 0.72) 

and T-GRSP (R2 = 0.82). This was in agreement with a number of studies that showed 

that GRSP significantly increases the stability of soil aggregates (Wright and 

Upadhyaya, 1998; Wu et al., 2015; Wright et al., 2007). Glomalin acts as glue, 

cementing aggregates together hence increasing stability. Moreover, glomalin is a 

hydrophobic glycoprotein which reduces wettability of aggregates hence increasing 

stability. Similarly, in this study, the highest MWD was observed in forest soil which 
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coincidentally had the highest EE-GRSP. Conversely, the lowest MWD was observed 

in conventionally cultivated soils, which had lower amounts of GRSP.  

 

5.2 Effects of land use and depth on Soil Organic Carbon 

Concentrations of soil organic carbon decreased significantly with depth under all land 

uses except for no till, which resulted in no significant OC changes with depth. This 

was in contrast to Zhao et al. (2015) who observed decreasing organic level with depth 

under No Till. This was attributed to stratification of OC due to non-perturbation. 

Similar results were obtained by Lopez-Fando and Pardo (2011) who noted that soil 

organic carbon in the 0 – 5 cm was 48 % and 60 % higher in No Till soils compared to 

conventional tillage soils after a period of 17 years. This was due to intensive use of 

mouldboard plough Likewise, Hernanz et al. (2009) observed 14% higher SOC in no-

till soils than in conventional Tillage soils after a period of 20 years.  

 

The top 5 cm depth had the highest OC with native Forest, no till (6.08%and 3.93% 

respectively) having higher concentrations than both CT (3.33%). Forest soils had 

approximately 35% more OC than no Till. In addition, F had the greatest OC for all 

depths studied. The results are similar to those found by Guggenberger and Zech 

(1999) who noted that soils under permanent vegetation with large returns of litter 

(forests and grassland) showed the greatest proportions of SOC. 

 

SOC generally decreases with depth under no till because the non-disturbance of soil 

causes nutrients to accumulate in the top layers of the soil. Similar observations were 
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reported by Zhao et al. (2015) who reported a significant concentration of SOC in the 

surface-soil layers under no till due to high stratification ratios. High stratification ratios 

are key in soil carbon sequestration (Zhao et al., 2015).  However, in this study, there 

were no differences in SOC among the four soil depths for soil under no till. SOC was 

however distributed relatively evenly through the soil profile under conventional tillage. 

This is probably due to the mixing effect of tillage operations which bury residues deep 

in the soil and expose any remaining residue to rapid decomposition.  

 

5.3 Effects of land use on microbial biomass carbon 

The microbial biomass of soil is recognised as a sensitive indicator of soil quality. It is 

highly sensitive to any changes in land-use due to alterations of natural soil 

characteristics brought about by tillage Kara and Bolat (2008). The decrease in tillage 

improves physical, chemical and trophic habitat characteristics of microorganisms, 

consequently enabling microbial growth and enhancing mycorrhizal hyphal density 

and effectiveness (Zhang et al., 2012). In a study on the effect of different land uses 

on soil MBC and nitrogen in Turkey, Kara and Bolat (2008) observed significantly 

higher MBC contents in forest than pasture and cultivated soils thus indicating 

differences in soil microbial activities. In this study, soils under forest had the highest 

MBC than the other two agricultural systems. Moreover, soil under forest had higher 

contents of SOC, which could have contributed to the high MBC content since SOC 

has significant influence on soil microbial activity (Wright et al., 2005). A significant 

positive correlation was observed between SOC and MBC in this study (r2 = 0.59). 

Generally, soil under natural forests tend to have a higher accumulation of plant litter 

and fine roots which promotes growth of soil microbes. Furthermore, the higher MBC 
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under natural forest is possibly due to the significant influence non-disturbance has on 

the quality of soil root environment. It is generally agreed that the high contents of 

MBC generally indicate better soil quality (Xiangmin et al., 2014). Generally, active 

pools of SOM like microbial biomass, are important for soil metabolism, chiefly for the 

turnover of organic matter and the cycling of nutrients in soils. This fraction serves also 

as a short-term reservoir of plant nutrients (Fliebbach and Mader, 2000). 

 

 

 However, there were no differences in the MBC content of soils under no till and 

conventional tillage despite higher SOC in soils under NT than CT. This finding could 

be due to the formation of stable substances such glomalin, which are resistant to 

microbial degradation. In this study, a significant positive relationship was observed 

between SOC and both GRSP fractions. The similarity in MBC content between soils 

under no till and conventional tillage could also be due to the influence of such soil 

properties as soil pH, which was similar among these two land uses. Soil pH is known 

to correlate negatively with MBC, with maximum activity of microbial activity at about 

6.5 (Acosta-Martinez and Tabatabatai, 2000). However, results in this study showed 

that the highest MBC was in forest soil which had the lowest soil pH. This indicates 

that other soil properties have more influence on MBC than soil pH.   

 

5.4 Effects of land use on Water Soluble Organic Carbon 

Water soluble organic carbon is one of the most important active fractions of SOC. It 

is the most labile and mobile form in soil organic matter pools and serves as a potential 
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nutrient source for soil microorganisms and plants (Gregorich et al., 2003). However, 

it is highly sensitive to any changes in land use. Buscot (2005) noted that WSOC in 

the top soil sustains microbial activity in the lower soil layers through its downward 

movement. Therefore, activities such as tillage that reduce soil organic matter inputs 

into the soil reduce the concentration of WSOC (Burton et al., 2007). Soon et al. 2007 

reported higher WSOC under no till than Conventional Tillage. However, in this study, 

there were no differences in WSOC among Conventional Tillage and No Till although 

forest soils had much higher WSOC levels (Fig 4.4). The significantly higher levels of 

WSOC in forest soil were probably due to the high SOC levels observed in these soils 

(Fig 4.2). It has been widely reported that natural systems have less disturbance and 

high concentration of litter which accumulates at the surface thus high SOC levels 

(Novara et al., 2015). Lu et al. (2011) carried out a study aimed at analysing variations 

in WSOC under three types of alpine grasslands and study their relationships with 

environmental factors like moisture and temperature. They observed varying levels of 

WSOC within the same alpine area and concluded that environmental conditions like 

soil temperature and moisture are important factors influencing soil WSOC content. 

Some studies revealed that high soil temperature results in the utilisation of WSOC as 

a microbial substrate since the soluble fraction of organic carbon is the main energy 

substrate for soil microbes (Marschner and Bredow, 2002). The similarity in WSOC 

between soils under no till and conventional tillage contradicts most findings, which 

have shown greater accumulation of WSOC under no till. The lack of differences in 

content of WSOC between the two management systems could be due accumulation 

of fresh residues and less decomposition.   
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5.5 Effects of land use and soil depth on bulk density 

The lower values of bulk density near the surface were likely associated with inputs of 

organic matter from vegetation and were particularly evident for forest soils. Low bulk 

densities were found under no till than Conventional Tillage at all soil depths apart 

from the top 0-5 cm depth. The generally lower bulk density under no till than 

Conventional Tillage at is consistent with findings from several other studies 

(Osunbitan et al.,2005). No tillage reduces soil disturbance as much as possible, which 

in turn maintains and improves soil structure. This is evidenced by the high aggregate 

stability observed under forest and no till than conventional tillage (Fig 4.1). The higher 

OC (Fig 4.2) MBC (Fig 4.3) and WSOC (Fig 4.4) under NT than Conventional Tillage 

also contributed to improved soil structure and hence lower BD values 

Several authors noted that there was greater BD in cultivated soils than those under 

forests (Galantini. and Rosell 1997; Batjes and Dijkshoorn 1999). In all land-uses, bulk 

density except conventional tillage significantly varied with depth. Higher bulk density 

can be attributed to compaction and degradation of soil structure (Igwe, 2001).  

5.6 The effect land use and soil depth on glomalin related soil proteins 

Glomalin related soil protein, a component of soil organic matter, has received much 

attention since the first description by Wright and Upadhyaya (1996). This thermo-

stable protein is reported to play significant roles in the stabilization of soil aggregates 

due to its recalcitrance nature (Treseder and Turner 2007). In this study, the EE-

GRSP, was highest in the 0-5 cm depth in soils obtained from conventionally tilled and 

forest soils than no till.  This contradicted some findings, which showed EE-GRSP is 

affected by tillage (Tang et al., 2009; Rillig et al., 2003). In contrast, T-GRSP was 

highest in soils under forest in both the 0-5 cm and 5-10 cm depths. This finding was 
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in agreement with most findings reported in literature. For instance, Rillig (2003) 

reported lower T-GRSP concentrations in agricultural soils relative to native forest and 

afforested soils. Mechanical disturbances by tillage decrease vegetation and AMF 

abundance, which in turn decreases glomalin production (Treseder and Turner 2007). 

Therefore, cropping systems and land management practices affect T-GRSP levels 

(Wright et al., 2007). In another study Wright et al. (1999) detected substantial 

increases in GRSP concentrations, after a 3-year period of converting from ploughed 

tillage to no-till. In addition, results on the conversion from conventional tillage to no 

till, showed that T-GRSP levels in the studied soil were lower than levels in undisturbed 

grassland. This was also attributed to tillage decreasing glomalin production and 

enhancing its decomposition by decreasing plant litter and AMF abundance (Treseder 

and Turner, 2007). T-GRSP was higher in the lower depth for conventional tillage due 

to indirect effects via soil physiochemical properties and soil nutrients (Wang et al 

2017). In their study they concluded that in deeper soils the higher soil bulk density 

and lower soil water might have contributed to lower EE-GRSP but higher T-GRSP. 

Also, the deeper soils could directly result in a lower SOC, and this nutrient shortage 

in the deep soils in turn resulted in the higher T-GRSP. 

 

  

Both EE-GRSP and T-GRSP were strongly and positively correlated with SOC at each 

depth (Fig 4.6and Fig 4.7), but negatively correlated with soil bulk density. The two 

glomalin fractions were also positively albeit weakly correlated to all SOC fractions. 

