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ABSTRACT 

Understanding soil organic matter (SOM) dynamics and their interactions with 
different management practices and soil faunal activities is essential in trying to develop 
sustainable agroecosystems.  In this study, the effects of tillage and earthworm activity on 
SOM and carbon (C) protection were investigated.  In the first experiment, the objective 
was to study the mechanisms by which C is protected under no-tillage (NT) management, 
using 14C-labeled plant residue.  Aggregate-size distribution, total C, and 14C were 
measured together with different pools of aggregate-associated C and 14C from 21-d 
laboratory incubations of intact and crushed macro-and microaggregates.  The results 
indicated that (i) more young C (14C) is accumulated in the subsurface soil of 
conventional tillage (CT) than NT, but this C is not stabilized in the long term, and (ii) 
short- and long-term stabilization of C is higher in the soil surface layers under NT 
compared with CT.  This C stabilization occurs mainly at the microaggregate level.   

The objectives of the next set of experiments were to investigate the effects of 
different earthworm species (Aporrotedea caliginosa and Lumbricus rubellus) on 
aggregation, aggregate-associated C pools and the formation of stable microaggregates 
within macroaggregates.  Two incubations were set up. The first incubation consisted of 
soil samples crushed < 250 µm to break up all macroaggregates with three treatments: (i) 
control soil; (ii) soil + 13C-labeled residue; and (iii) soil + 13C-labeled residue + 
earthworms.  After 20 days, aggregate size distribution was measured and 
microaggregates (53-250 µm) were isolated out of the formed macroaggregates (> 250 
µm).  A second incubation was conducted to determine protected versus unprotected total 
C and 13C from 21-day laboratory incubations of intact and crushed macro- and 
microaggregates.  The results indicated that microaggregates are rapidly formed within 
earthworm casts and showed the direct involvement of earthworms in inducing an 
important protection of soil C at the microaggregate level.  The results also suggested that 
important interactions between earthworm species take place affecting the incorporation 
of fresh residue-derived C and the formation of stable microaggregates when fresh 
residue was placed on the surface. 
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CHAPTER 1 

 

INTRODUCTION 

 

Soil structure  

 

Soil structure is determined by the presence of soil ‘aggregates’, which are 

defined as ‘naturally occurring clusters of soil particles in which the forces holding the 

particles together are much stronger than the forces between adjacent aggregates’ (Martin 

et al., 1955).   

Soil aggregation has a great influence on the physical characteristics of the soil.  

Well-aggregated soils possess a larger pore space and are characterized by a higher 

infiltration rate and better gaseous exchange between soil and atmosphere, leading to 

enhanced microbial activity (Lynch and Bragg, 1985).  Aggregates are also thought to 

play an important role in the physical protection of soil organic matter (SOM).  The 

maintenance of SOM and soil carbon is desirable for land use because of the beneficial 

effects of organic matter on nutrient dynamics.  SOM can also increase both soil 

resistance and resilience to deformation (Kay, 1990), decrease soil compactability (Ball 

et al., 1988), and improve soil macroporosity (Carter, 1990).  Furthermore, the retention 

of organic carbon in soil is becoming more and more important because of recent 

concerns over global warming and the increase in atmospheric CO2.   
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Soil aggregation 

 

Soil aggregate formation 

The aggregation of soil particles occurs on different size scales, resulting in 

different aggregate size classes, which can be placed in hierarchical order.  The lowest 

order is the combination of single mineral clay particles into domains.  These domains 

can then be combined into the next hierarchical order (Dexter, 1988).  A model of 

aggregate hierarchy has been described by Tisdall and Oades (1982).  Mineral particles 

bind into microaggregates (50-250 µm) and microaggregates into macroaggregates (> 

250 µm).  Free primary particles are mainly cemented together into microaggregates by 

persistent binding agents (e.g. clay-polyvalent metal-humified organic matter 

complexes), characterized as older, more humified, or recalcitrant SOM.  The more 

temporary (e.g., roots and fungal hyphae) and transient (e.g., polysaccharides) agents are 

thought to bind microaggregates into macroaggregates and are generally considered to be 

relatively more labile or decomposable (van Veen and Paul, 1981; Elliot, 1986).  This 

model describes the formation of soil aggregates, which occurs mainly through the 

cementation of smaller units into larger structural elements.  For cementation, three main 

groups of colloidal materials are considered to be important: (i) clay and silt particles 

(which can be linked together or can be adsorbed to sand particles); (ii) iron and 

aluminum oxides; and (iii) organic matter.  Cementation only, however, produces 

massive blocks of soil rather than smaller soil aggregates.  Therefore, mechanical forces 

(drying and wetting, action of roots and earthworms) have been considered necessary to 

mold the soil mass into smaller units (Martin et al., 1955; Baver, 1956). 
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Models of soil aggregate formation 

In the model described by Tisdall and Oades (1982), microaggregates are formed 

first within the soil and then become the building blocks for the formation of 

macroaggregates.  The conceptual model of Tisdall and Oades (1982) was later modified 

by Oades (1984), who suggested that microaggregates are predominantly formed within 

macroaggregates.  This modification has formed the basis of several recent studies (Beare 

et al., 1994a; Gale et al., 2000; Six et al., 1999, 2000). First, macroaggregates (> 250 µm) 

are formed through the formation of polysaccharides that bind together soil particles 

(Fig.1.1).  These polysaccharides are deposited by microbial populations around fresh 

residue that serves as a nucleation site.  If the macroaggregates are not disturbed, residue 

decomposes and fragments into finer organic matter that gradually becomes encrusted 

with clay particles and microbial products, thus forming microaggregates within 

macroaggregates.  When the macroaggregates become destabilized due to degradation of 

the binding agents, they fall apart and release the stable microaggregates.  These 

microaggregates then form the building blocks for the formation of new 

macroaggregates, as suggested by Tisdall and Oades (1982).   

 

Soil organic matter dynamics 

  

SOM dynamics are a function of input and output fluxes.  SOM input is mainly 

due to primary production, which in turn depends on vegetation type and landscape, 

management practices, soil type and climate.  SOM loss is due to decomposition and 

turnover, which is influenced by climate, quality and stability of SOM and soil biological 
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activity (Jastrow and Miller, 1998; Lavelle and Spain, 2001).  Many soils contain SOM 

pools with different stability and different turnover times (Campbell et al., 1967); 

defining SOM pools that relate to soil structure is important for a better understanding of 

SOM dynamics. Cambardella and Elliott (1992) isolated a SOM fraction with an 

intermediate turnover time, identified as particulate organic matter (POM) from native 

and cultivated grasslands.  To isolate this fraction, soil was dispersed in sodium 

hexametaphosphate and then passed through a 53 µm sieve.  The fraction retained on the 

sieve is the POM-fraction after correction for mineral particles.  Direct microscopic 

inspection indicated that POM was primarily composed of root fragments in various 

stages of decomposition.  However, most of the organic matter in the soil occurs in a 

biologically resistant state, often in association with mineral colloids (Paul and Juma, 

1981).   

Different mechanisms can be responsible for stabilizing SOM: (i) biochemical 

recalcitrance, due to chemical characteristics of the SOM itself (e.g., lignin compounds); 

(ii) chemical stabilization, due to chemical binding of SOM to clay particles; and (iii) 

physical protection, due to the incorporation of labile SOM into aggregates, protecting 

the SOM against microbial decomposition (Sorensen and Paul, 1971; Christensen, 1996).  

Indirect evidence of the protective effect on SOM by soil aggregates is obtained from 

data showing that disruption of soil aggregates results in an increase in the mineralization 

of both carbon and nitrogen (Elliot, 1986; Gregorich et al., 1989; Beare et al., 1994).    

Several investigators used physical fractionations of SOM in order to directly 

relate soil aggregates and associated SOM fractions (Golchin et al., 1994; Jastrow, 1996; 

Six et al., 1999).  The importance of differentiating the free and intra-aggregate SOM in 

 4



conceptual models of physically based SOM pools is described by Elliott et al. (1996) 

and Christensen (1996). Intra-aggregate organic matter is incorporated and physically 

protected within macroaggregates (> 250 µm) (Cambardella and Elliott, 1992), whereas 

free organic matter is found between aggregates.  Golchin et al., (1994) used a 

densimetric method in which soil samples were suspended in sodium polytungstate 

solution (ρ = 1.85).  The floating material was defined as the free light fraction (LF) and 

the heavy fraction was the intra-aggregate organic matter, consisting of particulate 

organic matter (iPOM) and mineral-associated organic carbon (mSOC).  Based on size 

considerations, Six et al. (1999) differentiated the iPOM in two fractions: coarse iPOM 

(250-2000 µm) and fine iPOM (53-250 µm). 

 

Effects on soil aggregation and soil organic matter dynamics 

 

Management practices 

No-tillage planting is becoming increasingly adopted as an agricultural technique 

worldwide.  The crops are planted and managed without plowing of the soil, which 

causes a minimal soil disturbance and a placement of plant residues on the soil surface.  

This has major impacts on soil organic matter, nutrient cycling, soil aggregation and soil 

organisms.  Under conventional tillage (CT) practices, plowing, harrowing, and rotary 

tillage result in the mixing of the soil profile and the fragmentation and burial of crop 

residues (Beare et al., 1994).  These effects tend to moderate the temperature and water 

fluctuations in buried residues and increase their proximity to mineral nutrients, thereby 

enhancing residue decomposition and organic matter transformations (Blevins et al., 
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1984; Beare et al., 1992).  Conventional tillage is known to disrupt soil aggregates, 

increase erodibility, lower water infiltration, and reduce organic matter content, due to 

direct physical disturbance by plowing.  Conventional tillage also has several indirect 

effects on aggregation (Beare et al., 1994; Beare, 1997; Six et al., 1998a), including (i) 

the continuing exposure of new soil to drying and wetting at the soil surface; (ii) changes 

in temperature, moisture, and aeration, due to plowing; and (iii) changes in microbial 

communities.   

No-tillage management, on the other hand, can improve soil aggregation, and 

increase infiltration and SOM content (Carter, 1992; Bruce et al., 1995).  Paustian et al. 

(2000) found an increase in aggregation, simultaneously with an increase in C content in 

NT compared to CT.  The loss of SOM under CT has been correlated with an increased 

aggregate turnover (Adu and Oades, 1978; Beare et al., 1994; Six et al., 1998; Six et al., 

1999).  In CT, tillage and aggregate disruption lead to a release and subsequent 

decomposition of coarse iPOM (Fig.1), resulting in a reduction in formation and 

stabilization of fine iPOM inside of CT macroaggregates, compared to NT 

macroaggregates. In NT agroecosystems, aggregates are less susceptible to disruption, 

resulting in a greater protection of SOM.  Since microaggregates have a slower turnover 

time than macroaggregates (Jastrow et al., 1996), incorporation of fine iPOM into these 

microaggregates leads to an increased physical protection of carbon and is therefore 

believed to be an important factor for carbon sequestration.   

No-tillage management increases the surface placement of crop residues and 

reduces soil disturbance compared to CT.  These factors can influence the composition, 

distribution and activity of soil microbial communities (Doran, 1980a; Brussaard et al., 
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1990; Beare et al., 1993).  Water content, temperature, and nutrient proximity are the 

most important variables that differ with residue placement (Beare et al., 1992).  These 

variables affect hyphal growth (Magan and Lynch, 1986) and succession of fungal 

species (Cooke and Rayner, 1984).   

Plowing favors food webs comprising soil organisms with short generation times, 

small body size, rapid dispersal, and omnivorous feeding habits (Steen, 1983).   

Conventional tillage, where plant residue is mixed with the soil, should promote bacterial 

activity and encourage colonization by bacteria (Hendrix et al., 1986).  Residue carbon 

and nitrogen are in intimate contact, providing a more favorable environment for 

bacterial growth relative to fungal growth (Holland and Coleman, 1987).   

Aboveground plant residues decompose on the soil surface and in the upper layers 

in no-tillage systems.  The position and relatively large particle size of the residue 

promote fungal growth (Hendrix et al., 1986) that conserves soil nutrients through fungal 

immobilization (Beare et al., 1992). Since the residue remains on the soil surface, soil 

nitrogen and residue carbon are physically separated.  Fungal hyphae can form bridges 

between these two, allowing use of both resources (Holland and Coleman, 1987).  It has 

also been suggested that fungi are more drought resistant than bacteria (Griffin, 1972), 

which could explain the relatively higher fungal biomass, associated with the dry residue 

layer.   
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Earthworms1 

Formation of casts 

The importance of earthworms in soil systems and the formation of soil structure 

have been recognized since the time of Charles Darwin.  In his book, “The formation of 

vegetable mould, through the action of worms with observations on their habits” (1881), 

Darwin described the fine soil particles of dark color ‘which cover the whole surface of 

the land in every moderately humid country’ as “vegetable mould.”  He says this mould 

has passed many times through the ‘intestinal canals’ of earthworms and could therefore 

better be called “animal mould.”   