This positive relationship between both GRSP fractions and all measured SOC 

fractions showed that GRSP significantly contributes to SOC sequestration. However, 
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the poorer relationship between labile SOC fractions than total indicates that glomalin 

is more recalcitrant than these fractions. Zhang et al. (2017) observed higher 

recalcitrance index of GRSP than that of SOC, thus indicating that GRSP is vital for 

SOC sequestration. These results are similar to the findings of Rillig et al. (2003), 

Emran et al. (2012), Gispert et al. (2013) and; Vasconcellos et al. (2013), who noted 

glomalin to be positively correlated with soil C and N but negatively correlated with soil 

bulk density. Soil C highly correlated with glomalin across all soils and within each 

land-use type, indicating that glomalin may be under similar controls as soil C. The 

higher concentration of T-GRSP under forest, and no till observed in this study is 

consistent with numerous studies (Wright and Anderson 2000; Rillig et al. 2001; 

Harner et al. 2004; Staddon 2005). Glomalin production is usually greater under 

environments that favour AMF activity (Ryan and Graham 2002) or diversity (Helgason 

et al. 1998), such as minimal physical disruption of the soil (Wright et al. 1999; Borie 

et al. 2000; Wright and Anderson 2000), higher levels of plant diversity, or low to 

moderate soil fertility (Treseder and Allen 2002; Lovelock et al. 2004a; Treseder 2004).  

Minimal or no soil disturbance improves soil structure thus promoting actively growing 

mycelia, which freely penetrate the soil and produce higher amounts of total glomalin. 

These differences may be accredited to no soil disturbance in no till system, improving 

the amount and the activity of AMF hyphae in relation to conventional tillage (Cornejo 

et al., 2009; Kabir et al., 1997), and, subsequently, the levels of glomalin (Kabir, 2005). 

The pattern is similar to that observed by other authors. Similarly, Tang et al. (2009) 

found that GRSP decreased with increasing soil depth in farmland (1.60–2.94 mg/g), 

artificial grassland (1.82–3.18 mg/g), and orchard (1.41–1.91 mg/g). This was 

attributed to soil available phosphorus. In their study glomalin was significantly directly 

related with soil available phosphorus and protease (p<0.01). Hence, they concluded 
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that soil available phosphorus, to a large degree, determined the content and 

distribution of soil glomalin.  

 

The highest amount of T-GRSP was found at the top layer (0-5 cm) in Forest (Fig 4.7), 

which had the lowest pH (4.9). Soils with lower pH had significantly higher 

concentrations of GRSP as a consequence of increased organic activity at lower pH 

values.  Fungi tend to thrive better in acidic soils due to less competition from bacteria 

and other organisms. For the reason that glomalin is produced by AMF more GRSP 

is expected in the more acidic soil due to increase activity of AMF (Sarkar, 2003). 
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CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS 

 

6.1 Conclusions 

1. This study demonstrated that greater accumulation of GRSP could cause the 

accumulation of SOC, particularly under native forest. Therefore, land use practices 

that mimic natural forest favour the accumulation of SOC and T-GRSP and should be 

widely adopted. 

 

2. This study also demonstrated that soil disturbance reduced SOC as evidenced by 

higher SOC in soils under forest and no till than those under conventional tillage. This 

observation was consistent at all the sampling depth used in this study. In addition, 

SOC decreased with depth for forest and conventional tillage whilst no differences 

were observed for No Till.  

 

3. The study also showed that GRSP played a greater role in soil aggregate stability 

than labile fractions of SOC. This is especially true for soils under forest had the 

highest MWD values whilst soils under conventional tillage were the least stable. 

Therefore, minimizing disturbance in these soils is likely to increase their stability 

 

4. GRSP concentrations in the sampled soils changed with changes in land use 

and soil depth. There washigher concentration of T-GRSP under forest and no 

till in soil under conventional tillage. It is therefore ideal to mimic natural 

systems in order to increase the concentration of this important natural glue. 
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So, agronomic practices like zero or minimum tillage may improve T-GRSP 

thus ultimately increasing soil structure 

 

6.2 Recommendations 

Clear understanding of the mechanism by which GRSP might influence soil physical 

characteristics is still lacking. It is necessary to determine the relationships between 

GRSP and such important soil properties as clay content across different soil types. It 

is also generally agreed that, mineralogy of the clay fraction has significant influence 

on soil behavior and interacts with other soil properties. It is therefore prudent that 

future studies focus on the influence of clay mineralogy on the concentration of GRSP 

 

 

 

 

 

 

 

 

 

 

 

 



 

75 
 

REFERENCES 

 

Acosta-Martinez, V. and Tabatabai, M.A. 2000. Enzyme activities in a limed 

agricultural soil. Biology and Fertility of soils, 31(1), pp.85-91. 

Aguilera P, Borie F, Seguel A, Cornejo P. 2011. Fluorescence detection of aluminum 

in arbuscular mycorrhizal fungal structures and glomalin using confocal laser 

scanning microscopy. Soil Biol Biochem 43:2427–2431. 

Allwood, J. 2006. Contribution to the conservation agriculture research programme 

development workshop, Eastern Cape Province Department of Agriculture. 

In:Beyond Conservation Agriculture: A science programme on the transition 

from promise to practice. Brussaard, L., and Hebinck, P., (Editors). Workshop 

held at Pretoria, South Africa,12-17 February 2006. 

Amezketa, E.1999. Soil aggregate stability: a review. Journal of sustainable 

agriculture, 14(2-3), 83-151.  

An, S., Mentler, A., Mayer, H., and Blum, W. E. 2010. Soil aggregation, aggregate 

stability, organic carbon and nitrogen in different soil aggregate fractions under 

forest and shrub vegetation on the Loess Plateau, China. Catena, 81(3), 226-

233. 

Angers, D. A., and Caron, J. 1998. Plant-induced changes in soil structure: processes 

and feedbacks. In Plant-induced soil changes: processes and feedbacks p. 55-

72. Springer Netherlands. 

Ashagrie, Y., Zech, W., Guggenberger, G. and Mamo, T. 2007. Soil aggregation, and 

total and particulate organic matter following conversion of native forests to 

continuous cultivation in Ethiopia. Soil and Tillage Research, 94(1), pp.101-

108. 



 

76 
 

Aziz, I., Mahmood, T., Islam, K.R. 2013. Effect of long term no-till and conventional 

tillage practices on soil quality. Soil Tillage Res. 131, 28–35. 

Bai, Z., Caspari, T., Gonzalez, M. R., Batjes, N. H., Mäder, P., Bünemann, E. K., ... 

and Reintam, E. 2018. Effects of agricultural management practices on soil 

quality: A review of long-term experiments for Europe and China. Agriculture, 

Ecosystems and Environment, 265, 1-7. 

Balabane, M. and Plante, A.F. 2004 Aggregation and carbon storage in silty soil using 

physical fractionation techniques. European Journal of Soil Science, 55, 415–

427. 

Baldock, D., and Viñas, J. M. S. 2002. Environmental Integration and the CAP: A 

Report to the European Commision, DG Agriculture. Institute for European 

Environmental Policy. 

Baldock, J. A., and Nelson, P. N. 2000. Soil organic matter. CRC press. 

Barbara S, Fabrizio A 2009. Biodegradability of soil water soluble organic carbon 

extracted from seven different soils. J. Environ. Sci., 21:641-646. 

Barthes, B. and Roose, E. 2002. Aggregate stability as an indicator of soil susceptibility 

to runoff and erosion; validation at several levels. Catena, 47, 133–149. 

Barthès, B.G., Kouakoua, E., Larré-Larrouy, M.C., Razafimbelo, T.M., de Luca, E.F., 

Azontonde, A., Neves, C.S., de Freitas, P.L. and Feller, C.L. 2008. Texture and 

sesquioxide effects on water-stable aggregates and organic matter in some 

tropical soils. Geoderma, 143(1-2), pp.14-25. 



 

77 
 

Barto, E. K., Alt, F., Oelmann, Y., Wilcke, W., and Rillig, M. C. 2010. Contributions of 

biotic and abiotic factors to soil aggregation across a land use gradient. Soil 

Biology and Biochemistry, 42(12), 2316-2324. 

Batjes, N.H. and Dijkshoorn, J.A. 1999. Carbon and nitrogen stocks in the soils of the 

Amazon Region. Geoderma, 89(3-4), pp.273-286. 

Beare, M.H., Hendrix, P.F. and Coleman, D.C. 1994. Water-stable aggregate sand 

organic matter fractions in conventional and no-tillage soils. Soil Science 

Society of America Journal, 58, 777–786. 

Beare, M.H., Hu, S., Coleman, D.C. and Hendrix, P.F. 1997. Influences of mycelial 

fungi on soil aggregation and organic matter storage in conventional and no-

tillage soils. Applied Soil Ecology, 5(3), pp.211-219. 

Bedini, S., Pellegrino, E., Avio, L., Pellegrini, S., Bazzoffi, P., Argese, E., and 

Giovannetti, M. 2009. Changes in soil aggregation and glomalin-related soil 

protein content as affected by the arbuscular mycorrhizal fungal species 

Glomus mosseae and Glomus intraradices. Soil Biology and Biochemistry. 41, 

1491-1496. 

Bethlenfalvay, G. J., Cantrell, I. C., Mihara, K. L., and Schreiner, R. P. 1999. 

Relationships between soil aggregation and mycorrhizae as influenced by soil 

biota and nitrogen nutrition. Biology and Fertility of Soils. 28, 356-363. 

Bird, S. B., J. E. Herrick, M. M. Wander, and S. F. Wright. 2002. Spatial heterogeneity 

of aggregate stability and soil carbon in semi-arid rangeland: Environmental 

Pollution, v. 116, p. 445–455. 



 

78 
 

Blaikie, P. 2016. The political economy of soil erosion in developing countries. 

Routledge. 

Borie, F., Rubio, R., and Morales, A. 2008. Arbuscular mycorrhizal fungi and soil 

aggregation. Revista de la ciencia del suelo y nutrición vegetal. 8, 9-18. 

Borie, F., Rubio, R., Rouanet, J. L., Morales, A., Borie, G., and Rojas, C. 2006. Effects 

of tillage systems on soil characteristics, glomalin and mycorrhizal propagules 

in a Chilean Ultisol. Soil and Tillage Research. 88, 253-261. 

Bossuyt, H., Denef, K., Six, J., Frey, S. D., Merckx, R., and Paustian, K. 2001. 

Influence of microbial populations and residue quality on aggregate 

stability. Applied Soil Ecology, 16(3), 195-208. 

Brady, N. C., 1990, The nature and properties of soils, 10th ed.: New York, Macmillan 

Publishing, p. 227– 230. 

Briedis, C., de Moraes Sá, J.C., Caires, E.F., de Fátima Navarro, J., Inagaki, T.M., 

Boer, A., Neto, C.Q., de Oliveira Ferreira, A., Canalli, L.B. and Dos Santos, J.B. 

2012. Soil organic matter pools and carbon-protection mechanisms in 

aggregate classes influenced by surface liming in a no-till 

system. Geoderma, 170, pp.80-88. 

Bronick, C. J., and Lal, R. 2005. Manuring and rotation effects on soil organic carbon 

concentration for different aggregate size fractions on two soils in northeastern 

Ohio, USA. Soil and Tillage Research, 81(2), 239-252. 

Bronick, C. J., and Lal, R. 2005. Soil structure and management: a 

review. Geoderma, 124(1-2), 3-22. 



 

79 
 

Brown, M. J., Carter, D. L., Lehrsch, G. A., and Sojka, R. E. 1995. Seasonal trends in 

furrow irrigation erosion in southern Idaho. Soil Technology. 8, 119-126. 

Bühmann, C., Beukes, D. J., and Turner, D. P. 2006. Clay mineral associations in soils 

of the Lusikisiki area, Eastern Cape Province, and their agricultural 

significance. South African Journal of Plant and Soil, 23(2), 78-86. 

Buol, S. W., Sanchez, P. A., Weed, S. B., and Kimble, J. M. 1990. Predicted Impact 

of Climatic Warming on Soil Properties and Use 1. Impact of carbon dioxide, 

trace gases, and climate change on global agriculture, 71-82. 

Buscot, F. (2005). Microorganisms in soils: roles in genesis and functions. pp. 139-

153. A. Varma (Ed.). Germany: Springer. 

Calegari, A., and I. Alexander. 1998. The effects of tillage and cover crops on some 

chemical properties of an Oxisol and summer crop yields in southwestern  

Cambardella, A.A., Elliott, E.T., 1992. Particulate soil organic matter changes across 

grassland cultivation sequence. Soil Sci. Soc. Am. J. 56, 777–783. 

Campos, B.H.C.; Amado, T.J.C.; Bayer, C.; Nicoloso, R.S.; Fiorin, J.E. 2011. Carbon 

stock and its compartments in a subtropical oxisol under long-term tillage and 

crop rotation systems. Revista Brasileira de Ciência do Solo 35: 805-817 

Castillo, C. G., Rubio, R., Rouanet, J. L., and Borie, F. 2006. Early effects of tillage 

and crop rotation on arbuscular mycorrhizal fungal propagules in an 

Ultisol. Biology and Fertility of Soils. 43, 83-92. 

Castro Filho, C. D., Lourenço, A., Guimarães, M. D. F., and Fonseca, I. C. B. 2002. 

Aggregate stability under different soil management systems in a red latosol in 

the state of Parana, Brazil. Soil and Tillage Research, 65(1), 45-51. 



 

80 
 

Chaudhary, V. B., Bowker, M. A., O'Dell, T. E., Grace, J. B., Redman, A. E., Rillig, M. 

C., and Johnson, N. C. 2009. Untangling the biological contributions to soil 

stability in semiarid shrublands. Ecological Applications, 19(1), 110-122. 

Chen, Z., Pawluk, S., Juma. N.G., 1998. Impact of variations in granular structure on 

carbon sequestration in tow Alberta Mollisols. In: R Lal (ed). Soil Process and 

Carbon Cycle. Adv. Soil Sci. CRC Press, Boca Raton, FL. pp.225-243 

Chenu, C., Le Bissonnais, Y., and Arrouays, D. 2000. Organic matter influence on clay 

wettability and soil aggregate stability. Soil Science Society of America 

Journal, 64(4), 1479-1486. 

Cornejo P, Meier S, Borie G, Rillig M, Borie F. 2008. Glomalin related soil protein in a 

Mediterranean ecosystem affected by a copper smelter and its contribution to 

Cu and Zn sequestration.Sci Total Environ 406:154–160 

Costa, FDS, Bayer, C., Albuquerque, JA, and Fontoura, SMV (2004). Increase of 

organic matter in a bruno oxisol under no-tillage. Rural science. Santa 

Maria. Vol. 34, n. 2 (Mar./abr. 2004), p. 587-589. 

Cronk, J. K., Curry, J. P., Dent, D., Frankenberger, W. T., Good, J. A., Goswami, N. 

N., ... and Mitsch, W. J. 2012. Advances in Soil Science: Soil Restoration (Vol. 

17). Springer Science and Business Media. 

Curaqueo, G., Barea, J. M., Acevedo, E., Rubio, R., Cornejo, P., and Borie, F. 2011. 

Effects of different tillage system on arbuscular mycorrhizal fungal propagules 

and physical properties in a Mediterranean agroecosystem in central Chile. Soil 

and Tillage Research, 113(1), 11-18. 



 

81 
 

Dai, J. et al. Arbuscular mycorrhizal fungal diversity, external mycelium length, and 

glomalin-related soil protein content in response to long-term fertilizer 

management. J. Soil Sediment 13, 1–11 (2013). 

de Oliveira Filho, L.C.I., Klauberg Filho, O., Baretta, D., Tanaka, C.A.S. and Sousa, 

J.P. 2016. Collembola Community Structure as a Tool to Assess Land Use 

Effects on Soil Quality. Rev Bras Cienc Solo, 40, p.e0150432. 

Denef, K., and Six, J. 2005. Clay mineralogy determines the importance of biological 

versus abiotic processes for macroaggregate formation and 

stabilization. European Journal of Soil Science, 56(4), 469-479. 

Denef, K., Six, J., Bossuyt, H., Frey, S. D., Elliott, E. T., Merckx, R., and Paustian, K. 

2001. Influence of dry–wet cycles on the interrelationship between aggregate, 

particulate organic matter, and microbial community dynamics. Soil Biology and 

Biochemistry. 33, 1599-1611. 

Dıaz-Zorita, M., Perfect, E., and Grove, J. H. 2002. Disruptive methods for assessing 

soil structure. Soil and Tillage Research. 64, 3-22. 

Doran, J.W. and T.B. Parkin. 1996. Quantitative indicators of soil quality: a minimum 

data set. In J.W. Doran and A.J. Jones, eds. Methods for Assessing Soil 

Quality. SSSA, Inc., Madison, Wisconsin, USA 

Driver J.D., Holben W.E., Rillig M.C. 2005 Characterization of glomalin as a hyphal 

wall component of arbuscular mycorrhizal fungi. Soil Biology and Biochemistry 

37, 101–106. 

 Dube, E., Chiduza, C., and Muchaonyerwa, P. 2012. Conservation agriculture effects 

on soil organic matter on a Haplic Cambisol after four years of maize–oat and 



 

82 
 

maize–grazing vetch rotations in South Africa. Soil and Tillage Research, 123, 

21-28. 

Duchicela, J., Sullivan, T. S., Bontti, E., and Bever, J. D. 2013. Soil aggregate stability 

increase is strongly related to fungal community succession along an 

abandoned agricultural field chronosequence in the Bolivian Altiplano. Journal 

of Applied Ecology, 50(5), 1266-1273. 

Duchicela, J., Vogelsang, K. M., Schultz, P. A., Kaonongbua, W., Middleton, E. L., and 

Bever, J. D. 2012. Non‐native plants and soil microbes: potential contributors 

to the consistent reduction in soil aggregate stability caused by the disturbance 

of North American grasslands. New Phytologist, 196(1), 212-222. 

Duiker, S.W., Rhoton, F.E., Torrent, J., Smeck, N.E. and Lal, R.  2003. Iron (hydr) 

oxide crystallinity effects on soil aggregation. Soil Science Society of America 

Journal, 67(2), pp.606-611. 

Emadi, M., Emadi, M., Baghernejad, M., Fathi, H., and Saffari, M. 2008. Effect of land 

use change on selected soil physical and chemical properties in North 

Highlands of Iran. Journal of Applied Sciences, 8(3), 496-502. 

Emran M, Gispert M, Pardini G (2012) Patterns of soil organic carbon, glomalin and 

structural stability in abandoned Mediterranean terraced lands. Eur J Soil Sci 

63:637–649 

Eswaran, H., Lal, R., and Reich, P. F. 2001. Land degradation: an 

overview. Responses to Land degradation, 20-35. 



 

83 
 

Etcheverría P .2009. Glomalin in evergreen forest associations, deciduousforest and 

a plantation of Pseudotsuga menziesii in the X Región, Chile. PhD 

dissertation, Universidad de La Frontera. 

Fang, X., Wang, Q., Zhou, W., Zhao, W., Wei, Y., Niu, L. and Dai, L. 2014. Land use 

effects on soil organic carbon, microbial biomass and microbial activity in 

Changbai Mountains of Northeast China. Chinese geographical science, 24(3), 

pp.297-306. 

 Favis-Mortlock, D. 2005. Soil erosion site. Available on-line: http://soilerosion. 

net/main.html. 