After Darwin, more and more researchers focused on the activity of earthworms 

in soil ecosystems.  Earthworms are considered to play an important role in the formation 

and stability of soil aggregates and the cycling of nutrients (Lee and Foster, 1991; 

Edwards and Bohlen, 1996).  They play a key role in the removal of plant litter and other 

organic materials from the soil surface and the incorporation of these organic materials 

into soil aggregates (Martin, 1991).  Earthworms are often the dominant soil-ingesting 

animals.  The ingested organic matter is mixed with inorganic soil material, passed 

through their gut and excreted as a cast.  Various early researchers (Ponomareva, 1950, 

1953; van de Westeringh, 1972) have stated that up to 50% of surface layer soil 

aggregates in temperate pastures are made up of earthworm casts.  In mull-type forest 

soils (Kubiena, 1953) and in wooded savanna soils at Lamto, Ivory Coast (Lavelle, 

1978), the soil top layer consists almost entirely of earthworm casts. Lee (1985) 

estimated that in an average temperature pasture and grasslands, earthworms cast 40-50 t 

                                                 
1Part of: Six, J., H. Bossuyt., S. De Gryze, K. Denef, 2003.  A history of research on the link between 
aggregates, soil biota and soil organic matter dynamics. Invited for Soil & Tillage Research, submitted. 
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ha-1 yr-1 on the surface and even more below the surface.  Activity might be higher in 

tropical soils and warmer temperate climates.  The amount of castings might also depend 

on feeding activity. When food supply is limited, earthworms seem to ingest more soil in 

an effort to obtain sufficient food, and consequently cast more frequently (Abbott and 

Parker, 1981; Martin, 1982).  The relative importance of earthworm casts might depend 

on ecosystem or soil type.  For example, earthworm activity seems to be more important 

in shrub savannas than in grasslands (Blanchart et al., 1989). Also, Oades (1993) found 

that earthworms are only major soil aggregate formers when soils are not subjected to 

severe dry-wet cycles.   

Earthworms affect both soil aggregate formation and aggregate stability.  There 

are two ways in which earthworms produce soil aggregates: (i) burrows and (ii) casts 

(Brown et al., 2000).  Burrowing produces aggregates on the burrow walls through 

pressure and deposition of external mucus (Edwards and Bohlen, 1996).  Casts can be 

deposited on burrow walls, within the burrow itself or on the soil surface. Earthworm 

activity seems to be important in both microaggregate and macroaggregate formation. 

These microaggregates are usually formed within larger soil aggregates (see also 

elsewhere in this paper).  Barois et al. (1993) detected that the soil microstructure is 

completely destroyed in the earthworm’s gut and that during gut transit old 

microaggregates are destroyed and new ones are formed.  Jongmans et al. (2001) 

observed the incorporation of fine organic material in an early stage of decomposition 

into a microstructure into worm casts which was protected from further microbial attack.  

Earthworm casts are known to contain more water-stable macroaggregates than 

surrounding soils (Shipitalo and Protz, 1988; Marinissen, 1994).  The formation of water-
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stable macroaggregates depends primarily on temporary binding agents (Tisdall and 

Oades, 1982).  Earthworms play a role in the formation of these binding agents (Martin 

and Marinissen, 1993).  Various studies showed a higher stability in earthworm casts than 

in the surrounding soil aggregates (Monnier and Jeanson, 1964; van Rhee, 1977; De 

Vleesschauwer and Lal, 1981; McKenzie and Dexter, 1987).  Other investigators, 

however, found that the casting activities only enhance aggregate stability if the casts are 

dried or aged (Shipitalo and Protz, 1988; Marinissen and Dexter, 1990) and that the 

stability of the casts depends on the quality of the ingested organic matter (Shipitalo and 

Protz, 1988).   

There are several mechanisms to explain the increase of aggregate stability in the 

presence of earthworms.  Stability might arise from mechanical binding by vascular 

bundles from ingested plant material (Ponomareva, 1953) or from fungal growth after 

excretion of the casts (Marinissen and Dexter, 1990).  It might also originate from the 

microorganisms which proliferate in ingested materials in the gut (Parle, 1963, Arthur, 

1965).  The polysaccharides they form in the casts may strengthen bonds between organic 

and mineral components resulting in a protection against microbial attack (Martin, 1991).  

One theory suggests aggregate stability is increased by the cementing of soil particles in 

the worm’s gut by calcium humate formed from decomposing organic material and 

calcite excreted by the worm’s calciferous glands (Satchell, 1967).  

 

Interaction of earthworm species 

Earthworms are divided into different categories according to their feeding or 

casting activities, and these categories have distinct effects on soil aggregation and soil 
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organic matter dynamics.  Bouché (1977) recognized three morpho-ecological groups: (i) 

epigeic species; (ii) anecic species; and (iii) endogeic species.  Epigeic species are 

defined as litter dwellers. They live above the mineral soil surface, mainly in the litter 

layer of forest soils.  Their activity has little or no effect on soil structure and soil 

aggregation.  Anecic species live in burrows in the mineral soil and feed on dead leaves 

on the soil surface, which they drag into their burrows (Lee, 1985).  They are important 

in burying surface litter.  This results in a mixing of organic and mineral components in 

their casts, which plays an important role in the formation of stable organo-mineral 

structures (Lavelle and Spain, 2001).  Soil organic matter in their casts tends to be more 

highly humified than the plant material originally ingested.  Anecic species also form an 

extensive network of burrows.  These burrows can also contribute to aggregate stability 

since they are often lined with oriented clays and humic materials which can form a 

stable structure (Jeanson, 1964).  Endogeic species live in mineral soil horizons and feed 

on soil more or less enriched with organic matter.  They are termed “a major agent of soil 

aggregation and soil organic matter stabilization” (Lavelle and Spain, 2001).  Anecic and 

endogeic earthworm species are considered ‘ecosystem engineers’ because they produce 

soil structures which impact soil properties and soil processes beyond their body size and 

life-time, even up to landscape levels and decades of time.  Their activities can 

significantly change the resource availability to other soil organisms (Jones et al., 1994; 

Lavelle et al., 1997; Brown et al., 2000).   

In tropical agroecosystems, the interaction of endogeic earthworm species with 

different effects on soil structure and soil aggregation appears to be necessary to sustain 

physical soil fertility (Blanchart et al., 1997).  Blanchart et al. (1998) describe two 
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different types of endogeic earthworms, depending on their size and casting activity.  

Large species, such as Pontoscolex corethrurus or Millsonia anomala, egest large and 

compact casts (diameter > 5 mm).  They are called ‘compacting species’ and they are 

known to increase the soil bulk density and proportion of large aggregates.  The increase 

in bulk density is caused by (i) the formation of organo-mineral bonds after mixing and 

chemical transformations in gut; (ii) reabsorption of water in the latter part of the gut; and 

(iii) strong compaction due to tail region muscles when casts are expelled (McKenzie and 

Dexter, 1987).  Casts of compacting species might create anaerobic conditions with a 

slowdown in decomposition and a possible protection of carbon (Blanchart et al., 1993).  

Smaller earthworm species feed on these large casts and form smaller and more delicate 

casts (0.5-5 mm).  These species are called decompacting species (ex: Eudrilidae).  They 

decrease the soil bulk density and the proportion of large, compact aggregates. When 

decompacting species ingest casts of compacting species, previously physically-protected 

C can be mineralized.  When, on the other hand, compacting species ingest casts of 

decompacting species, mineralizable C can be protected in their large casts (Blanchart et 

al., 1999; Dickschen and Topp, 1987). The activity of only compacting earthworm 

species can cause the formation of a compact surface crust.  This might impede water 

infiltration when no organic residues are present, but in the presence of organic residues, 

a favorable macroaggregate soil structure can develop (Blanchart et al., 1997, Blanchart 

et al., 1999).  Barros et al. (2001) described a site after forest clearing where a single 

species, Pontoscolex corethrurus, became very abundant.  This species formed a 

continuous compacted layer, impermeable to water. This layer reached a thickness of 20 
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cm.  The compacting effects here appeared “more pronounced than that of a bulldozer” 

(Chauvel et al., 1999). 

 

Effects on soil aggregation over time 

At the scale of a few hours or days, mineralization inside of earthworm casts is 

promoted (Brown, 1995; Edwards and Bohlen, 1996, Brown et al., 2000).  Unstable 

aggregates are broken down and microbial activity is stimulated.  At the same time, an 

enhanced formation of microbial byproducts serving as binding agents promotes the 

formation of new aggregates.  A decline of microbial activity is detected in earthworm 

casts within days of cast excretion and is correlated with the disappearance of labile 

nutrients (Lavelle et al., 1989; Scheu and Wolters, 1991).  After the decline of these 

labile nutrients, more recalcitrant organic materials become integrated into compact 

structures as organo-mineral microaggregates (Lavelle et al., 1997) where they are 

protected from microbial decomposition as long as the structures are maintained 

(Garnier-Zarli and Harry, 1995).  Lierman and Woomer (Unpubl. data, cited by Lavelle 

et al., 1997) found that the total soil C stock first declined after earthworm introduction.  

The effect was reversed after 12 years; and after 30 years, C stock was 28% greater in the 

presence of earthworms.  McCartney et al. (1997) found higher pools of organic matter 

after three years of earthworm reduction.  Similarly, Gilot-Villenave et al. (1996) and 

Pashani et al. (1996) detected a decrease of SOM and an overall acceleration of soil 

organic matter turnover in the presence of earthworms.  Martin and Parton (unpublished 

data in Lavelle et al., 1998) used the CENTURY model to simulate the effect of 

earthworm removal on SOM content.  The model showed that removal of earthworms 
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resulted in a reduction of aggregate formation and a significant decrease of SOM after 

three decades.  

 

Effects of management practices on earthworm abundance 

Agricultural management such as tillage can influence earthworm numbers and 

biomass (Lee, 1985; Hendrix et al., 1987; Lavelle et al., 1989; Hendrix et al., 1992; 

Fraser, 1994).  Tillage can reduce earthworm numbers in different ways.  Earthworms 

may be damaged directly by machinery, exposed to predation or adverse weather, their 

burrow systems may be disrupted, or the availability of food may be reduced (Edwards 

and Lofty, 1982; Springett, 1983; Lee, 1985; Dalby, 1996).   

 

Objective of this study 

 

The objective of this study was to investigate important underlying mechanisms 

of C sequestration and SOM dynamics.  Labeled residues (13C or 14C) were used to 

follow the input of fresh organic materials into different aggregate-associated C fractions 

and/or layers of the soil profile.  While numerous studies have focused on the impacts of 

tillage on agricultural ecosystems, the exact interactions between SOM dynamics, tillage 

practices and soil structure remain unknown.  And while many researchers have 

acknowledged the importance of earthworm activity in agricultural fields, it is still 

unclear how exactly earthworms incorporate organic matter into the soil and can play an 

important role in the protection and stabilization of C that could otherwise be 

mineralized.  I realize it is extremely important to focus on the global picture of C 
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sequestration and global warming. I also believe, however, that it is important to 

investigate the underlying physical mechanisms that will help us understand which 

factors play an important role in the sequestration of organic matter in agricultural soils.   

 

Thesis outline 

 

Chapter 2 describes an experiment where a single input of 14C-labeled corn 

residue is traced after 3 years of application in NT and CT experimental plots.  Different 

aggregate-associated C pools are fractionated in different layers of the soil and 

differences between CT and NT fields are addressed.   

 

Chapter 3 and Chapter 4 describe the effect of earthworms on the formation of 

soil aggregates, organic residue incorporation and the stabilization of freshly added C 

inside stable microstructures formed within earthworm casts. 

 

Chapter 5 describes the interactive effects of different earthworm species on the 

formation of soil aggregates, incorporation of organic matter and formation of stable 

microstructures within earthworm casts. 
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Abstract 

 

No-tillage (NT) management can result in higher soil organic matter levels than 

conventional tillage (CT) practices.  The objective was to investigate the underlying 

mechanisms in which carbon (C) is protected under NT management, using 14C-labeled 

plant residue as a tracer.  Samples were collected from the Horseshoe Bend Research area 

in Athens, GA.  Aggregate size distribution, total C and 14C were measured together with 

different pools of aggregate-associated C and 14C from 21-day laboratory incubations of 

intact and crushed macro- and microaggregates.  Total C was higher in NT than in CT in 

all the aggregate size classes of the 0-2.5 cm and 2.5-5 cm layers.  Carbon-14 was 

significantly higher in NT than in CT in all the aggregate size classes of the 0-2.5 cm 

layer and in the > 2000 µm and 53-250 µm aggregate size classes of the 2.5-5 cm depth.  

At the 5-15 cm depth, more 14C was found in NT than in CT in the > 2000 µm aggregate 

size class and more 14C was found in CT than in NT in the 53-250 µm and < 53 µm size 

classes.  Unprotected C and 14C pools, microaggregate-protected and micro- within-

macroaggregate-protected C and 14C pools were significantly higher for the 0-2.5 cm and 

2.5-5 cm layers in NT than in CT.  Carbon-14 pools were generally higher in CT than in 

NT at the 5-15 cm depth, while total C did not differ between tillage treatments at this 

depth.  The results indicate that NT protects more C than CT in the surface layers of the 

soil and this protection occurs mainly at the microaggregate level.   
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Introduction 

 

Maintenance of soil organic matter (SOM) is desirable in agroecosystems because 

of its beneficial effects on nutrient dynamics and soil structure.  Soil organic matter 

improves soil structural stability, reduces surface crusting and compaction, and increases 

infiltration, percolation, and water holding capacity of the soil (Tisdale et al., 1993; 

Stevenson, 1994).  The high surface area and chemical nature of SOM buffer pH changes 

and increase cation exchange capacity (Stevenson, 1994; Sparks, 1995).  Sequestration of 

C in soil is also becoming increasingly important because of the concern over global 

warming and rising levels of atmospheric CO2.  Soil is estimated to be the largest 

terrestrial pool of C, containing 1500 Pg or twice as much as the atmosphere (Sundquist, 

1993; Schlesinger, 1997).   