Figueiredo, C.C.; Resck, D.V.S.; Carneiro, M.A. 2010. Labile and stable fractions of 

soil organic matter under management systems and native cerrado. Revista 

Brasileira de Ciência do Solo 34: 907-916 

Figueiredo, C.C.; Resck, D.V.S.; Carneiro, M.A.; Ramos, M.L.G.; Sá, J.C.M. 2013. 

Stratification ratio of organic matter pools influenced by management systems 

in a weathered Oxisol from a tropical agro-ecoregion in Brazil. Soil Research 

51: 133-141 

Finlay, R. D. 2008. Ecological aspects of mycorrhizal symbiosis: with special emphasis 

on the functional diversity of interactions involving the extraradical 

mycelium. Journal of experimental botany, 59(5), 1115-1126. 

Fliebbach, A., Mader, P. 2000. Microbial biomass and size-density fractions differ 

between soils of organic and conventional agricultural systems. Soil Biology 

and Biochemistry 32, 757–768. 

Fokom, R., Teugwa, M. C., Nana, W. L., Ngonkeu, M. E. L., Tchameni, S., Nwaga, D., 

... and Amvam Zollo, P. H. (2013). Glomalin, carbon, nitrogen and soil 



 

84 
 

aggregate stability as affected by land use changes in the humid forest zone in 

South Cameroon. Appl Ecol Environ Res, 11(4), 581-92. 

Franzluebbers, A.J., Hons, F.M. and Zuberer, D.A. 1995. Soil organic carbon, 

microbial biomass, and mineralizable carbon and nitrogen in sorghum. Soil 

Science Society of America Journal, 59(2), pp.460-466. 

Franzluebbers, A.J., Langdale, G.W., Schomberg, H.H., 1999. Soil carbon, nitrogen, 

and aggregation in response to type and frequency of tillage. Soil Sci. Soc. Am. 

J.63, 349–355. 

Frey, S.D., E.T. Elliott, and K. Paustian. 1999. Bacterial and fungal abundance and 

biomass in conventional and no-tillage agroecosystems along two climatic 

gradients. Soil Biol. Biochem. 31:573–585 

Gadkar, V., and Rillig, M. C. 2006. The arbuscular mycorrhizal fungal protein glomalin 

is a putative homolog of heat shock protein 60. FEMS Microbiology 

Letters, 263(1), 93-101. 

Galantini, J.A. and Rosell, R.A. 1997. Organic fractions, N, P and S changes in an 

Argentine semiarid Haplustoll under different crop sequences. Soil and Tillage 

Research, 42(3), pp.221-228. 

Gardi, C., Jeffery, S., Saltelli, A., 2013. An estimate of potential threats levels to soil 

biodiversity in EU. Glob. Change Biol. 19, 1538–1548 

GispertM, EmranM, PardiniG,Doni S, Ceccanti B (2013) The impact of land 

management and abandonment on soil enzymatic activity, glomalin content 

and aggregate stability. Geoderma 202–203:51–61 



 

85 
 

Goebel, M.-O., Bachmann, J., Woche, S.K., Fischer, W.R., 2005. Soil wettability, 

aggregate stability, and the decomposition of soil organic matter. Geoderma, 

128, 80–93. 

Golchin, A., Oades, J. M., Skjemstad, J. O., and Clarke, P. 1994. Soil structure and 

carbon cycling. Soil Research, 32(5), 1043-1068. 

Golchin, A., Oades, J.M., Skjemstad, J.O. and P. Clarke 1994. Study of free and 

occluded particulate organic matter in soils by solid state 13C CP/MAS NMR 

spectroscopy and scanning electron microscopy. Australian Journal of Soil 

Research 32, 285–309 

Gonzalez-Chávez MC, Carrillo-Gonzalez M, Wright SF, Nichols KA. 2004. The role of 

glomalin, a protein produced by arbuscular mycorrhizal fungi, in sequestering 

potentially toxic elements. Environ Pollut 130:317–323. 

González-Guerrero M, Melville LH, Ferrol N et al. 2008. Ultrastructural localization of 

heavy metals in the extraradical mycelium and spores of the arbuscular 

mycorrhizal fungus Glomus intraradices. Can J Microbiol 54:103–110. 

Gosling P., Hodge A., Goodlass G., Bending G.D. 2006. Arbuscular mycorrhizal fungi 

and organic farming. Agriculture, Ecosystems and Environment 113, 17-35. 

Gregorich, E.G., Beare, M.H., Stoklas, U. and St-Georges, P. 2003. Biodegradability 

of soluble organic matter in maize-cropped soils. Geoderma, 113(3-4), pp.237-

252. 

Guggenberger G and Zech W. 1999. Soil organic matter composition under primary 

forest, pasture, and secondary forest succession, Region Huetar Norte, Costa 

Rica. Forest Ecology and Management 1241:93-104. 



 

86 
 

Gupta, V. V. S. R., and Germida, J. J. 1988. Distribution of microbial biomass and its 

activity in different soil aggregate size classes as affected by cultivation. Soil 

Biology and Biochemistry. 20, 777-786. 

Gupta, V.V. and Germida, J.J. 2015. Soil aggregation: Influence on microbial biomass 

and implications for biological processes. Soil Biology and Biochemistry, 80, 

pp.A3-A9. 

Haddad M J, and Sarkar D. 2003. Glomalin, a newly discovered component of soil 

organic matter: Part II Relationship with soil properties. Environmental 

Geosciences, 10: 99–106. 

Haddad, M. J., and Sarkar, D. 2003. Glomalin, a newly discovered component of soil 

organic matter: Part I Environmental significance. Environmental 

Geosciences, 10(3), 91-98. 

Haghighi F, Gorji M, Shorafa M .2010. A study of the effects of land use changes on 

soil physical properties and organic matter. Land Degrad Develop. 21:496–

502. 

Hamza, M.A., Anderson, W.K. 2005. Soil compaction in cropping systems: a review of 

the nature: causes and possible solutions. Soil Tillage Res. 82, 121–145. 

Harner, M.J., P.W. Ramsey, and M.C. Rillig. 2004. Protein accumulation and 

distribution in floodplain soils and river foam. Ecology Letters 7: 829–836. 

Hassink, J. 1995. Density fractions of soil macroorganic matter and microbial biomass 

as predictors of C and N mineralization. Soil Biology and Biochemistry, 27(8), 

pp.1099-1108. 



 

87 
 

Haynes, R. J., and Naidu, R. 1998. Influence of lime, fertilizer and manure applications 

on soil organic matter content and soil physical conditions: a review. Nutrient 

cycling in agroecosystems, 51(2), 123-137. 

Haynes, R.J. and Beare, M.H., 1997. Influence of six crop species on aggregate 

stability and some labile organic matter fractions. Soil Biol. Biochem.9, 1647-

1653. 

Haynes, R.J. 2005. Labile organic matter fractions as central components of the 

quality of agricultural soils: an overview. Advances in Agronomy 85: 221-268 

Helgason, T., Daniell, T.D., Husband, R., Fitter, A.H., Young and J.P.W. 1998. 

Plouging up the wood wide web? Nat., 394-431. 

Hernandez, G. Y. 2001. Controls on glomalin production| Effect of host carbon supply, 

arbuscular mycorrhizal fungal species and cellular mechanism of secretion. 

Hobbs, P. R. 2007. Conservation agriculture: what is it and why is it important for future 

sustainable food production? The Journal of Agricultural Science, 145(2), 127. 

Hoffman, M. T., and Todd, S. 2000. A national review of land degradation in South 

Africa: the influence of biophysical and socio-economic factors. Journal of 

Southern African Studies, 26(4), 743-758. 

Hontoria, C., Vel´asquez, R., Benito, M., Almorox, J. and Moliner, A. 2009.Bradford-

reactive soil proteins and aggregate stability under abandoned versus tilled 

olive groves in a semi-arid calcisol. Soil Biology andBiochemistry, 41, 1583–

1585.35, 245–261. 

Igwe C.A., 2001. Effects of land use on some structural properties of an Ultisol in SE 

Nigeria. Int. Agrophysics, 15, 237-241. 



 

88 
 

Islam, K.R., Weil, R.R., 2000. Soil quality indicator properties in mid-Atlantic soils as 

influenced by conservation management. J. Soil Water Conserv. 55, 69–78. 

management. Agric. Ecosyst. Environ. 88, 195–214. 

Iuñes de Oliveira Filho, L. C., Klauberg Filho, O., Baretta, D., Shinozaki Tanaka, C. A., 

and Sousa, J. P. (2016). Collembola community structure as a tool to assess 

land use effects on soil quality. Revista Brasileira de Ciência do Solo, 40. 

Jansa, J., Mozafar, A., Anken, T., Ruh, R., Sanders, I., and Frossard, E. 2002. 

Diversity and structure of AMF communities as affected by tillage in a temperate 

soil. Mycorrhiza, 12(5), 225-234. 

Jansa, J.J., Mozafar, A.M., Anken, T.A., Ruh, R.R., Sanders, I.S. and Frossard, E.F. 

2002 Diversity and structure of AMF communities as affected by tillage in a 

temperate soil. Mycorrhiza, 12, 225–234 

Jastrow, J. D. 1996. Soil aggregate formation and the accrual of particulate and 

mineral-associated organic matter. Soil Biology and Biochemistry. 28, 665-676. 

Jastrow, J. D., Michael Miller, R., Matamala, R., Norby, R. J., Boutton, T. W., Rice, C. 

W., and Owensby, C. E. 2005. Elevated atmospheric carbon dioxide increases 

soil carbon. Global Change Biology, 11(12), 2057-2064. 

Jastrow, J.D., Miller, R.M. and Lussenhop, J. 1998. Contributions of interacting 

biological mechanisms to soil aggregate stabilization in restored prairie. Soil 

Biology and Biochemistry, 30(7), pp.905-916. 

Jien, S. H., and Wang, C. S. 2013. Effects of biochar on soil properties and erosion 

potential in a highly weathered soil. Catena, 110, 225-233. 



 

89 
 

John, B., Yamashita, T., Ludwig, B. and Flessa, H. 2005. Storage of organic carbon in 

aggregate and density fractions of silty soils under different types of land use. 

Geoderma, 128, 63–79. 

Jonathan, J.H., Javier, M.G. 2006. Bradford reactive soil protein in Appalachian soils: 

distribution and response to incubation, extraction reagent and tannins. Plant 

and Soil 286, 339–356 

Kabir, Z. 2005. Tillage or no-tillage: impact on mycorrhizae. Can. J. Plant Sci. 85, 23–

29. 

Kabir, Z., O’Halloran, I.P., Fyles, J.W. and Hamel, C. 1997. Seasonal changes of 

arbuscular mycorrhizal fungi as affected by tillage practices and fertilization: 

hyphal density and mycorrhizal root colonization. Plant and Soil, 192, 285–293. 

Kara O., and Bolat I. 2008. The effect of different land uses on soil microbial biomass 

carbon and nitrogen in Barton province. Turkish Journal of Agriculture. 32: 281-

288. 

Kibblewhite, M.G., R.J.A. Jones, R. Baritz, S.Huber, D. Arrouays, E. Micheli, et al., 

Environmental assessment of soil for monitoring, Vol. 6: Soil Monitoring System 

for Europe, EUR 23490 EN/6, Office for the Official Publications of the 

European Communities Luxembourg, 2008.  

Kladivko, E.J. 2001. Tillage systems and soil ecology. Soil and Tillage Research, 61(1-

2), pp.61-76. 

Lado, M., Ben-Hur, M., and Shainberg, I. 2004. Soil wetting and texture effects on 

aggregate stability, seal formation, and erosion. Soil Science Society of 

America Journal, 68(6), 1992-1999. 



 

90 
 

Laker, M. C. 2004. Advances in soil erosion, soil conservation, land suitability 

evaluation and land use planning research in South Africa, 1978–2003. South 

African Journal of Plant and Soil, 21(5), 345-368. 

Laker, M.C. 2005: South Africa’s Soil Resources and Sustainable Development. Soil 

Science. Pretoria: University of Pretoria. From three different farming 

systems. Soil Till.Res. 94, 546-549. 

Lal, R.  2001. Soil degradation by erosion. Land degradation and development. 12, 

519-539. 

Lal, R. 1994. Soil erosion research methods. CRC Press. 

Lal, R. 1997. Soil degradative effects of slope length and tillage methods on alfisols in 

western Nigeria. I. Runoff, erosion and crop response. Land Degradation and 

Development. 8, 201-219. 

Lal, R. 2013. Intensive agriculture and the soil carbon pool. Journal of Crop 

Improvement, 27(6), 735-751. 

Lal, R. 2015. Soil carbon sequestration and aggregation by cover cropping. Journal of 

Soil Water Conservation. (In press). 

Lal, R., and Stewart, B. A. (Eds.). 1990. Soil degradation (No. 631.45/L193). New 

York: Springer-Verlag. 

Lal, R., Kimble, J. M., Rice, C. W., Reed, D., Mooney, S., and Follett, R. F. 2007. Soil 

carbon management: economic, environmental and societal benefits. CRC 

press. 

 Lal, R., M. K. Shukla, 2004. Principles of Soil Physics. Marcel Dekker, Inc., New York, 

NY, 716 p.  



 

91 
 

Le Bissonnais, Y.L., 1996. Aggregate stability and assessment of soil crustability and 

erodibility: I. Theory and methodology. European Journal of Soil 

Science, 47(4), pp.425-437. 

Le Roux, J. J., Newby, T. S., and Sumner, P. D. 2007. Monitoring soil erosion in South 

Africa at a regional scale: review and recommendations. South African Journal 

of Science, 103(7-8), 329-335. 

Le Roux, J.J., Newby, T.S. and Sumner, P.D. 2007. Monitoring soil erosion in South 

Africa at a regional scale: review and recommendations. S. Afr. J. Sc. 03, 329-

335. 

Levy, G. J., and Mamedov, A. I. 2002. High-energy-moisture-characteristic aggregate 

stability as a predictor for seal formation. Soil Science Society of America 

Journal, 66(5), 1603-1609. 

Levy, G. J., Mamedov, A. I., and Goldstein, D. 2003. Sodicity and water quality effects 

on slaking of aggregates from semi-arid soils 1. Soil Science, 168(8), 552-562. 

Linquist, B.A., Singleton, P.W., Yost, R.S., Cassman, K.G., 1997.Aggregate size 

effects on the sorption and release of phosphorus in an Ultisol. Soil Sci. Soc. 

Am. J. 61, 160–166. 

López-Fando, C. and Pardo, M.T. 2011. Soil carbon storage and stratification under 

different tillage systems in a semi-arid region. Soil and Tillage 

Research, 111(2), pp.224-230. 

Lovelock, C.E., Wright, S.F., Clark, D.A., Ruess, R.W., 2004. Stocks of glomalin 

produced by arbuscular mycorrhizal fungi in soil across a tropical rain forest 

landscape. J. Ecol. 92, 278–287. 



 

92 
 

Lu, X., Fan, J., Yan, Y. and Wang, X. 2011. Soil water soluble organic carbon under 

three alpine grassland types in Northern Tibet, China. African Journal of 

Agricultural Research, 6(9), pp.2066-2071. 

Mandiringana, O. T., Mnkeni, P. N. S., Mkile, Z., Van Averbeke, W., Van Ranst, E., 

and Verplancke, H. 2005. Mineralogy and fertility status of selected soils of the 

Eastern Cape Province, South Africa. Communications in Soil Science and 

Plant Analysis, 36(17-18), 2431-2446. 

Manyevere, A., Muchaonyerwa, P., Mnkeni, P. N. S., and Laker, M. C. 2016. 

Examination of soil and slope factors as erosion controlling variables under 

varying climatic conditions. Catena, 147, 245-257. 

Marschner B, Kalbitz K .2003. Controls of bioavailability and biodegradability of 

dissolved organic matters in soils. Geoderma, 113: 211-235. 

Marschner, B. and Bredow, A. 2002. Temperature effects on release and ecologically 

relevant properties of dissolved organic carbon in sterilised and biologically 

active soil samples. Soil Biology and Biochemistry, 34(4), pp.459-466. 

Meena, R. S., Gogoi, N., and Kumar, S. 2017. Alarming issues on agricultural crop 

production and environmental stresses. 

Miller, R. M., and Jastrow, J. D. 1990. Hierarchy of root and mycorrhizal fungal 

interactions with soil aggregation. Soil Biology and Biochemistry. 22, 579-584. 

Miller, R. M., and Jastrow, J. D. 1992. The Role of Mycorrhizal Fungi in Soil 

Conservation 1. Mycorrhizae in sustainable agriculture, (mycorrhizaeinsu), 29-

44. 



 

93 
 

Miller, R. M., and Jastrow, J. D. 1992. The role of mycorrhizal fungi in soil 

conservation. Mycorrhizae in sustainable agriculture. 29-44. 

Miller, R. M., and Jastrow, J. D. 2000. Mycorrhizal fungi influence soil structure. 

In Arbuscular mycorrhizas: physiology and function (pp. 3-18). Springer, 

Dordrecht. 

Miller, R. M., and Jastrow, J. D. 2000. Mycorrhizal fungi influence soil structure. 

In Arbuscular mycorrhizas: physiology and function. p 3-18. Springer 

Netherlands. 

Mirsky, S.B., W.S. Curran, D.M. Mortensen, M.R. Ryan, and D.L. Shumway. 2011. 

Timing of cover-crop management effects on weed suppression in no-till 

planted soybean using a roller-crimper. Weed Science 59(3):380-389. 

Moore, J.C., Berlow, E.L., Coleman, D.C., de Ruiter, P.C., Dong, Q., Hastings, A., 

Johnson,N.C., McCann, K.S., Melville, K., Morin, P.J., Nadelhoffer, K., 

Rosemond, A.D., Post,D.M., Sabo, J.L., Scow, K.M., Vanni, M.J., Wall, D.H., 

2004. Detritus, trophic dynamics and biodiversity. Ecol. Lett. 7, 584–600. 

Moyer, J.R., R.E. Blackshaw, E.G. Smith, and S.M. McGinn. 2000. Cereal cover crops 

for weed suppression in a summer fallow-wheat cropping sequence. Canadian 

Journal of Plant Science 80(2):441-449. 

Mukhebi, A., Mbogoh, S., and Matungulu, K. 2011. An overview of the food security 

situation in eastern Africa. Economic commission for Africa sub-regional office 

for eastern Africa. 

Mulibana N.E. 2001. Analysis and synthesis of data on relationships between soil 

factors and soil erosion in South Africa. M.Inst.Agrar. thesis, University of 

Pretoria, South Africa. 



 

94 
 

Mupambwa, H. A., and Wakindiki, I. I. C. 2012. Influence of mono-and biculture cover 

cropping systems on soil polysaccharides and aggregate stability in a sandy 

loam Oakleaf soil in Eastern Cape, South Africa. South African Journal of Plant 

and Soil, 29(3-4), 165-171. 

Murungu, F. S., Chiduza, C., and Muchaonyerwa, P. 2010. Biomass accumulation, 

weed dynamics and nitrogen uptake by winter cover crops in a warm-temperate 

region of South Africa. African Journal of Agricultural Research, 5(13), 1634-

1644. 

Nciizah, A. D., and Wakindiki, I. I. C. 2012. Particulate organic matter, soil texture and 

mineralogy relations in some Eastern Cape ecotopes in South Africa. South 

African Journal of Plant and Soil, 29(1), 39-46. 

Nelson, D.W., Sommers, L.E., 1982. Total carbon, organic carbon, and organic 

matter.In: Methods of Soil Analysis. Part 2. Chemical and Microbiological 

Properties,2nd ed. American Society of Agronomics, Madison, WI. 

Nichols, K. A., and Wright, S. F. 2004. Contributions of fungi to soil organic matter in 

agroecosystems. Soil organic matter in sustainable agriculture. CRC Press, 

Boca Raton, 179-198. 