Management practices, such as no-tillage and reduced tillage, that promote 

maintenance and accumulation of soil C, are increasingly adopted by farmers because of 

the growing interest in conservation of SOM (Kern and Johnson, 1993; Burke et al., 

1995).  No-tillage (NT) management can increase C storage in soils, as well as improve 

physical, chemical, and biological soil characteristics (Paustian et al., 1997; Hendrix et 

al., 1998).  Soil organic matter may be protected from microbial attack by adsorption to 

clay minerals (Oades, 1984; Ladd et al., 1985), by the formation of microaggregates 

(Edwards and Brenner, 1967; Gregorich et al., 1989; Besnard et al., 1996; Six et al., 

2000b), by isolation in soil micropores (Adu and Oades, 1978; Foster, 1981), and by 

physical protection within stable macroaggregates (Elliott, 1986; Gupta and Germida, 

1988).   
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Improvements of soil structure, determined by the level of aggregation, are 

thought to play an important role in reducing decompositional losses of SOM under no-

tillage.  Soil aggregates are disrupted by tillage practices and this may lead to an 

enhanced aggregate turnover and increased decomposition of SOM (Six et al., 1998).  

The highly dispersible, kaolinitic-clay-based soils of the southeastern USA are very 

susceptible to aggregate disruption, surface crusting, reduced infiltration, and erosion 

(Miller and Baharuddin, 1986).  These processes can contribute to rapid losses of SOM 

and a decrease in productivity of agricultural soils in this region (Sanchez et al., 1989; 

Bruce et al., 1990).  Tisdall and Oades (1982) proposed a conceptual model of soil 

structure describing the binding of mineral particles into microaggregates (50-250 µm) 

and of microaggregates into macroaggregates (> 250 µm).  Free primary particles are 

mainly cemented together into microaggregates by persistent binding agents (e.g. clay-

polyvalent metal-humified organic matter complexes), characterized as older, more 

humified, or recalcitrant SOM.  The more temporary (e.g., roots and fungal hyphae) and 

transient (e.g., polysaccharides) agents are thought to bind microaggregates into 

macroaggregates and are generally considered to be relatively more labile or 

decomposable (van Veen and Paul, 1981; Elliot, 1986).  Because of the nature of the 

binding agents involved, macroaggregates are less stable than microaggregates (Oades, 

1984; Beare et al., 1994b) and consequently more susceptible to the disruptive forces 

induced by cultivation (Tisdall and Oades, 1980, 1982).   

The conceptual model of Tisdall and Oades (1982) was later modified by Oades 

(1984) who suggested that microaggregates are predominantly formed within 

macroaggregates.  This modification has formed the basis of several recent studies (Beare 

 32



et al., 1994a; Gale et al., 2000; Six et al., 1999, 2000b).  First, macroaggregates (250-

2000 µm) are formed around fresh residue.  If the macroaggregates are not disturbed 

(e.g., under NT), residue decomposes and fragments into finer organic matter that 

gradually becomes encrusted with clay particles and microbial products forming 

microaggregates within macroaggregates.  When the macroaggregates become 

destabilized due to degradation of the binding agents, they fall apart and release the stable 

microaggregates.  These microaggregates then form the building blocks for the formation 

of new macroaggregates, as suggested by Tisdall and Oades (1982).   

Due to the relatively high background levels of soil carbon, it is usually not 

possible to detect changes in total carbon resulting from management practices in the 

short term (3yr.).  In this study, we used 14C-labeled plant residue to trace C 

transformations in soils under CT vs. NT management.  It allowed us to follow a one-

time organic input of 14C into different soil fractions and layers of the soil profile.   

While several studies have investigated the influence of management practices on 

SOM dynamics and C sequestration, the exact fate of newly added C and the level at 

which C is protected in NT soils compared to CT soils is still unclear.  The objective of 

this study was to investigate the underlying mechanisms involved in incorporation and 

protection of C after plant residue application under different management practices.  Our 

main hypothesis is based on the aggregate-turnover model described by Six et al. (2000).  

Based on this model (described above), we hypothesized that microaggregates within 

macroaggregates may be important in physically protecting C.  Since NT soils contain 

more stable microaggregates within macroaggregates, we hypothesized that more C 

would be protected in NT soils than in CT soils.   In this study, we looked at the effect of 
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tillage practices on (i) aggregate size distribution; (ii) total and young (14C) carbon 

concentrations and; (iii) decomposition and stabilization of aggregate-associated C 

fractions 3 years after application of 14C-labeled crop residue. 

  

Materials and methods 

 

Site description and soils 

Soils were sampled from a set of 16-year-old conventional tillage (CT; moldboard 

plowed (15 cm depth), disked (10 cm depth) and rotary-tilled (10 cm depth)) and no-

tillage (NT; direct-drilled) plots at the Horseshoe Bend Research Area near Athens, GA.  

The site is located in the Piedmont of the southern Appalachian Mountains (33° 54’N, 

83° 24’W).  The soil is a Hiawassee series fine loamy, siliceous, thermic, Rhodic 

Kanhapludult (66% sand, 13% silt, 21% clay).  Total C and 14C contents of the soils 

(measured in Sept, 1999) are given in Table 2.1.  Prior to tillage treatments, the plots had 

been in grass or forage since at least 1938 (Hendrix, 1997).  Corn (Zea Mays L.) or 

sorghum [Sorghum bicolor (L.) Moench] was no-till planted with an Allis Chalmers seed 

drill as a summer crop, and rye (Secale cereale L.) or crimson clover (Trifolium 

incarnatum L.) was broadcast as a winter cover crop. In November 1996, 20-cm wide 

acrylic sheets were inserted 15 cm deep to create 1 x 2 meter plots within the larger plots.  

Carbon-14 (144 Mbq m-2) labeled, dry, corn leaf and stem material were incorporated and 

the soil turned and pulverized with a shovel to a depth of 15 cm in the CT plots and left 

on the surface of the NT plots without soil disturbance.  General C data from adjacent 

long-term NT and CT plots suggest that tilling with a shovel was a good simulation of the 
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CT treatment.  A complete description of the labeling technique has been reported by 

Kisselle et al. (1999).  Total C addition averaged 346 g m-2 assuming 45 % C in the 

residue.  Cropping and non-labeled residue additions continued as in the larger plots.  

Crop biomass was mowed and incorporated in the CT plots and left on the surface of NT 

plots (summer and winter).  No crop biomass (including grain and grain heads) was 

removed.  Soil samples were taken from the 3 replicate NT and CT plots on September 

29, 1999.  No residues were removed prior to soil sampling.  Six replicate soil cores were 

collected randomly from each plot with a 6-cm diameter hammer-driven corer, with a 

plastic insert, to a depth of 15 cm.  The intact samples were sectioned into 0-2.5, 2.5-5 

and 5-15 cm depth increments and bulked by depth within plots.  All soil samples were 

sieved (10 mm) in field moist state prior to wet sieving by gently breaking apart the soil 

along natural planes of weakness.    

 

Aggregate size distributions 

Aggregate size distribution of field moist soils was determined by wet sieving, as 

described by Elliott (1986).  A series of three sieves was used to obtain four aggregate 

size fractions: (i) > 2000 µm (large macroaggregates); (ii) 250-2000 µm (small 

macroaggregates); (iii) 53-250 µm (microaggregates); (iv) < 53 µm (silt and clay 

fraction).  Following wet sieving, the aggregate size classes > 53 µm were dried on the 

sieves in a dehumidifying chamber (10°C).  Particles < 53 µm were collected in a bucket, 

total volume was measured, and a subsample of a known volume was taken for analysis.  

Subsamples from each aggregate size class were ground and analyzed for total C and 14C 

content. 
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Carbon analyses 

Total organic C content of aggregate size classes was measured on a Carlo Erba, 

NA 1500, CHN Combustion Analyzer.  Carbon-14 was measured using a Harvey 

Oxidizer (Harvey OX500, R.J. Harvey Instruments Co., Hillsdale, NJ) and a Beckman LS 

3801 (Beckman Instruments, Fullerton, CA) liquid scintillation counter.  Carbon contents 

were expressed as amount of C in the aggregate size class per kg of sandfree aggregate.  

Because of the difference in amount of sand between aggregate size classes, Elliott et al. 

(1991) suggested that comparisons of C content across aggregate size classes should be 

based on sand-corrected C data.  The sand content of the aggregate size class was 

determined by dispersing 5 g of the fraction in 20 ml of sodium hexametaphosphate and 

sieving through a 53 µm sieve.  Sand-free C concentration was calculated as follows: 

                     

 

          Cfraction (g kg-1) 

Sand-free C (g kg-1)  =  

              1-[sand proportion] fraction (g kg-1) 

Incubations 

Five sets of incubations were conducted for each cultivation treatment and for 

each depth: (i) macroaggregates (large and small mixed); (ii) crushed macroaggregates 

(large and small mixed) i.e., ground until < 250 µm; (iii) crushed macroaggregates i.e., 

ground until < 53 µm; (iv) microaggregates and; (v) crushed microaggregates i.e., ground 

until < 53 µm.  Soil samples (25-30 g) to be incubated were weighed into plastic cups and 

deionized water was added to achieve 55 % water-filled porosity.  Plastic cups were 
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incubated (30°C) in sealed jars containing alkali CO2 traps (1M NaOH).  The CO2 traps 

were changed on days 3, 7, 14 and 21 and the respired C was measured by titration with 

standardized 0.25M HCl after precipitation of carbonates with BaCl2.  The respired 14C 

was measured by adding 0.5 mL NaOH from base traps to 10 mL EcoLite scintillation 

fluor (ICN biomedicals, Costa Mesa, CA), maintaining samples in the dark for 7 days, 

and counting for 20 minutes on a Beckman LS 3801  (Beckman Instruments, Fullerton, 

CA) liquid scintillation counter. 

 

Calculations 

The results of the aggregate incubations were used to define five aggregate-

associated C pools: (i) unprotected macroaggregate C, (ii) unprotected microaggregate C, 

(iii) macroaggregate-protected C, (iv) microaggregate-protected C and; (v) micro within 

macroaggregate-protected C.  These different pools were calculated as follows (pools 

were expressed in g C kg-1 sandfree aggregate and kBq 14C kg-1 sandfree aggregate): 

 

1) Unprotected macroaggregate C  

           = intact macroaggregate Cmin  

2) Unprotected microaggregate C  

           = intact microaggregate Cmin 

3) Macroaggregate-protected C  

           = < 250 µm crushed macroaggregate Cmin – intact macroaggregate Cmin 

4) Microaggregate-protected C  

           = < 53 µm crushed microaggregate Cmin – intact microaggregate Cmin 
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5) Micro within macroaggregate-protected C  

           = < 53 µm crushed macroaggregate Cmin – macroaggregate-protected C –  

Unprotected macroaggregate C  

[replace macroaggregate-protected C (see equation  3))] 

=  < 53 µm crushed macroaggregate Cmin – (< 250 µm crushed 

macroaggregate   

             Cmin – intact macroaggregate Cmin) – intact macroaggregate Cmin 

           =  < 53 µm crushed macroaggregate Cmin– < 250 µm crushed 

macroaggregate Cmin 

with Cmin the cumulative C mineralized after 21 days from the intact and crushed 

aggregate treatments.   

 

Statistical analysis 

The data were analyzed, using the SAS statistical package for analysis of variance 

(ANOVA-PROC MIXED, SAS Institute, 1990).  Tillage treatments and depths were 

considered fixed effects while replicate was considered a random effect (n=3).  

Separation of means was tested with the DIFF option of the LSMEANS statement with a 

significance level of P< 0.05. 
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Results 

 

Water-stable aggregates 

There was a significant impact of tillage practices on the distribution of water-

stable aggregates (WSA) in the surface samples (0-2.5 cm and 2.5-5 cm) (Fig. 2.1).  

Large macroaggregates (> 2000 µm) made up the largest percentage (~ 50% on average) 

of the whole soil for NT samples and were on average 2.4 times greater than in CT 

samples.  The smaller aggregate size classes (250-2000 µm, 53-250 µm and < 53 µm) 

made up a greater proportion of the surface soil in CT than in NT.  For the lowest depth 

(5-15 cm), only the < 53 µm size class was significantly different between CT and NT 

and was higher in CT than in NT.  

 

Carbon concentrations 

Total aggregate-associated C concentrations were significantly influenced by 

tillage, aggregate size class, depth and their interactions.  In the surface layers (0-2.5 cm 

and 2.5-5 cm), total aggregate-associated C concentrations were significantly higher in 

NT than in CT for all aggregate size classes (Fig. 2.2).  There were no significant 

differences between tillage treatments for total aggregate-associated C concentrations at 

the 5-15 cm depth. For all the NT aggregate size classes, the total aggregate-associated C 

content was higher in the surface layers than in the 5-15 cm layer.  There was no 

significant effect of depth on the total aggregate-associated C concentrations in CT, 

except for the < 53 µm size class where total aggregate-associated C content was higher 

in the 2.5-5 cm layer than in the other layers.  In the surface layers of NT, total aggregate-
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associated C concentrations were significantly higher in the 53-250 µm aggregate size 

class than in the other classes.  The difference in total aggregate-associated C content 

between the different aggregate size classes was much larger in the NT surface samples 

than in the CT and the lowest depth of NT.  

 

Unprotected and aggregate-protected C pools 

The amount of C mineralized after 21 days is expressed in Table 2.2 as 

cumulative respired C (g C kg-1 sandfree aggregate).  There were significant differences 

between CT and NT in the surface layers for the unprotected, microaggregate-protected 

and micro-within-macroaggregate-protected C pools.  The unprotected macroaggregate C 

pool was higher in NT than in CT for the 0-2.5 cm layer (1.5 times) and for the 2.5-5 cm 

layer (2.1 times).  The unprotected microaggregate C pool was also higher in NT than in 

CT for the 0-2.5 cm layer (2.6 times) and for the 2.5-5 cm layer (2.7 times).  