Nichols, K.A., Wright, S.F. 2005. Comparison of glomalin and humic acid in eight 

native U.S. soils. Soil Sci. 170, 985–997. 

Nichols, K.A., Wright, S.F. 2006. Carbon and nitrogen in operationally defined soil 

organic matter pools. Biol. Fertil. Soil 43, 215–220. 

Nimmo, J.R. and Perkins, K.S. 2002. 2.6 Aggregate stability and size 

distribution. Methods of soil analysis: part, 4, pp.317-328. 



 

95 
 

Norton, L. D., Mamedov, A. I., Huang, C., and Levy, G. J. 2006. Soil aggregate stability 

as affected by long-term tillage and clay type. Advances in GeoEcology, 38, 

422-429. 

Novara, A., Rühl, J., La Mantia, T., Gristina, L., La Bella, S. and Tuttolomondo, T. 

2015. Litter contribution to soil organic carbon in the processes of agriculture 

abandon. Solid Earth, 6(2), pp.425-432. 

Oades, J. M., and Waters, A. G.1991. Aggregate hierarchy in soils. Soil 

Research, 29(6), 815-828. 

Oades, J.M. 1993. The role of biology in the formation, stabilization and degradation 

of soil structure. In Soil Structure/Soil Biota Interrelationships (pp. 377-400). 

Odhiambo, J.J. and Bonke, A.A. 2001. Grass and legume cover crop effects on dry 

matter and nitrogen accumulation. Agron. J. 93:299–307. 

 Ogundiran M.B and Osibanjo, O .2009 Mobility and speciation of heavy metals in soils 

impacted by hazardous waste, Chemical Speciation and Bioavailability, 21:2, 

59-69. 

Ohno T, Fernandez IJ, Hiradate S, Shermann JF 2007. Effects of soil acidification and 

forest type on water soluble soil organic matter properties. Geoderma, 140: 

176-187. 

Osunbitan, J. A., Oyedele, D. J., and Adekalu, K. O. 2005. Tillage effects on bulk 

density, hydraulic conductivity and strength of a loamy sand soil in 

southwestern Nigeria. Soil and Tillage Research, 82(1), 57-64. 

Pagliai, M., Vignozzi, N., and Pellegrini, S. 2004. Soil structure and the effect of 

management practices. Soil and Tillage Research, 79(2), 131-143. 



 

96 
 

Peng, X., Yan, X., Zhou, H., Zhang, Y.Z. and Sun, H., 2015. Assessing the 

contributions of sesquioxides and soil organic matter to aggregation in an Ultisol 

under long-term fertilization. Soil and Tillage Research, 146, pp.89-98. 

Peng, X.; Yan, X.; Zhou, H.; Zhang, Y.Z.; Sun, H. 2015. Assessing the contributions 

of sesquioxides and soil organic matter to aggregation in an Ultisol under long-

term fertilization. Soil Tillage Res. 146, 89–98 

Pikul, J.L. Jr, Osborne, S., Ellsbury, M. and Riedell, W. 2007. Particulate organic 

matter and water-stable segregation of soil under contrasting management. 

Soil Science Society  

Pimentel, D. 2006. Soil erosion: a food and environmental threat. Environment, 

development and sustainability, 8(1), 119-137. 

Pimentel, D., Harvey, C., Resosudarmo, P., and Sinclair, K. 1995. Environmental and 

economic costs of soil erosion and conservation benefits. Science. 267, 1117. 

Piotrowski, J.S., Denich, T., Klironomos, J.N., Graham, J.M. and Rillig, M.C. 2004. The 

effects of arbuscular mycorrhizas on soil aggregation depend on the interaction  

Pittelkow, C.M., Linquist, B.A., Lundy, M.E., Liang, X., van Groenigen, K.J., Lee, J., 

van Kessel, C. 2015. When does no-till yield more? A global meta-analysis. 

Field Crops Res. 183, 156–168. 

Portella, C. M. R., Guimarães, M. D. F., Feller, C., Fonseca, I. C. D. B., and Tavares 

Filho, J. 2012. Soil aggregation under different management systems. Revista 

Brasileira de Ciência do Solo, 36(6), 1868-1877. 

Preger, A. C., Rillig, M. C., Johns, A. R., Du Preez, C. C., Lobe, I., and Amelung, W. 

2007. Losses of glomalin-related soil protein under prolonged arable cropping: 



 

97 
 

a chronosequence study in sandy soils of the South African Highveld. Soil 

Biology and Biochemistry, 39(2), 445-453. 

Pretty, J. 2008. Agricultural sustainability: Concepts, principles and evidence. 

Philosophical Transactions of the Royal Society B-Biological Sciences 

363(1491):447-465. 

Prove, B.G., Loch, R.J., Foley, J.L., Anderson, V.J., Younger, D.R., 1990. 

Improvements in aggregation and infiltration characteristics of a krasnozem 

under maize with direct drill and stubble retention. Aust. J. Soil Res. 28, 577–

590. 

Pulleman, M., Jongmans, A., Marinissen, J. and J. Bouma. 2003. Effects of organic 

versus conventional arable farming on soil structure and organic matter 

dynamics in a marine loam in the Netherlands. Soil Use and Management 19, 

157–165. 

Purin, S., Filho, O.K., Sturmer, S.L. 2006. Mycorrhizae activity and diversity in 

conventional and organic apple orchards from Brazil. Soil Biol. Biochem. 

38,1831–1839. 

Purin, S., Rillig, M.C. 2007. The arbuscular mycorrhizal fungal protein glomalin: 

limitations, progress, and a new hypothesis for its function. Pedobiologia 

51,123–130. 

Quanying, W.; Yang, W.; Qicun, W.; Jingshuang, L. 2014. Impacts of 9 years of a new 

conservational agricultural management on soil organic carbon fractions. Soil 

and Tillage Research 143: 1-6. 



 

98 
 

Ramos, M.E., Benitez, E., Garcia P.A. and Robles, A.B. 2010. Cover crops under 

different managements vs. frequent tillage in almond orchards in semiarid 

conditions: Effects on soil quality. App Soil Eco. 44, 6–14 

Regelink, I.C., Stoof, C.R., Rousseva, S., Weng, L., Lair, G.J., Kram, P., Nikolaidis, 

N.P., Kercheva, M., Banwart, S. and Comans, R.N. 2015. Linkages between 

aggregate formation, porosity and soil chemical properties. Geoderma, 247, 

pp.24-37. 

Reichert, J. M., and Norton, L. D. 1994. Aggregate stability and rain-impacted sheet 

erosion of air-dried and prewetted clayey surface soils under intense rain. Soil 

Science, 158(3), 159-169. 

Reynolds, J. F., and Stafford Smith, D. M. 2002. Do humans cause deserts. Global 

desertification: do humans cause deserts, 1-21. 

Rillig M C, Wright S F, Allen M F and Field C B .1999. Rise in carbon dioxide changes 

soil structure. Nature 400, 628. 

Rillig MC, Ramsey PW, Morris S, Paul EA. 2003. Glomalin, an arbuscularmycorrhizal 

fungal soil protein, responds to land-use change. Plant and Soil 253: 293–299. 

Rillig, M. C. 2004. Arbuscular mycorrhizae, glomalin, and soil aggregation. Canadian 

Journal of Soil Science, 84(4), 355-363. 

Rillig, M. C., and Steinberg, P. D. 2002. Glomalin production by an arbuscular 

mycorrhizal fungus: a mechanism of habitat modification? Soil Biology and 

Biochemistry, 34(9), 1371-1374. 

Rillig, M. C., Hernandez, G. Y., and Newton, P. C. D. 2000. Arbuscular mycorrhizae 

respond to elevated atmospheric CO2 after long‐term exposure: evidence from 



 

99 
 

a CO2 spring in New Zealand supports the resource balance model. Ecology 

Letters, 3(6), 475-478. 

Rillig, M. C., Ramsey, P. W., Morris, S., and Paul, E. A. 2003. Glomalin, an arbuscular-

mycorrhizal fungal soil protein, responds to land-use change. Plant and 

Soil, 253(2), 293-299. 

Rillig, M. C., Treseder, K. K., and Allen, M. F. 2002. Global change and mycorrhizal 

fungi. In Mycorrhizal ecology (pp. 135-160). Springer, Berlin, Heidelberg. 

Rillig, M. C., Wright, S. F., and Eviner, V. T. 2002. The role of arbuscular mycorrhizal 

fungi and glomalin in soil aggregation: comparing effects of five plant 

species. Plant and Soil. 238, 325-333. 

Rillig, M., B. Caldwell, H.B. Wösten, and P. Sollins. 2007. Role of proteins in soil 

carbon and nitrogen storage: Controls on persistence. Biogeochemistry 85: 25–

44. 

Rillig, M.C. 2005. A connection between fungal hydrophobins and soil water 

repellency? Pedobiologia 49: 395–399. 

Rillig, M.C., 2004. Arbuscular mycorrhizae, glomalin and soil quality. Canadian Journal 

of Soil Science 84, 355–363. 

 Rillig, M.C., and D.L. Mummey. 2006. Mycorrhizas and soil structure. New Phytologist 

171: 41–53. Rillig, M.C., and P.D. Steinberg. 2002. Glomalin production by an 

arbuscular mycorrhizal fungus: A mechanism of habitat modification? Soil 

Biology and Biochemistry 34: 1371–1374.  



 

100 
 

Rillig, M.C., Field, C.B., Allen, M.F., 1999. Fungal root colonization responses in 

natural grasslands after long-term exposure to elevated CO2. Global Change 

Biology 5, 577–585. 

Rillig, M.C., Ramsey, P.W., Morris, S., Paul, E.A., 2003. Glomalin and arbuscular 

mycorrhizal fungi soil protein, responds to land-use change. Plant Soil 

253,293–299. 

Rillig, M.C., S.F. Wright, K.A. Nichols, W.F. Schmidt, and M.S. Torn. 2001. Large 

contribution of arbuscular mycorrhizal fungi to soil carbon pools in tropical forest 

soils. Plant and Soil 233: 167–177.  

Rillig, M.C., Wright, S.F., Eviner, V.T., 2002. The role of Arbuscular Mycorrhizal fungi 

and glomalin in soil aggregation: comparing effects of five plant species. Plant 

Soil 238, 325–333. 

Rosier C.L., Hoye A.T., Rillig M.C., 2006. Glomalin-related soil protein: Assessment 

of current detection and quantification tools. Soil Biology and Biochemistry 38, 

2205–2211. 

Rosier, C.L., S.J. Piotrowski, A.T. Hoye, and M.C. Rillig. 2008. Intraradical protein and 

glomalin as a tool for quantifying arbuscular mycorrhizal root colonization. 

Pedobiologia. 52:41-50.  

Rouhier, H. and D.J. Read. 1998. The role of mycorrhiza in determining the response 

of Plantago lanceolata to CO2 enrichment. New Phytol. 139:367–373. 

Rovira, P. and Vallejo, V.R. 2003. Physical protection and biochemical quality of 

organic matter in Mediterranean calcareous forest soils. Soil Biology and 

Biochemistry,  



 

101 
 

Sainju, U. M., Schomberg, H. H., Singh, B. P., Whitehead, W. F., Tillman, P. G., and 

Lachnicht-Weyers, S. L. (2007). Cover crop effect on soil carbon fractions under 

conservation tillage cotton. Soil and Tillage Research, 96(1-2), 205-218. 

Salazar S, Sanchez L, Alvarez J, Valverde A, Galindo P, Igual J, Peix A, SantaRegina 

I 2011: Correlation among soil enzyme activities under different forest system 

management practices. Ecol. Eng., 37, 1123–1131. doi: 

10.1016/j.ecoleng.2011.02.007 

Scherr, S. J., and Yadav, S. 1996. Land degradation in the developing world. Issues 

and policy options for, 2020. 

Schindler, F.A., Mercer, E.J., Rice, J.A., 2007. Chemical characteristics of glomalin 

related soil protein (GRSP) extracted from soils of varying organic matter 

content. Soil Biology and Biochemistry 39, 320–329. 

Schnabel RR, Dell CJ, Shaffer JA 2002. Filter, inoculum and time effects on 

measurements of biodegradable water-soluble organic carbon in soil. Soil Biol. 

Biochem., 34: 737-739 

Scholes, R. J., and Biggs, R. A. 2004. Ecosystem services in southern Africa a 

regional assessment (No. 33355 Caja (533)). CSIR. 

Schomberg, H.H., and D.M. Endale. 2004. Cover crop effects on nitrogen 

mineralization and availability in conservation tillage cotton. Biology and Fertility 

of Soils 40(6):398-405. 

Seguel, A., Cumming, J. R., Klugh-Stewart, K., Cornejo, P., and Borie, F. 2013. The 

role of arbuscular mycorrhizas in decreasing aluminium phytotoxicity in acidic 

soils: a review. Mycorrhiza, 23(3), 167-183. 



 

102 
 

Shukla, M.K., Lal, R., Owens, L.B. and Unkefer, P. 2003. Land use and management 

impacts on structure and infiltration characteristics of soils in the North 

Appalachian region of Ohio. Soil Science, 168, 167–177. 

Siddique, M. N. A., Sultana, J., and Abdullah, M. R. 2017. Aggregate Stability: An 

Indicator of Quality and Resistivity of Arable Soil. Asian Journal of Soil Science 

and Plant Nutrition 1(2): 1-7, 2017; Article no. AJSSPN.34829 

 Šimanský V., Bajčan D. 2014. Stability of soil aggregates and their ability of carbon 

sequestration. Soil and Water Res., 9: 111–118. 

Simansky V., Bajcan D., Ducsay L. 2013. The effect of organic matter on aggregation 

under different soil management practices in a vineyard in an extremely humid 

year. Catena, 101: 108–113. 

Šimanský, V. 2011. Chemical properties, soil structure and organic matter in different 

soil managements and their relationships with carbon sequestration in water-

stable aggregates. Research Journal of Agricultural Science, 43(4). 

Šimanský, V., and Bajčan, D. 2014. Stability of soil aggregates and their ability of 

carbon sequestration. Soil and Water Research, 9(3), 111-118. 

Six J, Elliott E T and Paustian K. 2000. Soil structure and soil organic matter: II. A 

normalized stability index and effects of mineralogy. Soil Sci. Soc. Am. J. 64, 

1042–1049. 

Six J, Guggenberger G, Paustian K, Haumaier L, Elliott E T and Zech W. 2001. 

Sources and composition of soil organic matter fractions between and within 

aggregates. Eur. J. Soil Sci. 52, 607–618. 



 

103 
 

Six J, Paustian K, Elliott ET, Combrink C. 2000.Soil structure and organic matter: I. 

Distribution of aggregate-size classes and aggregate-associated carbon. Soil 

Sci Soc Am J. 64:681–689. 

Six, J. Α. Ε. Τ., Elliott, E. T., and Paustian, K. 2000. Soil macroaggregate turnover and 

microaggregate formation: a mechanism for C sequestration under no-tillage 

agriculture. Soil Biology and Biochemistry. 32, 2099-2103. 

Six, J., Bossuyt, H., Degryze, S., and Denef, K. 2004. A history of research on the link 

between (micro) aggregates, soil biota, and soil organic matter dynamics. Soil 

and Tillage Research, 79(1), 7-31. 

Six, J., Conant, R. T., Paul, E. A., and Paustian, K. 2002. Stabilization mechanisms of 

soil organic matter: implications for C-saturation of soils. Plant and soil, 241(2), 

155-176. 

Six, J., Elliott, E. T., and Paustian, K. 1999. Aggregate and soil organic matter 

dynamics under conventional and no-tillage systems. Soil Science Society of 

America Journal, 63(5), 1350-1358. 

Smith, S. E., and Read, D. J. 2008. Mycorrhizal Symbiosis. Academic Press, San 

Diego, USA, p. 800 Soil Sci. 161, 575–586. 

Somasundaram, J.; Reeves, S.; Wang, W.; Heenan, M.; Dalal, R. 2016.  Impact of 47 

years of No. tillage and stubbleretention on soil aggregation and Carbon 

distribution in a Vertisol. Land Degrad. Dev. 28, 1589–1602. 

Soon, Y.K., Arshad, M.A., Haq, A., Lupwayi, N. 2007. The influence of 12 years of 

tillage and crop rotation on total and labile organic carbon in a sandy loam soil. 

Soil Till. Res. 95, 38–46. 



 

104 
 

Sparling G, Vojvodić-Vuković M, Schipper LA .1998. Hot-water-soluble C as a simple 

measure of labile soil organic matter: The relationship with microbial biomass 

C. Soil Biol. Biochem., 30: 1469-1472. 

Staddon, P.L. 2005. Mycorrhizal fungi and environmental change: The need for a 

mycocentric approach. New Phytologist 167: 635–637. 

Stafford Smith, M., and Reynolds, J. F. 2002. Desertification: a new paradigm for an 

old problem. 

Stevenson, F.J. 1994. Humus chemistry. Genesis, composition, reactions. Wiley, New 

York. 

Stewart, B. A., Lal, R., El-Swaify, S. A., and Eswaran, H. 1990. Sustaining the soil 

resource base of an expanding world agriculture. In Transactions 14th 

International Congress of Soil Science, Kyoto, Japan, August 1990, Volume VII. 

(pp. 296-301). 

Su, Y. Y., and Guo, L. D. 2007. Arbuscular mycorrhizal fungi in non-grazed, restored 

and over-grazed grassland in the Inner Mongolia steppe. Mycorrhiza, 17(8), 

689-693. 

Tang, H. L., Liu, L., Wang, L., and Ba, C. J. 2009. Effect of land use type on profile 

distribution of glomalin. Chinese Journal of Eco-Agriculture, 17(6), 1137-1142. 

Tao, S., and Lin, B. 2000. Water soluble organic carbon and its measurement in soil 

and sediment. Water Research, 34(5), 1751-1755. 

Tebrügge, F. and Düring, R.A. 1999. Reducing tillage intensity—a review of results 

from a long-term study in Germany. Soil and tillage research, 53(1), pp.15-28. 



 

105 
 

Teixeira, P.C. and Misra, R.K. 1997. Erosion and sediment characteristics of cultivated 

forest soils as affected by the mechanical stability of aggregates. Catena, 30, 

119–134. 

Thierfelder, C., and Wall, P. C. 2009. Effects of conservation agriculture techniques 

on infiltration and soil water content in Zambia and Zimbabwe. Soil and tillage 

research, 105(2), 217-227. 

Tisdall J M and Oades J M .1982. Organic matter and water-stable aggregates in soils. 

J. Soil Sci. 33, 141–163. 

Torri D., Ciampalini R., Gil P.A. 1998. The Role of Soil Aggregates in Soil Erosion 

Processes. In: Boardman J., Favis-Mortlock D. (eds) Modelling Soil Erosion by 

Water. NATO ASI Series (Series I: Global Environmental Change), vol 55. 

Springer, Berlin, Heidelberg Paraná, Brazil. Advances in GeoEcology 31:1239-

1246. 

Treseder K. K, Turner K. M. 2007. Glomalin in ecosystems. Soil Sci SocAm J 71:1257–

1266 

Treseder KK, Allen MF. 2002. Direct N and P limitation of arbuscular mycorrhizal fungi: 

a model and field test. New Phytologist 155: 507–515. 

Treseder, K.K. and Turner, K.M. 2007. Glomalin in ecosystems. Soil Science Society 

of America Journal, 71(4), pp.1257-1266. 

Treseder, KT. 2004. A meta-analysis of mycorrhizal responses to nitrogen, 

phosphorus, and atmospheric CO2 in field studies, New Phytologist, 164: 347–

355. 