Macroaggregate-protected C was not significantly different between CT and NT.  The 

microaggregate-protected C pool was 2.9 times greater in NT than in CT in the 0-2.5 cm 

layer and 2.5 times in the 2.5-5 cm layer.  The micro-within-macroaggregate-protected C 

pool was 4.5 times higher in NT than in CT in the 0-2.5 cm layer.  Tillage practices did 

not have any effect on the C pools at the 5-15 cm layer.  Within tillage treatments, there 

was a significant effect of depth.  Within NT, all C pools were highest in the 0-2.5 cm 

and lowest in the 5-15 cm.  Within CT, the unprotected and macroaggregate- protected C 

pools were higher in the 0-2.5 cm layer than in the 5-15 cm layer, while the 

microaggregate-protected and micro-within-macroaggregate protected C pools were not 

significantly different across depths in CT.  
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Carbon-14 concentrations 

Aggregate-associated 14C concentrations were significantly influenced by tillage 

practice, aggregate size class and their interactions (Fig. 2.3). Aggregate-associated 14C 

concentrations were significantly higher for all aggregate size classes in NT than in CT in 

the 0-2.5 cm layer.  For the 2.5-5 cm layer, only the aggregate-associated 14C in the large 

macroaggregate size class (> 2000 µm) and the microaggregate size class (53-250 µm) 

were higher for NT than for CT.  The other aggregate size classes were not significantly 

influenced by tillage. At the 5-15 cm depth, the 53-250 µm and < 53 µm aggregate size 

class had a higher aggregate-associated 14C content in CT than in NT whereas the > 2000 

µm aggregate size class had a higher aggregate-associated 14C content in NT than in CT.  

The aggregate-associated 14C content of all the aggregate size classes was significantly 

lower in the 5-15 cm layer than in the 0-2.5 cm layer of NT.  There was no significant 

effect of depth on the aggregate-associated 14C concentrations in the CT, except for the > 

2000 µm aggregate size class where the aggregate-associated 14C content was lower in 

the 5-15 cm layer than in the other layers.  In the surface layers of NT, aggregate-

associated 14C concentrations were significantly higher in the 53-250 µm aggregate size 

class than in the other classes.  In the 5-15 cm layer of NT, there were no significant 

differences between aggregate size classes.  In CT, the differences in aggregate-

associated 14C concentrations between the aggregate size classes were much smaller than 

in NT surface samples.  
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Unprotected and aggregate-protected 14C pools 

The amount of 14C mineralized after 21 days is expressed as cumulative respired 

14C (g 14C kg-1 sandfree aggregate).  The unprotected, microaggregate-protected and 

micro-within-macroaggregate-protected 14C pools were significantly influenced by tillage 

practices, depth, and their interactions.  The unprotected macroaggregate 14C pools were 

on average 5.8 times higher in NT than in CT in the 0-2.5 cm and 2.5-5 cm layers but did 

not differ between CT and NT in the 5-15 cm layer.  The unprotected microaggregate 14C 

pool was 8 times higher in NT than in CT in the 2.5-5 cm layer.  The macroaggregate-

protected 14C pools were not significantly different between CT and NT in the surface 

layers.  The microaggregate-protected 14C pool was 2.6 times higher in NT than in CT in 

the 0-2.5 cm layer, but no significant differences were found for the 2.5-5 cm layer.  The 

micro-within-macroaggregate-protected 14C pool was 2.7 times higher in NT than in CT 

for the 0-2.5 cm layer.  In the 5-15 cm layer, the macroaggregate-protected 14C pool and 

microaggregate-protected 14C pool were respectively 6.7 and 8.5 times higher in CT than 

in NT.  Within tillage treatments, there were some significant depth effects.  Within NT, 

the unprotected 14C pool was highest in the 2.5-5 cm layer and lowest in the 5-15 cm 

layer for both macroaggregates and microaggregates.  Within CT, the unprotected 

macroaggregate 14C pool was significantly lower at the 0-2.5 cm layer than the other 

layers.  The macroaggregate-protected and micro-within-macroaggregate protected 14C 

pools did not differ significantly across depth in both CT and NT.  The microaggregate-

protected 14C pool was significantly higher in the 0-2.5 cm layer than in the two other 

depths in NT and no significant differences were detected across depths in CT for this 

pool.  

 42



Portion of C mineralized 

Table 2.3 shows the amount of C mineralized as a percentage of the aggregate-

associated C present before the incubation.  There were only a few significant differences 

between CT and NT and these showed a higher percentage of C mineralized in CT 

samples than in NT samples.  Overall, the amount of protected C mineralized is a rather 

low percentage of the C present.  The amount of macroaggregate-protected C mineralized 

varied between 0.6 and 3.2 %, the amount of microaggregate-protected C mineralized 

varied between 2.7 and 11% and the amount of micro-within-macroaggregate-protected 

C mineralized varied between 1.5 and 5.5%. 

 

Methodological issues 

 

 It should be noted that crushing of aggregates also breaks up the plant 

material present within the aggregates.  Since it has been suggested that C mineralization 

increases with decreasing residue particle size, it is possible that only part of the C 

mineralized is C previously protected physically in the aggregates, and the other part is 

due to the grinding of the plant material.  We do not think that this is an important factor 

in our experiment.  In studies with legume residues, less CO2 was evolved from soils 

amended with finely-ground than with coarser material (Stickler and Frederick, 1959; 

Jensen, 1994).  Sörensen et al. (1996) found no significant effect of grinding of the wheat 

leaf material on the release of 14CO2, but found a lower decomposition in soils where 

ground, compared to unground, subclover leaves were added.  They suggested that 

grinding of plant residues might result in a greater contact of substrate and decomposer 
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organisms with the soil matrix, resulting in a less extensive decomposition.  Sims and 

Frederick (1970) found that particle size had the greatest effect on CO2 evolution during 

the first few days of incubation; after 16 days, soils amended with plant material in the 

size range of 0.25 to 2.37 mm evolved more CO2 than did the soils with 4.8 mm size 

plant materials.  The soils with plant material < 250 µm, however, evolved the least CO2.   

Bremer et al. (1991) and Anger and Recous (1997) only found a higher C mineralization 

after 20 days of incubation in soils with ground plant residues when the C/N ratio of the 

plant material (straw) was high (C/N = 270).  When rye residue was added (C/N = 9), the 

decomposition was higher when residues were larger after 2 days of incubation.  

Vestergaard et al. (2001) investigated the influence of the size of maize leaves (Zea Mays 

L.) on respiration and they found on average higher respiration rates in soils amended 

with larger pieces (4-5 mm).  Comparing these different studies with our experiment, 

where soil C/N ~ 12, where aggregates were crushed < 250 µm or < 53 µm, and where 

14C containing residue had been applied to the soil 3 years previously, we believe that the 

C mineralized in the crushed aggregates was due to the breakdown of the aggregates and 

not to the grinding of the plant material. 

 

Discussion 

 

 Results of this study indicate that there are significant differences in aggregate 

size distribution and aggregate-associated C fractions between NT and CT soils.  No-till 

soils have more large macroaggregates and more C in most aggregate size classes in the 

surface layers.  At the lower depth, however, there are no differences between NT and CT 
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soils for the aggregate size distribution and the total aggregate-associated C content.  

Several researchers found more macroaggregates in NT soils compared to CT soils 

(Carter, 1992; Beare et al., 1994a; Paustian et al., 1997; Six et al., 2000a).  

Macroaggregates are less stable than microaggregates (Elliott et al., 1986; Cambardella 

and Elliott, 1993), and therefore more susceptible to the disruptive forces of tillage.  In 

the surface layer of CT soil, new soil is continuously exposed to drying and wetting, 

which causes the breakdown of larger, less stable aggregates.  When these aggregates are 

disrupted, more organic substrates become available for microbial attack, resulting in an 

increase in SOM decomposition, and therefore a decrease in C content.   Since residues 

are placed on the surface in NT soils and aggregates are less disturbed, higher C 

concentrations are found in these surface layers.  Beare et al. (1994a), Dick et al. (1997) 

and Six et al. (1999) also found higher C concentrations in surface samples of NT soils 

than of CT soils.  Similarly to our results, Beare et al. (1994a) and Six et al. (1998) found 

no significant differences in aggregate size distribution or C content between CT and NT 

in deeper soil layers.  Since the residues are buried in CT soils, there might be a flush of 

microbial activity at a lower depth, which causes the formation of aggregate binding 

agents, countering the disruption of large macroaggregates by plowing.     

The 14C concentrations followed the same pattern as the total carbon for the 

surface layers in both CT and NT soils with generally more 14C in the NT aggregate size 

classes than in CT.  At the 5-15 cm depth, however, the microaggregates and clay and silt 

particles contain more 14C in the CT soils than in the NT soils.  This indicates that in the 

short term, more new C is incorporated in the lower depths in CT soils due to plowing, 

but this C is not stabilized in the long term since there are no significant differences in 
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total C content between CT and NT at this depth.  Within tillage treatment, the 

differences between different depths were greater in NT samples than in CT samples.  

Balesdent et al. (1990) found more than 50 % of new C in the first 4 cm of NT soils and 

only 20 % below 25 cm, while the new C was homogeneously spread in the ploughed 

layers of the tilled soils.  

Generally, there was more C in the microaggregate fraction in NT soils than in 

any other fraction.  In this experiment, we worked with field moist aggregates that are not 

slake-resistant.  Consequently, the larger aggregates consist mainly of a loose structure 

that is very easily disrupted by tillage and that contains less C than the smaller fractions.  

Since these structures are disrupted under CT, the difference in C content between 

aggregate size classes is much smaller than under NT.  Accordingly, Puget et al. (1995) 

found that intermediate fractions (0.5-0.05 mm) contained most C when the aggregates 

were dry-sieved (not slake-resistant).   

Unprotected C and 14C pools were higher in NT than in CT for the 0-2.5 cm and 

2.5-5 cm layer.  This demonstrates that, when aggregates were isolated and incubated, 

NT aggregates contained more labile, readily mineralizable carbon than CT aggregates.  

Elliott (1986) and Gupta and Germida (1988) reported higher C mineralization in intact 

aggregates from native sod compared with cultivated soils.  No-tillage aggregates in the 

field hold more labile C that is easily mineralized once these aggregates are isolated in 

the laboratory.  Since the aggregates are regularly disrupted under CT soils, this labile C 

is decomposed very fast and less of this labile C is still present when the aggregates are 

isolated and incubated.   
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Microaggregate-protected and micro-within-macroaggregate-protected C and 14C 

pools were higher in NT than in CT surface layers, while macroaggregate-protected C 

and 14C pools did not differ between tillage practices.  Other researchers also found that 

significant amounts of SOM are physically protected in microaggregated structures 

(Gregorich et al., 1989; Balesdent et al., 2000).  This suggests that the protection of SOM 

in NT soils occurs at the microaggregate level, rather than at the macroaggregate level.  

However, other studies (Elliott, 1986; Beare et al., 1994b and Balesdent et al., 2000) 

reported an increase in mineralization when breaking macroaggregates (> 250 µm) into 

microaggregates (< 250 µm), with a weak or insignificant increase in tilled soils, while it 

was larger in untilled soils.   This indicates that SOM protection might occur at the 

macroaggregate level in some NT soils.   

Although we suggest that the microaggregates offer most of the SOM protection, 

the stabilization of macroaggregates is important for this protection to occur.  When the 

macroaggregates are not disrupted (e.g., in NT soils), residue that forms the center of a 

new macroaggregate decomposes and fragments inside of the macroaggregate into finer 

organic matter which gradually becomes encrusted with clay particles and microbial 

products, forming microaggregates within macroaggregates (Oades, 1984).  This organic 

matter is then stabilized and protected against further microbial decay.  When 

macroaggregates are disrupted under CT, the organic matter is released and never has the 

time to fragment and encrust with clay particles and microbial products, resulting in a 

much smaller amount of microaggregates within macroaggregates (Six et al., 2000b).   

Table 2.3 shows the amount of C mineralized as a percentage of the total 

aggregate-associated C present before the incubation.  It shows only a few significant 
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differences between NT and CT soils where C pools in CT are greater than in NT.  Since 

NT soils generally contained more C, the proportion of the C mineralized during the 

incubation will usually not be greater than in CT samples where less C is present.  The 

microaggregate- and micro within macroaggregate-protected C pools are on average still 

less than 5 % of the total C pool (Table 3), indicating that most of the protected C is 

associated with silt and clay particles.   

At the 5-15 cm depth, there were no significant differences for unprotected and 

protected C pools between CT and NT, whereas macroaggregate-protected and 

microaggregate-protected 14C pools were higher in CT than in NT, indicating again that 

more young C is protected under CT soils at this depth, but this C is not stabilized in the 

long term.   

 

Conclusions 

 

Based on this study we can draw the following conclusions.  The impact of tillage 

practices on aggregate size distribution, C content and organic matter protection is most 

pronounced in the upper layers of the soil.  In these layers, NT soils contain more large 

macroaggregates and more total and young C.  Organic matter is more protected at the 

surface under NT than under CT and this protection occurs more at the microaggregate 

level than at the macroaggregate level.  At lower depths, more young C is accumulated in 

CT soils than in NT soils, but this carbon is not stabilized in the long term.   
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Table 2.1.  Total carbon (C) and Carbon-14 (14C) contents of conventional tillage (CT) 

and no-tillage (NT) soils at the Horseshoe Bend Experimental Area.   

 

Depth            Organic C          14C   

  NT   CT†   NT   CT  

cm  g kg-1  Bq g-1 

 

0-2.5  22.7   10.1*   95.8       45.9*  

2.5-5  17.6   10.1*   55.4       44.3*  

5-15  7.2   7.7   18.3   28.9* 

†Values followed by * are significantly different between tillage treatments within depth.  
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List of figures 

 

Fig. 2.1:  Aggregate size distribution.  Values followed by a different lowercase letter 

within aggregate size class within depth between tillage treatments, are significantly 

different.  

 

Fig. 2.2: Total aggregate-associated C concentrations.  Values followed by a different 

lowercase letter within aggregate size class within depth between tillage treatments, are 

significantly different. Values followed by a different uppercase letter within aggregate 

size class within tillage treatments among depths are significantly different. 