 

106 
 

Triplett, G.B., and W.A. Dick. 2008. No-tillage crop production: A revolution in 

agriculture! Agronomy Journal 100(3): S153-S165. 

Troeh, F. R., Hobbs, J. A., and Donahue, R. L. 1991. Tillage practices for conservation. 

Soil and Water Conservation, 2, 232. 

United Nations Environment Programme, 1997. World Atlas of Desertification, 2nd 

Edn. ed, Middleton, N. and Thomas D.S.G. New York: Edward Arnold. 

Vance, E. D., Brookes, P. C., and Jenkinson, D. S. 1987. An extraction method for 

measuring soil microbial biomass C. Soil biology and Biochemistry, 19(6), 

703-707. 

Vasconcellos R.L.F., Bonfim J.A., Baretta D., Cardoso E.J.B.N.  2016 Arbuscular 

mycorrhizal fungi and glomalin-related soil protein as potential indicators of soil 

quality in a recuperation gradient of the Atlantic forest in Brazil. Land 

Degradation and Development, 27: 325–334. 

Vieira, F.C.B.; Bayer, C.; Zanatta, J.A.; Dieckow, J.; Mielniczuk, J.; He, Z.L. 2007. 

Carbon management index based on physical fractionation of soil organic 

matter in an Acrisol under longterm no-till cropping systems. Soil and Tillage 

Research 96:195-204 

Vodnik D, Grcman H, Macek I, van Elteren JT, Kovacevic M. 2008.  The contribution 

of glomalin related soil protein to Pb and Zn sequestration in polluted soil. Sci 

Total Environ 392:130–136 

Vogelmann, E.S., Reichert, J.M., Prevedello, J., Consensa, C.O.B., Oliveira, A.É., 

2013. Threshold water content beyond which hydrophobic soil become 

hydrophilic. The role of soil texture and organic matter content. Geoderma, 

209–210, 177–187. 



 

107 
 

W Pal, A., and Pandey, S. 2014. Role of Glomalin in Improving Soil 

Fertility. International Journal of Plant and Soil Science, 3(9), 112-129. 

Wang, W., Zhong, Z., Wang, Q., Wang, H., Fu, Y. and He, X. 2017. Glomalin 

contributed more to carbon, nutrients in deeper soils, and differently associated 

with climates and soil properties in vertical profiles. Scientific reports, 7(1), 

p.13003. 

Wang, X., Yost, R.S., Linquist, B.A., 2001. Soil aggregate size affects phosphorus 

desorption from highly weathered soils and plant growth. Soil Sci. Soc. Am. J. 

65, 139–146. 

Wang, Y., Xu, J., Shen, J., Luo, Y., Scheu, S. and Ke, X. 2010. Tillage, residue burning 

and crop rotation alter soil fungal community and water stable aggregation in 

arable fields. Soil and Tillage Research, 107, 71–79. 

Wei, C., Gao, M., Shao, J., Xie, D., and Pan, G. 2006. Soil aggregate and its response 

to land management practices. China Particuology, 4(05), 211-219. 

Wei, Y., Wu, X., Xia, J., Shen, X. and Cai, C. 2016. Variation of soil aggregation along 

the weathering gradient: comparison of grain size distribution under different 

disruptive forces. PloS one, 11(8), p.e0160960. 

Whiffen, L.K., Midgley, D.J., McGee, P.A. 2007. Polyphenolic compounds interfere 

with quantification of protein in soil extracts using the Bradford method. Soil 

Biology and Biochemistry 39, 691–694. 

Wiese, L., Ros, I., Rozanov, A., Boshoff, A. De Clercq, W. and Seifert, T. 2016, "An 

approach to soil carbon accounting and mapping using vertical distribution 

functions for known soil types", Geoderma, vol. 263, pp. 264-273. between 

plant and fungal species. New Phytologist, 164(2), pp.365-373. 



 

108 
 

Williams, S.M., and R.R. Weil. 2004. Crop cover root channels may alleviate soil 

compaction effects on soybean crop. Soil Science Society of America Journal 

68(4):1403-1409. 

Wright SF, Anderson RL 2000. Aggregate stability and glomalin in alternative crop 

rotations for the central great plains. Biology and Fertility of Soils. 31: 249–253. 

Wright, S. F., and Jawson, L. (2001). A pressure cooker method to extract glomalin 

from soils. Soil Science Society of America Journal, 65(6), 1734-1735. 

Wright, S. F., and Upadhyaya, A. 1996. Extraction of an abundant and unusual protein 

from soil and comparison with hyphal protein of arbuscular mycorrhizal 

fungi. Soil science, 161(9), 575-586. 

Wright, S. F., and Upadhyaya, A. 1998. A survey of soils for aggregate stability and 

glomalin, a glycoprotein produced by hyphae of arbuscular mycorrhizal 

fungi. Plant and soil, 198(1), 97-107. 

Wright, S. F., and Upadhyaya, A. 1998. A survey of soils for aggregate stability and 

glomalin, a glycoprotein produced by hyphae of arbuscular mycorrhizal 

fungi. Plant and soil, 198(1), 97-107. 

Wright, S. F., Franke-Snyder, M., Morton, J. B., and Upadhyaya, A. 1996. Time-course 

study and partial characterization of a protein on hyphae of arbuscular 

mycorrhizal fungi during active colonization of roots. Plant and Soil, 181(2), 

193-203. 

Wright, S. F., Nichols, K. A., and Schmidt, W. F. 2006. Comparison of efficacy of three 

extractants to solubilize glomalin on hyphae and in soil. Chemosphere, 64(7), 

1219-1224. 



 

109 
 

 Wright, S. F., Rillig, M. C., and Nichols, K. A. 2000. Glomalin: a soil protein important 

in carbon sequestration. In Proceedings of American Chemical Society annual 

meeting symposium pp. 721-725.  

 Wright, S.F., and A. Upadhyaya. 1996. Extraction of an abundant and unusual protein 

from soil and comparison with hyphal protein of arbuscular mycorrhizal fungi. 

Soil Science 161: 575–586.  

Wright, S.F., and R.L. Anderson. 2000. Aggregate stability and glomalin in alternative 

crop rotations for the central Great Plains. Biology and Fertility of Soils 31: 249–

253. 

 Wright, S.F., Anderson, R.L., 2000. Aggregate stability and glomalin in alternative 

crop rotations for the central Great Plains. Biology and Fertility of Soils 31, 249–

253.  

Wright, S.F., Franke-Snyder, M., Morton, J.B., Upadhyaya, A., 1996. Time-course 

study and partial characterization of a protein on hyphae of arbuscular 

mycorrhizal fungi during active colonization of roots. Plant Soil. 181, 193–203. 

Wright, S.F., Franke-Snyder, M., Morton, J.B., Upadhyaya, A., 1996. Time-course 

study and partial characterization of a protein on hyphae of arbuscular 

mycorrhizal fungi during active colonization of roots. Plant and Soil 181, 193–

203 

Wright, S.F., Green, V.S., Cavigelli, M.A., 2007. Glomalin in aggregate size classes 

from three different farming systems. Soil Till. Res. 94, 546–549. 

 Wright, S.F., J.L. Starr, and I.C. Paltineanu. 1999. Changes in aggregate stability and 

concentration of glomalin during tillage management transition. Soil Science 

Society of America Journal 63: 1825–1829.  



 

110 
 

Wright, S.F., K.A. Nichols, and W.F. Schmidt. 2006. Comparison of efficacy of three 

extractants to solubilize glomalin on hyphae and in soil. Chemosphere 64: 

1219–1224. 

Wright, S.F., Upadhyaya, A., 1996. Extraction of an abundant and unusual protein 

from soil and comparison with hyphal protein of arbuscular mycorrhizal fungi. 

Soil Sci. 161, 575–586. 

Wright, S.F., Upadhyaya, A., 1998. A survey of soils for aggregate stability and 

glomalin, a glycoprotein produced by hyphae of arbuscular mycorrhizal fungi. 

Plant Soil 198, 97–107. 

Wu, F., Dong, M., Liu, Y., Ma, X., An, L., Young, J.P.W., Feng, H., 2011. Effects of 

long-term fertilization on AM fungal community structure and Glomalin-related 

soil protein in the Loess Plateau of China. Plant Soil. 342, 233–247. 

Wuddivira, M.N. and Camps‐Roach, G. 2007. Effects of organic matter and calcium 

on soil structural stability. European Journal of Soil Science, 58(3), pp.722-727. 

Yu, M.; Zhang, L.; Xu, X.; Feger, K.H.;Wang, Y.; Liu,W.; Schwärzel, K. 2015. Impact 

of land-use changes on soil hydraulic properties of Calcaric Regosols on the 

Loess Plateau, NW China. J. Plant Nutr. Soil Sci. 178,486–498.  

Yuan-Ying, S. and Liang-Dong, G. 2007. Arbuscular mycorrhizal fungi in non-grazed, 

restored and over-grazed grassland in the Inner Mongolia steppe. Mycorrhiza, 

689, 693. 

Zhang, J., Tang, X., Zhong, S., Yin, G., Gao, Y., and He, X. 2017. Recalcitrant carbon 

components in glomalin-related soil protein facilitate soil organic carbon 

preservation in tropical forests. Scientific reports, 7(1), 2391. 



 

111 
 

Zhao X., Xue J.F., Zhang X.Q., Kong F.L., Chen F., Lal R. and Zhang H.L. 2015. 

Stratification and storage of soil organic carbon and nitrogen as affected by 

tillage practices in the North China Plain. PLoS ONE, 10: 1-14 

Zhu, Y.G., Miller, R.M. 2003. Carbon cycling by arbuscular mycorhizal fungi in soil–

plant systems. Trans. Plant Sci. 8, 407–409. 

Zsolnay, A. 1996. Dissolved humus in soil waters. In: Humic Substances in Terrestrial 

Ecosystems. A. Piccolo (ed.). Elsevier, Amsterdam, Netherlands, pp. 171-223. 