 

Fig. 2.3.  Aggregate-associated 14C concentrations.  Values followed by a different 

lowercase letter within aggregate size class within depth between tillage treatments, are 

significantly different. Values followed by a different uppercase letter within aggregate 

size class within tillage treatments among depths are significantly different.  
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CHAPTER 3 

 

RAPID INCORPORATION OF FRESH RESIDUE-DERIVED CARBON INTO 

NEWLY FORMED STABLE MICROAGGREGATES WITHIN EARTHWORM 

CASTS1 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
1Bossuyt, H., J. Six, P.F. Hendrix, 2003.  Submitted to European Journal of Soil Science, 12/23/2002 
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Abstract 

 

In this study, the effect of earthworm activity on the formation of stable 

microaggregates inside of newly formed macroaggregates and the distribution of soil C 

was investigated.  Samples were collected from the Horseshoe Bend Research area in 

Athens, GA.  The incubation consisted of soil samples crushed (< 250 µm) with three 

treatments: (i) soil + 13C-labeled residue + earthworms; (ii) soil + 13C-labeled residue; 

and (iii) control soil.  After 20 days, aggregate size distribution, total C and 13C were 

measured and microaggregates (53-250 µm) were isolated out of the formed 

macroaggregates (> 250 µm).  This microaggregate fraction was dispersed to separate the 

free fine particulate organic matter (inter-POM) and intra-microaggregate fine particulate 

organic matter (intra-POM).  The 13C-signature of the isolated fractions was used to 

calculate residue-derived C content of the fractions.  The results showed that earthworms 

had a positive influence on the formation of large macroaggregates (> 2000 µm).  These 

large macroaggregates contained 4 times more stable microaggregates than those from 

samples without earthworms.  Both intra- and inter-aggregate POM-C were higher in the 

presence of earthworms and the differences between the treatments were even more 

pronounced for the residue-derived C.  The higher amounts of organic matter (OM) 

inside of stable microaggregates in earthworm casts after 12 days of incubation indicates 

that these microaggregates are rapidly formed around freshly incorporated residue within 

casts.  In conclusion, earthworm activity has a direct impact on the formation of stable 

microagregates and the incorporation of OM inside of these microaggregates.  These 

processes are expected to be of great significance for the long-term stabilization of soil C.   
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Introduction 

 

The highly dispersible, kaolinitic-clay-based soils of the southeastern USA 

(Miller & Baharuddin, 1986) are very susceptible to structural degradation, surface 

crusting, reduced infiltration, and erosion when cultivated.  These factors can contribute 

to a rapid loss of soil organic matter (SOM) (Sanchez et al., 1989; Bruce et al., 1990).  

The maintenance of SOM has beneficial effects on soil structural stability and nutrient 

dynamics, generally resulting in sustainability of agricultural productivity.   

Soil aggregates are thought to play an important role in the physical protection of 

SOM by making it inaccessible for further decomposition.  Since this protection will only 

exist as long as the aggregate remains stable, stable aggregates will provide a higher 

degree of protection than unstable ones.  Different models have been proposed for the 

formation of soil aggregates.  Tisdall & Oades (1982) suggested that aggregates are 

formed by the binding of mineral particles into microaggregates (50-250 µm) and of 

microaggregates into macroaggregates (> 250 µm).  Free primary particles are mainly 

cemented together into microaggregates by persistent binding agents (e.g. clay-polyvalent 

metal-humified organic matter complexes), characterized as older, more humified, or 

recalcitrant SOM.  The more temporary (e.g., roots and fungal hyphae) and transient 

(e.g., polysaccharides) agents are thought to bind microaggregates into macroaggregates 

and are generally considered to be relatively more labile or decomposable (van Veen & 

Paul, 1981; Elliot, 1986).  Because of the nature of the binding agents involved, 

macroaggregates are less stable than microaggregates (Oades, 1984; Beare et al., 1994b).  

This model was later modified by Oades (1984) who suggested that microaggregates are 

 65



predominantly formed within macroaggregates.  This modification has formed the basis 

of several recent studies (Beare et al., 1994a; Gale et al., 2000; Six et al., 1999a, 2000).  

First, macroaggregates (250-2000 µm) are formed around fresh residue.  If the 

macroaggregates are not disturbed (e.g., under NT), residue decomposes and fragments 

into finer organic matter that gradually becomes encrusted with clay particles and 

microbial products forming microaggregates within macroaggregates.  When the 

macroaggregates become destabilized due to degradation of the binding agents, they fall 

apart and release the stable microaggregates.  These microaggregates then form the 

building blocks for the formation of new macroaggregates, as suggested by Tisdall & 

Oades (1982).   

Earthworms might have a pronounced effect on SOM dynamics.  They are known 

to play an important role in the process of litter incorporation into soil macroaggregates 

(Martin, 1991).    They ingest large amounts of organic matter, mix it with inorganic soil 

material, pass this mixture through their gut and excrete it as a cast (Guggenberger et al., 

1996; Scullion & Malik, 2000).  Earthworm casts are known to contain more water-stable 

macroaggregates than surrounding soils (Shipitalo & Protz, 1988; Marinissen, 1994).   

On a smaller scale, earthworms also play an important role in the formation of 

microaggregates.  Shipitalo & Protz (1988) and Barois et al. (1993) detected that the soil 

microstructure is completely destroyed in the earthworm’s gut and that during gut transit 

old microaggregates are destroyed and new ones are formed.  Jongmans et al. (2001) 

observed the incorporation of fine organic material in an early stage of decomposition 

into the microstructure within worm casts.  The formation of these stable 
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microaggregates inside of earthworm casts might be an important mechanism in 

protecting labile SOM.  

We hypothesized that earthworms would be partly responsible for the fast 

formation of stable microaggregates inside macroaggregates and sequestration of organic 

C in these microaggregates. 

The objectives of this study were to investigate the effects of earthworms on (i) 

soil aggregate formation, (ii) soil organic matter incorporation and (iii) microstructure 

formation and C content in a short-term laboratory experiment using grain 13C-labelled 

sorghum plants (Sorghum bicolor (L.) Moench). 

 

Materials and methods 

 

Site description and soils 

 Surface no-tillage soil samples were collected with a shovel from the long-term 

agricultural experimental site (Horseshoe Bend) near Athens, GA.  The site is located in 

the Piedmont of the southern Appalachian Mountains (33° 54’N, 83° 24’W).  The soil is 

a well-drained sandy clay loam (66% sand, 13% silt, 21% clay) in the Hiwassee series 

(fine kaolinitic thermic typic Kanhapladult).  The area receives a mean annual 

precipitation of 1270 mm.  The experimental plots (0.1ha) were established in 1978 with 

replicated tillage treatments assigned in a completely randomized design.  Details on the 

treatment histories at the Horseshoe Bend Research Area Site can be found in Beare et al. 

(1994a) and Hendrix (1997). 
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After collection, the soil was air-dried (moisture content after air-drying 1-2 %) 

and pushed through a 250 µm sieve.  The 250-1000 µm sized sand plus particulate 

organic matter (POM) fractions were kept and re-mixed with the soil after sieving.  

Stones larger than 1000 µm were discarded. 

 

Incubation  

From the 250 µm sieved, air-dried soil, 12 subsamples (150 g) were subjected to 3 

treatments, each in 4 replicates (n=4): (i) 13C labeled plant material and 6 earthworms; (ii) 

13C-labelled plant material, but no earthworms; and (iii) no plant material and no 

earthworms.  13C-labeled grain sorghum (Sorghum bicolor (L.) Moench) leaves ground to 

a size of 500-1000 µm were used as the labeled plant material.  The earthworm species 

was Aporrectodea caliginosa (Savigny 1826).  In the first two treatments, 1.2 g of plant 

material was mixed in 150 g soil; the mixture was brought to field capacity (11% water 

content) and put in glass jars with lids containing septa for gas sampling.  The jars were 

held overnight at 4°C to equilibrate and then incubated at 20°C for 20 days.  Earthworms 

were added after 8 days of incubation.  At day 20, the earthworms were taken out of the 

jars and the soil was air-dried for 3 days to allow worm casts to stabilize (Marinissen & 

Dexter, 1991).  After being dried, the soil was slowly rewetted, held overnight at 4°C and 

aggregate size distribution was determined by wet sieving as described by Elliott (1986).  

Briefly, a series of three sieves was used to obtain four aggregate size fractions: (i) > 

2000 µm (large macroaggregates); (ii) 250-2000 µm (small macroaggregates); (iii) 53-

250 µm (microaggregates); (iv) < 53 µm (silt and clay fraction).  Following wet sieving, 

the aggregate size fractions > 53 µm were dried on the sieves in a dehumidifying 
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chamber (10°C).  Particles < 53 µm were collected in a bucket, total volume was 

measured and a subsample of a known volume was taken for analysis. 

 

Isolation of microaggregates within macroaggregates 

Subsamples from the small and large macroaggregate fractions were taken to 

isolate the microaggegates held within macroaggregates following the method described 

by Six et al. (2000).  A device was used to completely break up macroaggregates while 

minimizing the break down of the released microaggregates.  Macroaggregates (10 g) 

were immersed into deionized water on top of a 250 µm mesh screen and gently shaken 

with 50 glass beads (dia. = 4 mm).  Continuous and steady water flow through the device 

ensured that microaggregates were immediately flushed onto a 53 µm sieve and not 

further disrupted by the glass beads.  After all macroaggregates were broken up, the sand 

and coarse particulate organic matter (coarse POM) retained on the 250 µm sieve were 

washed off and collected.  The material collected on the 53 µm sieve was sieved 

according to Elliott (1986) to ensure that the isolated microaggregates were water-stable.  

The proportion of microaggregate weight (53-250 µm) within macroaggregates (250-

2000 µm) was calculated as: 

  

(microaggregate weight – weight of 53-250 µm sized sand) 

—–––––————————————————————— 

(macroaggregate weight – weight of 250-2000 µm sized sand) 
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The weights of macro- and microaggregates were corrected for the sand content 

of the same size as the aggregates because sand of the same size as an aggregate has a 

higher probability of not being a part of the aggregate and should consequently not be 

weighed as an aggregate. 

   

Inter-microaggregate particulate organic matter and intra-microaggregate particulate 

organic matter contents 

The inter-microaggregate particulate organic matter (inter-POM) that was retained 

on the 53 µm sieve together with the microaggregates was isolated by density flotation 

with 1.85 g cm-3 sodium polytungstate (Six et al., 1998).  After density flotation, the 

microaggregates were dispersed by shaking overnight (18 h.) in 5 g L-1 

hexametaphosphate and intra-microaggregate particulate organic matter (intra-POM) was 

separated from the clay-and silt fraction (< 53 µm) by sieving.  To avoid cross 

contamination of C, and especially 13C, among samples, sodium polytungstate was 

recycled according to Six et al. (1999b).   

 

Analyses 

Total C and 13C from the aggregate size fractions and from the coarse POM, fine 

inter-POM and intra-POM were determined using a Finnigan Delta C Mass Spectrometer 

coupled to a Carlo Erba, NA 1500, CHN Combustion Analyzer via Finnigan’s Conflo II 

Interface. 
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Results are expressed as:  

 

                            13Rsample 

 13C‰  = [( _________ ) - 1 ] x 1000,   where  13R = 13C/12C  

                      13Rstandard 

 

and the standard is the international Pee Dee Belemnite (PDB). 

 

Statistical analysis 

The data were analyzed, using the SAS statistical package for analysis of variance 

(ANOVA-PROC GLM, SAS Institute, 1990).  Separation of means was tested with the 

DIFF option of the LSMEANS statement with a significance level of P < 0.05. 

 

Results 

 

Aggregate size distribution and total carbon concentrations 

In table 3.1, the effects of earthworm activity on the formation of water-stable 

aggregates and the distribution of C within these aggregates are shown.  Significant 

impacts of earthworm activity are mainly seen in the formation of large macroaggregates 

and the C content of those macroaggregates.  The soil samples with earthworms 

contained 3.6 times more large macroaggregates (> 2000 µm) than the soil samples 
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without earthworms.  Large macroaggregates were not formed when earthworms and 

residue were absent. Instead, smaller aggregate size classes (250-2000 um, 53-250 um 

and < 53 um) were found in higher percentages. 

The large macroaggregates (> 2000 µm) contained significantly more total 

aggregate-associated C (4.26 g C kg-1 soil) in the presence of earthworms while total 

aggregate-associated C concentrations were generally higher in the samples without 

earthworms for the smaller aggregate size classes.  The silt- and clay fraction (< 53 µm) 

contained significantly more total C in the absence of earthworms and residue but no 

other significant differences were found in total aggregate-associated C concentrations 

between the samples without earthworms and without residue.   

Coarse free total POM-C concentration was significantly higher in the presence of 

earthworms in the large macroaggregates (> 2000 µm) and was ~ 1.5 times higher than in 

the samples without earthworms (data not shown).  For the small macroaggregates, there 

was no significant difference in total coarse POM-C concentration between the samples 

with and without earthworms or without residue.  Earthworm activity had no significant 

impact on residue-derived coarse free POM-C for both large and small macroaggregates. 

 

Formation of microaggregates inside of macroaggregates 

The formation of water-stable microaggregates inside of macroaggregates was 

significantly influenced by earthworm activity (Fig. 3.1).  The proportion of 

microaggregates within large macroaggregates was ~4 times higher in the presence of 

earthworms.  There was no difference in microaggregate proportion between samples 

with and without earthworms for the small macroaggregates (250-2000µm). 
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Total C and 13C distribution in aggregate-associated fractions 

Total C concentrations of the fractions inside of large macroaggregates (fine intra-

POM and fine inter-POM) were significantly higher in the presence of earthworms (Fig. 

3.2).  The C concentrations were higher for fine intra- and inter-POM without 

earthworms in the small macroaggregates, but the differences were not as pronounced.  In 

general, intra-POM total C concentrations were higher than fine inter-POM C 

concentrations for both earthworm and no-earthworm samples.  The residue-derived 

POM-C was significantly higher in the samples with earthworms than in those without 

earthworms for the large macroaggregates (Fig. 3.3) and this difference was more 

pronounced than the differences in total C between the treatments.  Approximately 15% 

of the total fine intra-POM C in the presence of earthworms in large macroaggregates 

was residue-derived C while only ~ 6 % when no earthworms were present.  For the fine 

inter-POM C, 11% was residue-derived C in the presence of earthworms compared to 

15% when no earthworms were present.  No significant differences between treatments 

were detected for the small macroaggregates.   

Figure 3.4 shows the ratio of fine intra-POM-13C to fine inter-POM-13C that is 

free between microaggregates.  For both large and small macroaggregates, more fine 

POM is incorporated into microaggregates in the presence of earthworms and this ratio is 

approximately 1.9 times higher for the large macroaggregates and 1.5 times higher for the 

small macroaggregates.     
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Discussion 

 

In this study, we were mainly interested in the role of earthworm activity in the 

formation of stable microaggregates within their casts and the distribution of newly added 

C within and between formed microaggregates or casts.  As shown by several other 

researchers, we found that earthworm activity has a positive impact on the formation of 

large macroaggregates (Blanchart et al., 1989; Martin & Marinissen, 1993; Guggenberger 

et al., 1996; Marinissen & Hillenaar, 1996; Scullion & Malik, 2000).  These large 

macroaggregates contained significantly more C (both old and new) in the presence of 

earthworms, as reported by numerous other researchers (Shipitalo & Protz, 1989; 

Mulongoy & Bedoret, 1989; Daniel & Anderson, 1992; Barois et al., 1993; Buck et al., 

1999).   

While almost all of the related research has been focused on the impact of 

earthworm activity on the production of macroaggregates and C within these 

macroaggregates, this study concentrated on the formation of microaggregates within 

earthworm casts and the organic matter within and between these microaggregates.  A 

much higher proportion of microaggregates within large macroaggregates was found in 

the presence of earthworms.  Since no macroaggregates (> 250 µm) were present at the 

start of the incubation, all of the microaggregates within macroaggregates were newly 

formed microaggregates or old microaggregates incorporated inside of macroaggregates. 

Shipitalo & Protz (1988) and Barois et al. (1993) found that the soil microstructure was 

completely destroyed in the earthworm’s gut and that during gut transit old 

microaggregates were destroyed and new ones formed.     
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In our study, these water-stable microaggregates inside of large macroaggregates 

also contained more total C and residue-derived C.  This shows that earthworms can play 

a very important role in incorporating fresh organic matter inside of microaggregates 

within macroaggregates.  The ratio of fine intra-POM to fine inter-POM was higher in the 

presence of earthworms for both large and small macroaggregates, showing again that 

earthworms have a direct involvement in the incorporation of free fresh residues into 

stable microaggregates within their casts.  Jongmans et al. (2001) also observed fine 

organic material in an early stage of decomposition in the microaggregates within worm 

casts.  Likewise, Pulleman et al. (submitted) studied earthworm casts and bulk soil 

aggregates in a pasture soil greatly affected by earthworms and found a higher amount of 

stable microaggregates in macroaggregates and a higher amount of fine POM inside of 

these microaggregates.  Winsome & McColl (1998) analyzed the microaggregates within 

earthworm casts and bulk soil with an electron microscope and found that interior 

surfaces of earthworm casts contained tight aggregations of organic materials, clay 

domains and filaments while the interior surface of uningested soil aggregates consisted 

of mineral grains embedded in clay- and silt particles.   

Microaggregates are known to be more stable than macroaggregates and organic 

matter incorporated into microaggregates is thought to be more resistant to 

decomposition than organic matter in macroaggregates (Tisdall & Oades, 1982; Oades, 

1984). The formation of stable microaggregates inside of macroaggregates might be a 

very important mechanism in protecting organic matter at the microaggregate level.  

When macroaggregates fall apart due to a disturbance or natural turnover, the organic 

matter within the macroaggregates but between microaggregates would become available 
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for microbial attack while the organic matter inside of microaggregates would still be 

protected.  

Only few researchers have focused on the formation of microaggregates inside of 

earthworm casts and the incorporation of organic matter inside of these microaggregates 

and these studies generally looked at earthworm casts formed in the field or in longer 

term microcosms, making it impossible to determine how fast these microaggregates are 

formed and how fast organic matter is incorporated inside of them.  In current conceptual 

models of aggregate and SOM dynamics (e.g. Six et al., 1998; Gale et al., 2000), the 

stabilization of C occurs in newly formed microaggregates within macroaggregates by 

ageing, microbial activity and exudation.  It is suggested that microaggregates within 

macroaggregates are formed by microbial decomposition of organic residues inside of 

macroaggregates that become gradually encrusted with microbial mucigels and clay 

particles.  This study, however, showed that after only 12 days of incubation, earthworm 

activity already had a large impact on the formation of these microaggregates within 

macroaggregates.  Newly formed earthworm casts already contained significantly more 

earthworm-created microaggregates than bulk soil aggregates, and earthworms 

incorporated considerably more organic matter inside of their casts.  Since C associated 

with microaggregates is known to turn over slower than C associated with 

macroaggregates (Six & Jastrow, 2002), the formation of these microaggregates within 

macroaggregates might be an important mechanism for the long-term protection of C.   
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Conclusions 

 

Based on the results of this study, we can conclude that earthworms induce a 

rapid formation of stable microaggregates inside of large macroaggregates and enhance 

the incorporation of fresh residues inside of these microaggregates.  While researchers 

have previously reported the importance of microaggregate formation inside of 

macroaggregates to stabilize and protect organic matter, none have investigated how fast 

earthworms are able to form these microaggregates and how fast they incorporate organic 

matter at this microaggregate level.  This fast incorporation and consequent protection of 

organic matter inside of stable microaggregates is expected to be a very important factor 

in the sequestration of soil C.   

Since certain management practices, such as tillage, are known to have an adverse 

effect on earthworm abundance, the implementation of conservation tillage or no-tillage, 

that lead to higher earthworm populations, may therefore lead to increased levels of OM 

and soil C content 

Further studies are needed to determine the longer-term stability of these 

microaggregates under field conditions, especially where soils are continuously processed 

by earthworms and where interactions of different earthworm species may be important. 
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Table 3.1.  Aggregate size distribution and total-aggregate associated C concentrations in 
samples with and without earthworms and/or added residue. 
 
    + earthworms†  - earthworms   - earthworms 
    + residue  + residue  - residue 
aggregate size(µm)              aggregate dry weight(%) 
 
> 2000    36.8a   10.1b   0.00c 
 
250-2000   28.7b   40.7a   42.9a 
 
53-250    31.3b   44.5a   50.2a 
 
< 53    3.16c   4.78b   6.88a 
 
 

+ earthworms†  - earthworms   - earthworms 
    + residue  + residue  - residue 
aggregate size(µm)              C (g kg -1soil) 
 
> 2000    6.31a       2.05b               0.00c 
 
250-2000   3.70a       4.80a    4.82a 
 
53-250    4.44b       6.21a    7.03a 
 
< 53    1.11c       1.69b    2.47a 
† Values followed by a different lowercase letter are significantly different between 
sample treatments  
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CHAPTER 4 

 

SOIL CARBON PROTECTION AT THE MICROAGGREGATE LEVEL WITHIN 

EARTHWORM CASTS1 

 

 

 

 

 

                                                 
1Bossuyt, H., J. Six, P.F. Hendrix, 2003.  Submitted to Soil Biology and Biochemistry, 12/23/2002 
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Abstract 

 

Earthworms are known to play a role in aggregate formation and soil organic 

matter (SOM) protection. However, it is still unclear at what scale and how fast 

earthworms induce a protection of SOM.  The objective was to investigate the effects of 

Aporrectodea caliginosa on aggregation and aggregate-associated C pools using 13C-

labeled sorghum (Sorghum bicolor (L.) Moench) leaves residue.  Two incubations were 

set up. The first incubation consisted of soil samples crushed < 250 µm to break up all 

macroaggregates with three treatments: (i) control soil; (ii) soil + 13C-labeled residue; and 

(iii) soil + 13C-labeled residue + earthworms.  After 20 days, aggregate size distribution 

was measured together with total C and 13C in each aggregate fraction. A second 

incubation was conducted to determine protected versus unprotected total C and 13C from 

21-day laboratory incubations of intact and crushed macro- and microaggregates.  

Different pools of aggregate-associated C were quantified: (i) unprotected 

macroaggregate-C, (ii) unprotected microaggregate-C, (iii) macroaggregate-protected C, 

(iv) microaggregate-protected C, and (v) microaggregate within macroaggregate-

protected C.  In the presence of earthworms, a higher proportion of large 

macroaggregates was newly formed and these aggregates contained more C and 13C 

compared to bulk soil.  There were no significant differences between the samples with 

or without earthworms for the macroaggregate-protected, microaggregate-protected and 

microaggregate within small macroaggregate-protected pools.  In the presence of 

earthworms, the microaggregate within large macroaggregate-protected C pool was a 

significant pool and 22% of this C pool was newly added C.  In conclusion, our results 
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clearly indicate the direct involvement of earthworms in inducing a longer-term 

protection of soil C at the microaggregate level.   

 

Introduction 

 

Soil aggregation has a great influence on the physical characteristics of the soil.  

Well-aggregated soils possess a larger pore space and are characterized by a higher 

infiltration rate and better gaseous exchange between soil and atmosphere, leading to 

enhanced microbial activity (Lynch and Bragg, 1985).  Soil aggregation and soil organic 

matter (SOM) dynamics are closely linked.  Aggregates are thought to play an important 

role in the physical protection of SOM and at the same time, SOM binds with mineral 

particles to form aggregates of different sizes (Tisdall and Oades, 1982).  The 

preservation of SOM is desirable for land use since SOM is widely recognized as a key 

component in nutrient cycling.  Furthermore, the retention of organic C in soil is 

becoming more important since the rise in atmospheric CO2 and global warming are 

recent concerns (Schlesinger, 1997).   

Earthworms are considered to improve soil aggregation and they are known to 

promote the cycling of nutrients (Lee and Foster, 1991; Edwards and Bohlen, 1996).  

They play a crucial role in the removal of plant litter and other organic materials from the 

soil surface and the incorporation of these organic materials into soil aggregates (Martin, 

1991).  Earthworms ingest organic matter and mix it with inorganic soil material.  This 

mixture passes through their gut and is excreted as a cast (Parmelee et al., 1998).  

Earthworms contribute to soil aggregation mainly through the production of casts.  Casts 
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occur mostly in the upper 0-20 cm of the soil (Lee and Foster, 1991) and contain more 

water-stable aggregates than surrounding soils (Shipitalo and Protz, 1988; Marinissen, 

1994).  The formation of water-stable macroaggregates (> 250 µm) depends primarily on 

temporary binding agents (Tisdall and Oades, 1982).  Earthworms play a role in the 

formation of these binding agents (Martin and Marinissen, 1993) through secretion of 

mucus in their gut.  Earthworm activity increases the mean diameter of dry aggregates in 

bulk soil and the stability of aggregates of certain size classes.  Microbial polysaccharides 

and other organic products in the casts may strengthen bonds between organic and 

mineral components, resulting in a protection against microbial attack.  Martin (1991) 

found a decrease in SOM decomposition in the long term when earthworms were present, 

possibly due to the physical protection of SOM in water-stable aggregates.   

It has been suggested that earthworms also have a profound effect on soil 

aggregation and structure at the microaggregate scale.  Several studies have suggested 

that during gut transit of the soil, the old microstructure is completely destroyed, but new 

microaggregates are formed within the casts (Shipitalo and Protz, 1988; Barois et al., 

1993; Jongmans et al., 2001).  In an incubation study, Bossuyt et al. (2003) confirmed 

that new microaggregates are very rapidly formed (< 20 days) within newly excreted 

casts.  However, these studies have not investigated the C protective capacity of these 

newly formed microaggregates. 

The objective of this study was to investigate the effect of earthworms on (i) soil 

macro-and microaggregate formation, and (ii) protection of C at a microaggregate scale 

inside of their casts.  In this study, we used 13C-labeled sorghum leaves, to follow the 

incorporation of newly added residue into different aggregate-associated C fractions.  
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Carbon mineralization rates of formed intact aggregates and crushed aggregates were 

determined to assess the level of C protection exerted by the different aggregate size 

classes. 

 

Materials and methods 

 

Site description and soils 

 Surface no-tillage soil samples were collected with a shovel from a long-term 

agricultural experimental site (Horseshoe Bend) near Athens, GA.  The site is located in 

the Piedmont of the southern Appalachian Mountains (33° 54’N, 83° 24’W).  The soil is 

a well-drained sandy clay loam (66% sand, 13% silt, 21% clay) in the Hiwassee series 

(fine kaolinitic thermic typic Kanhapladult).  The area receives a mean annual 

precipitation of 1270 mm.  The experimental plots (0.1ha) were established in 1978 with 

replicated tillage treatments assigned in a complete randomized block design.  Details on 

the treatment histories at the Horseshoe Bend Research Area Site can be found in Beare 

et al. (1994a) and Hendrix (1997). 

After collection, the soil was air-dried (moisture content after air-drying 1-2 %) 

and pushed through a 250-µm sieve.  The 250-1000 µm sized sand plus particulate 

organic matter (POM) fractions were kept and re-mixed with the soil after sieving.  

Stones larger than 1000 µm were discarded. 
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Incubation 1 

This incubation was conducted as described by Bossuyt et al. (2003).  Briefly, the 

250 µm sieved soil was subjected to 3 treatments, each in 4 replicates (n=4): (i) no plant 

material and no earthworms; (ii) 13C labeled plant material, but no earthworms; and (iii) 

13C labeled plant material and 6 earthworms.  Carbon-13 labeled sorghum (Sorghum 

bicolor (L.) Moench) leaves were used as the labeled plant material.  The earthworm 

species was Aporrectodea caliginosa (Savigny 1826).  In the first two treatments, 1.2 g of 

plant material was mixed in 150 g soil; the mixture was brought to field capacity (11% 

water content) and put in glass jars.  Field capacity was determined on pressure plate 

extractors.  Samples were incubated at 20°C for 20 days.  Earthworms were added after 8 

days of incubation.  Respiration (total CO2 and 13CO2) was measured every day during 

the first week and every other day afterwards up to 20 days.  At day 20, the earthworms 

were taken out of the jars and the soil was air-dried for 3 days to allow earthworm casts 

to stabilize (Marinissen and Dexter, 1991).  Aggregate size distribution was determined 

by wet sieving the slowly rewetted soil as described by Elliott (1986).  Briefly, a series of 

three sieves is used to obtain four aggregate size fractions: (i) > 2000 µm (large 

macroaggregates); (ii) 250-2000 µm (small macroaggregates); (iii) 53-250 µm 

(microaggregates); (iv) < 53 µm (silt and clay fraction).  Following wet sieving, the 

aggregate size fractions > 53 µm were dried on the sieves in a dehumidifying chamber 

(10°C).  Particles < 53 µm were collected in a bucket, total volume was measured and a 

subsample of a known volume was taken for analysis. 
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Incubation 2 

A second incubation was done to biologically determine the macro- and 

microaggregate-associated C and 13C pools in the formed aggregates.  Different sets of 

incubations were conducted: (i) large and small macroaggregates, (ii) < 250 µm large and 

small crushed macroaggregates, (iii) < 53 µm large and small crushed macroaggregates; 

(iv) microaggregates and, (v) < 53 µm crushed microaggregates.  From all the dry 

aggregate size classes from incubation 1, except the < 53 µm aggregate size class, 

subsamples (12-15 g) to be incubated were weighed into plastic cups and deionized water 

was added to achieve field capacity.   Subsamples were incubated (30°C) in sealed jars 

with lids containing septa for gas sampling.  Gas samples were taken on days 3, 11, and 

21.   

 

Analyses 

Total CO2 evolved during the incubations was analyzed on a Varian Star 3600CX 

(Varian Analytical Instruments, Sugar Land, Texas) gas chromatograph with a thermal 

conductivity detector.  Variations in 13C of the CO2 evolved during the incubations were 

determined using a micromass VG optima mass spectrometer (Micromass UK Ltd., 

Manchester, UK).  Results are expressed as:  

 

                            13Rsample 

 13C‰  = [( _________ ) - 1 ] x 1000,   where  13R = 13C/12C  

                      13Rstandard 
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and the standard is the international Pee Dee Belemnite (PDB). 

The amount of CO2-C derived from the sorghum residue (Qw) is calculated using the 

following mass balance :  

  Qt x δt = Qw x δw + Qs x δs + Qb x δb 

where Qt = the total amount of CO2-C; δt = its isotopic composition; Qw = the amount of 

CO2-C derived from the wheat; δw = its isotopic composition (296 ± 2.7‰); Qs = the 

amount of CO2-C derived from the soil; δs = its isotopic composition (-24.76 ± 0.18‰); 

Qb = blank CO2-C amount; δb = its isotopic composition (-7.5 ± 0.59‰).  The control 

samples (no sorghum added) are used to measure Qs and δs ; with the assumption of no 

priming effect.   

Total C and 13C from the aggregate size fractions was determined using a 

Finnigan Delta C Mass Spectrometer coupled to a Carlo Erba, NA 1500, CHN 

Combustion Analyzer via Finnigan’s Conflo II Interface. 

 

Calculations 

The results of the aggregate incubations were used to define five aggregate-

associated carbon pools (Bossuyt et al., 2002): (i) unprotected macroaggregate C, (ii) 

unprotected microaggregate C, (iii) macroaggregate-protected C, (iv) microaggregate-

protected C and; (v) microaggregate within macroaggregate-protected C.  These different 

pools were calculated as follows: 

 

2) Unprotected macroaggregate C  

           = intact macroaggregate Cmin  
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2) Unprotected microaggregate C  

           = intact microaggregate Cmin 

3) Macroaggregate-protected C  

           = < 250 µm crushed macroaggregate Cmin – intact macroaggregate Cmin 

4) Microaggregate-protected C  

           = < 53 µm crushed microaggregate Cmin – intact microaggregate Cmin 

5) Microaggregate within macroaggregate-protected C  

           = < 53 µm crushed macroaggregate Cmin – macroaggregate-protected C –  

Unprotected macroaggregate C  

[replace macroaggregate-protected C (see equation 3))] 

= < 53 µm crushed macroaggregate Cmin – (< 250 µm crushed  

     macroaggregate Cmin – intact macroaggregate Cmin) – intact    

     macroaggregate Cmin 

           = < 53 µm crushed macroaggregate Cmin– < 250 µm crushed  

     macroaggregate Cmin 

with Cmin the cumulative C mineralized after 21 days of incubation.  The 

macroaggregate-associated C pools were calculated for both large and small 

macroaggregates. 

 

Statistical analysis 

The data were analyzed, using the SAS statistical package for analysis of variance 

(ANOVA-PROC GLM, SAS Institute, 1990).    Separation of means was tested with the 

DIFF option of the LSMEANS statement with a significance level of P< 0.05. 
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Results 

 

Incubation I 

 

Water-stable aggregates 

There was a significant impact of earthworm activity on the distribution of water-

stable aggregates (Fig. 4.1).  Large macroaggregates (> 2000 µm) made up the largest 

percentage (~ 37% on average) of the whole soil for samples with earthworms and were 

on average 3.6 times greater than samples without earthworms.  When no earthworms 

and no residue were added, no large macroaggregates were formed.  The smaller 

aggregate size classes (250-2000 µm, 53-250 µm and < 53 µm) made up a greater 

proportion of the soil without earthworms and/or residue.   

 

Respiration 

There was no significant difference in cumulative respiration between samples 

with or without earthworms, for both total and residue-derived respiration (Table 4.1).  

The residue-derived respiration accounted for approximately 70 % of the total respiration. 

 

Total C and 13C concentrations 

Total aggregate-associated C concentrations were significantly influenced by 

earthworm activity.  Total large macroaggregate-associated C concentrations were 

significantly higher in the presence of earthworms (Fig. 4.2).  There was no significant 

difference in total small macroaggregate-associated C.  For the other aggregate size 
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classes, total aggregate-associated C concentrations were higher in the absence of 

earthworms.  There were no significant differences in total aggregate-associated C 

concentrations between the control samples and the samples without earthworms, except 

for the silt – and clay fraction (< 53 µm) where total aggregate-associated C was 

significantly higher when no residue was added. 

 Aggregate-associated 13C concentrations were significantly influenced by 

earthworm activity.  Large macroaggregate-associated 13C concentrations were 

significantly higher in the samples with earthworms (Fig. 4.3).  All the other aggregate 

size classes had higher 13C concentrations without earthworms added, except for the 250-

2000 µm where there was no significant difference in 13C concentration between the 

samples with and without earthworms.  The aggregate-associated 13C concentrations were 

following the same trend as the total aggregate-associated C concentrations.   

 

Incubation II 

 

Unprotected and aggregate-protected C and 13C pools 

The amount of C mineralized after 21 days is shown in Table 4.2 as cumulative 

respired C (mg C kg-1 soil).  The unprotected C pools were the largest C pools and were 

always significantly larger than the corresponding protected C pools.  The unprotected 

small macroaggregate C pool was highest when no earthworms were present and lowest 

when no residue was added.  The unprotected microaggregate C pool was significantly 

higher in the samples without earthworms than in those with earthworms.  In control soil, 

this pool was not significantly different than the other treatments.  The small 
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macroaggregate-protected, microaggregate-protected and microaggregate within small 

macroaggregate-protected C pools did not differ between any of the treatments and were 

relatively non-existing or small pools.  A large pool in the samples with earthworms is 

the microaggregate within large macroaggregate protected C pool which is about 2.5 

times higher than the microaggregate within small macroaggregate protected C pool.  

This pool was not detectable in the samples without earthworms or without residue 

because only a small amount of large macroaggregates were present. 

The amount of 13C or residue-derived C mineralized after 21 days is shown in 

Table 4.2 as cumulative respired 13C (mg 13C kg-1 soil).  The largest residue-derived C 

pools are the unprotected pools.  The unprotected small macroaggregate pool is higher in 

the absence of earthworms.  There is no difference between the treatments for the 

unprotected microaggregate 13C pool.  There is no residue-derived C found in the large 

macroaggregate-protected, small macroaggregate-protected or microaggregate within 

small macroaggregate-protected pools.  The microaggregate within large 

macroaggregate-protected 13C pool is a significant pool in the presence of earthworms.  

Twenty-two percent of the C in microaggregate within large macroaggregates is newly 

added residue C.  Earthworm activity has no effect on the incorporation of residue into 

free microaggregates.   
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Discussion 

 

Incubation I 

 

Water-stable aggregates 

This study indicates that the presence of earthworms has a significant impact on 

the formation of large macroaggregates.  In the samples where earthworms were added, 

higher amounts of water-stable large macroaggregates (> 2000 µm) were found.  Several 

researchers described the positive influence of earthworms on the formation and stability 

of soil aggregates.  Blanchart et al. (1989) found that in 33 days, 42.4% of the soil was 

aggregated in the presence of earthworms compared to 13.3 % in the control soil.  Martin 

and Marinissen (1993) described how earthworms play an important role in the 

production of binding agents responsible for the formation of water-stable 

macroaggregates.  Various studies showed a higher stability in earthworm casts than in 

the surrounding soil aggregates (Monnier and Jeanson, 1964; van Rhee, 1977; De 

Vleesschauwer and Lal, 1981; McKenzie and Dexter, 1987).  Earthworms ingest large 

quantities of organic materials that are mixed and excreted as casts (Parmelee et al., 1990; 

Martin and Marinissen, 1993; Jégou et al., 1998) and improve stable macroaggregation 

(Guggenberger et al., 1996; Marinissen and Hillenaar, 1996; Scullion and Malik, 2000).  

The aggregates formed in this incubation were dried for 3 days to allow casts to stabilize.  

This was done because several researchers found that the casting activities only enhance 

aggregate stability if the casts are dried or aged (Shipitalo and Protz, 1988; Marinissen 

and Dexter, 1990).  
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Respiration 

There was no effect of earthworm activity on overall soil respiration or residue-

derived respiration.  Earthworms are known to have a significant impact on microbial 

activity by causing favorable conditions.  The general contribution, however, to total 

respiration is usually low.  Petersen and Luxton (1982) reported that the soil fauna 

generally appears to be responsible for less than 5% of total decomposer respiration. 

Several other researchers also found that micro-organisms are the major contributors to 

soil respiration being responsible for 80 to 95% of the total CO2 respired (Satchell, 1971; 

Persson and Lohm, 1977; Lamotte, 1989).  Zhang and Hendrix (1995), on the other hand, 

saw an increase in microcosm respiration up to ~22% when earthworms were present 

compared to control soil. Haimi and Huhta (1990) observed that 15 to 18% of microbial 

respiration was due to earthworm activity in raw humus forest soil.   

 

Total C and 13C concentrations 

This study showed that earthworms induced a redistribution of total C and 

residue-derived C into the large macroaggregates or the earthworm casts.   Total and 

residue-derived aggregate-associated C concentrations in large macroaggregates were 

respectively 3 and 2 times higher in the presence of earthworms.  Zhang and Schrader 

(1993) found an increase of 20-37 % of total C in casts compared to bulk soil and Lee 

(1985) concluded that C content of casts is usually about 1.5 to 2 times higher than the 

surrounding soil.  Various other researchers reported a higher amount of total or organic 

C in earthworm casts (Shipitalo and Protz, 1988; Mulongoy and Bedoret, 1989; Daniel 

and Anderson, 1992; Barois et al., 1993; Buck et al., 1999).  A selective feeding of 
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particles high in organic matter may result into a higher amount of C in the earthworm 

casts.  Bhandari et al. (1967) suggested that the increase in microbial activity and an 

increase in polysaccharide production in casts caused a higher OM concentration 

compared to bulk soil.    

  

Incubation II 

 

Unprotected and aggregate-protected C and 13C pools 

 Since the grinding of aggregates potentially breaks up the plant material present 

within the aggregates it possibly increases C mineralization beyond the level caused by 

physical protection.  Bossuyt et al. (2002), however, reviewed literature on the effects of 

grinding on plant residue mineralization and concluded that the grinding of organic 

particles is probably not an important factor contributing to increased C mineralization.  

Therefore, our methodology to assess physical protection exerted by aggregates seems to 

be valid.   

The largest pools were unprotected pools.  This suggests that after 20 days of 

incubation, most of the aggregate-associated C is still in an unprotected form and easily 

mineralizable by the microbial population.  Crushing the macroaggregates to the size of 

microaggregates made macroaggregate-protected C and 13C available for microbial 

mineralization.  These pools were very small or non-existent after 20 days of incubation, 

showing that, in the short term, almost no C or 13C is protected at a macroaggregate scale 

in both the samples with or without earthworms or the control soil.     

 103



When aggregates are ground until < 53 µm, however, a significant amount of C is 

mineralized from the large macroaggregates in the presence of earthworms.  This showed 

that C protection due to microaggregates within macroaggregates is much more important 

than C protection at a macroaggregate level and that earthworms play a very important 

role in protecting C inside of microaggregates within macroaggregates. This pool was not 

measurable and therefore insignificant in the absence of earthworms because the amount 

of large macroaggregates was ~ 4 times lower than in the earthworm treatment.  In 

current aggregate-SOM concepts (e.g. Gale et al., 2000; Golchin et al., 1994; Six et al., 

1998), the formation of stable microaggregates within macroaggregates and the 

concomitant protection of C is understood as a longer-term aging and stabilization 

process of organo-mineral complexes mediated by microbial activity and exudation. 

However, Bossuyt et al. (2003) showed that earthworms induce a fast formation of these 

microaggregates and here we show that these microaggregates do protect a significant 

amount of C after 12 days of incubations. 

Twenty-two percent of the total C protected inside of microaggregates within 

large macroaggregates is residue-derived C, showing that a significant amount of freshly 

added residue is already incorporated and protected inside microaggregates within 

macroaggregates.  The formation of microaggregates inside of earthworm casts already 

takes place before the cast is excreted (Shipitalo and Protz, 1989; Barois et al., 1993) 

since earthworms incorporate fresh organic residues directly into the soil matrix without 

the requirement of microbial decomposition for microaggregate formation (Pulleman et 

al., submitted).   
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Conclusions 

 

Based on the results of this study, we can conclude that earthworms have a 

significant impact on the distribution of soil aggregates and aggregate-associated C pools.  

The proportion of large macroaggregates is significantly higher in the presence of 

earthworms and these aggregates contain significantly more total C and residue-derived 

C compared to bulk soil.  Earthworms were responsible for the formation of a significant 

pool of microaggregate within macroaggregate-protected C after 12 days of incubation 

and the fast protection of C at this microaggregate level is much larger than at the 

macroaggregate level.   
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Table 4.1.  Total and residue-derived cumulative respiration in soil samples with or 

without earthworms. 

 

treatment                        CO2-C†               13CO2-C  

—————————mg g-1 soil ——mg g-1soil  

+ earthworms + residue  6.44a     4.37a  

- earthworms + residue  6.21a     4.45a 

- earthworms - residue  2.49a 

† Values followed by a different lowercase letter are significantly different between 

sample treatments  
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List of figures 

 

Fig. 4.1: Effect of earthworm activity on aggregate size distribution.  Values followed by 

a different lowercase letter within aggregate size class are significantly different between 

sample treatments.  

 

Fig. 4.2: Effect of earthworm activity on total aggregate-associated C concentrations.  

Values followed by a different lowercase letter within aggregate size class are 

significantly different between sample treatments.  

 

Fig. 4.3: Effect of earthworm activity on aggregate-associated 13C concentrations.  Values 

followed by a different lowercase letter within aggregate size class are significantly 

different between sample treatments.  
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CHAPTER 5 

 

INTERACTIVE EFFECTS OF TWO EARTHWORM SPECIES ON FORMATION OF 

STABLE MICROAGGREGATES AND INCORPORATION OF FRESH RESIDUE 

INTO CASTS1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
1Bossuyt, H., J. Six, P.F. Hendrix.  To be submitted to European Journal of Soil Science. 
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Abstract 

 

 The interactive effects of two earthworm species (Aporrectodea caliginosa and 

Lumbricus rubellus) on the incorporation of fresh residue into large macroaggregates and 

formation of microaggregates within these large macroaggregates were investigated 

during a short-term laboratory experiment using 13C-labeled sorghum (Sorghum bicolor 

(L.) Moench) residues.  Soil was collected from the Horseshoe Bend Research Area in 

Athens, GA, crushed through a 250-µm sieve and incubated under laboratory conditions.  

The following treatments were applied: (i) soil + 13C-labeled residue + Aporrectodea 

caliginosa; (ii) soil + 13C-labeled residue + Lumbricus rubellus; (iii) soil + 13C-labeled 

residue + Aporrectodea caliginosa + Lumbricus rubellus and; (iv) soil + 13C-labeled 

residue.  Residue was mixed in with the soil in half of the samples and placed on the soil 

surface in the other half.  Aggregate size distribution and total C and 13C were measured 

after 20 days.  Microaggregates and fine inter-microaggregate particulate organic matter 

(inter-POM) were isolated out of macroaggregates; intra-microaggregate POM (intra-

POM) was also determined.  Formation of microaggregates within large macroaggregates 

was greatest in the presence of Aporrectodea caliginosa and when the residue was mixed 

in with the soil.  When the residue was placed on the surface, residue-derived intra-POM 

C was highest when Lumbricus rubellus was present and residue-derived inter-POM C 

was highest when a mix of both species was present.  These results indicate that 

interactive effects of earthworm species might have important consequences for the 

incorporation and protection of C inside of microaggregates within macroaggregates 

especially when residues are placed on the soil surface. 

 118



Introduction 

 

The significant relationship between earthworm activity and soil fertility, soil 

structure and soil organic matter (SOM) dynamics has long been recognized.  Darwin 

(1881) acknowledged that the activity of earthworms had a positive effect on the soil’s 

physical conditions and plant growth.  Hoogerkamp et al. (1983) and Lee (1985) found a 

positive relationship between soil fertility and the abundance of earthworms.  

Earthworms are known to play an important role in the incorporation of plant residue into 

soil aggregates.  When they burrow through the soil, they consume and excrete soil and 

plant residues, greatly affecting SOM dynamics and the formation and stability of soil 

aggregates.   

The protection of SOM is essential because SOM is a key factor in nutrient 

cycling and an important quality indicator of soil management.  There is a two-way 

relationship between SOM and soil aggregates.  While aggregates physically protect 

SOM, clay particles bind with SOM to form aggregates of different sizes.   

Oades (1984) proposed that microaggregates are formed at the center of 

macroaggregates.  Fragmented organic matter originating from roots, fungal hyphae, and 

fecal matter become incorporated within macroaggregates by, for example, the feeding 

and casting activities of earthworms and other soil fauna.  During the further 

decomposition of this larger intra-aggregate POM, organic matter fragments become 

encrusted with microbial byproducts and clay particles, leaving the organic matter 

occluded and inaccessible to microbial attack.  The microaggregates formed in this way 
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and later released from macroaggregates by various disturbances, are relatively stable and 

enriched in SOM.   

Recent studies have showed the importance of earthworms in the formation of 

these stable microaggregates within macroaggregates (Jongmans et al., 2001; Bossuyt et 

al., 2003).   Bossuyt et al. (2003a) found that these stable microaggregates are formed 

after 12 days of incubation in the presence of earthworms.  In their study, these 

microaggregates were also enriched in total C and fresh residue-derived C.  Since 

microaggregates are more stable than macroaggregates, the incorporation of C inside of 

these microaggregates might be of great importance for the long-term protection of soil 

C.  Bossuyt et al. (2003b), indeed found that a relatively great proportion of newly 

incorporated C by earthworm activity was only decomposed upon break down of the 

microaggregate structures.   

However, little or nothing is known about the interactive effects of different 

earthworm species on the formation of microaggregates within macroaggregates and the 

incorporation of soil C or fresh residue-derived C into these microaggregates.  In 

southeastern US agricultural soils, two earthworm species are very common: 

Aporrectodea caliginosa and Lumbricus rubellus. Lumbricus rubellus is an epigeic 

species.  Epigeic species are defined as litter dwellers. They live above the mineral soil 

surface, mainly in the soil litter layer.  Their activity is thought to have little effect on soil 

structure and soil aggregation.  Aporrectodea caliginosa is an endogeic species.  

Endogeic species live in mineral soil horizons and feed on soil more or less enriched with 

organic matter.  They are termed “a major agent of soil aggregation and soil organic 

matter stabilization” (Lavelle and Spain, 2001).     
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In this study, we used these two earthworm species to investigate their distinct 

and/or combined effects on the formation of soil aggregates, the incorporation of litter 

into soil aggregates and the formation of stable microaggregates within macroaggregates.  

A short term laboratory experiment using 13C-labeled sorghum (Sorghum bicolor (L.) 

Moench) was conducted.  The plant residue was mixed in with the soil samples or placed 

on the soil surface to simulate the different feeding habits from the used earthworm 

species.  

 

Materials and methods 

 

Site description and soils 

 Surface no-tillage soil samples were collected with a shovel from the long-term 

agricultural experimental site (Horseshoe Bend) near Athens, GA.  The site is located in 

the Piedmont of the southern Appalachian Mountains (33° 54’N, 83° 24’W).  The soil is 

a well-drained sandy clay loam (66% sand, 13% silt, 21% clay) in the Hiwassee series 

(fine kaolinitic thermic typic Kanhapludult).  The area receives a mean annual 

precipitation of 1270 mm.  The experimental plots (0.1 ha) were established in 1978 with 

replicated tillage treatments assigned in a completely randomized design.  Details on the 

treatment histories at the Horseshoe Bend Research Area Site can be found in Beare et al. 

(1994) and Hendrix (1997). 

After collection, the soil was air-dried (moisture content after air-drying 1-2 %) 

and pushed through a 250 µm sieve.  The 250-1000 µm sized sand plus particulate 
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organic matter (POM) fractions were kept and re-mixed with the soil after sieving.  

Stones larger than 1000 µm were discarded. 

 

Incubation  

From the 250 µm sieved, air-dried soil, 64 subsamples (500 g) were subjected to 8 

treatments, each in 4 replicates (n=4): (i) soil + 13C-labeled residue + Aporrectodea 

caliginosa (A. caliginosa); (ii) soil + 13C-labeled residue + Lumbricus rubellus (L. 

rubellus); (iii) soil + 13C-labeled residue + Aporrectodea caliginosa + Lumbricus rubellus 

and; (iv) soil + 13C-labeled residue.  Residue was mixed in with the soil in half the 

samples and placed on the soil surface in the other half.  Carbon-13 labeled grain sorghum 

(Sorghum bicolor (L.) Moench) leaves ground to a size of 500-1000 µm were used as the 

labeled plant material and added at a rate of 2070 mg C kg-1 soil.  The mixture was 

brought to field capacity (11% water content) and put in glass jars with lids containing 

septa for gas sampling.  The jars were held overnight at 4°C to equilibrate and then 

incubated at 20°C for 22 days.  Earthworms were added after 8 days of incubation.  

Respiration (total CO2 and 13CO2) was measured at 1, 4, 8, 11 and 14 days after 

earthworm additions.  14 days after the earthworms were added, they were taken out of 

the jars and the soil was air-dried for 3 days to allow worm casts to stabilize (Marinissen 

& Dexter, 1991).  After being dried, the soil was slowly rewetted, held overnight at 4°C 

and aggregate size distribution was determined by wet sieving as described by Elliott 

(1986).  Briefly, a series of three sieves was used to obtain four aggregate size fractions: 

(i) > 2000 µm (large macroaggregates); (ii) 250-2000 µm (small macroaggregates); (iii) 

53-250 µm (microaggregates); (iv) < 53 µm (silt and clay fraction).  Following wet 
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sieving, the aggregate size fractions > 53 µm were dried on the sieves in a dehumidifying 

chamber (10°C).  Particles < 53 µm were collected in a bucket, total volume was 

measured and a subsample of a known volume was taken for analysis. 

 

Isolation of microaggregates within macroaggregates 

Subsamples from the small and large macroaggregate fractions were taken to 

isolate the microaggegates held within macroaggregates following the method described 

by Six et al. (2000).  A device was used to completely break up macroaggregates while 

minimizing the break down of the released microaggregates.  Macroaggregates (10 g) 

were immersed in deionized water on top of a 250 µm mesh screen and gently shaken 

with 50 glass beads (dia. = 4 mm).  Continuous and steady water flow through the device 

ensured that microaggregates were immediately flushed onto a 53 µm sieve and not 

further disrupted by the glass beads.  After all macroaggregates were broken up, the sand 

and coarse particulate organic matter (coarse POM) retained on the 250 µm sieve were 

washed off and collected.  The material collected on the 53 µm sieve was sieved 

according to Elliott (1986) to ensure that the isolated microaggregates were water-stable.  

The proportion of microaggregate weight (53-250 µm) within macroaggregates (250-

2000 µm) was calculated according to Six et al. (2000): 

 

 

(microaggregate weight – weight of 53-250 µm sized sand) 

—–––––————————————————————— 

(macroaggregate weight – weight of 250-2000 µm sized sand) 
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The weights of macro- and microaggregates were corrected for the sand content 

of the same size as the aggregates because sand of the same size as an aggregate has a 

higher probability of not being a part of the aggregate and should consequently not be 

weighed as an aggregate. 

 

Inter-microaggregate particulate organic matter and intra-microaggregate particulate 

organic matter contents 

The inter-microaggregate particulate organic matter (inter-POM) that was retained 

on the 53 µm sieve together with the microaggregates was isolated by density flotation 

with 1.85 g cm-3 sodium polytungstate (Six et al., 1998).  After density flotation, the 

microaggregates were dispersed by shaking overnight (18 h.) in 5 g L-1 

hexametaphosphate and intra-microaggregate particulate organic matter (intra-POM) was 

separated from the clay-and silt fraction (< 53 µm) by sieving.  To avoid cross 

contamination of C, and especially 13C, among samples, sodium polytungstate was 

recycled according to Six et al. (1999b).   

 

Analyses 

Total CO2 evolved during the incubations was analyzed on a Varian Star 3600CX 

(Varian Analytical Instruments, Sugar Land, Texas) gas chromatograph, which 

determined concentration based on thermal conductivity.  Variations in 13C of the CO2 

evolved during the incubations were determined using a micromass VG optima mass 

spectrometer (Micromass UK Ltd., Manchester, UK).  Results are expressed as:  
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            13Rsample 
 13C‰  = [( _________ ) - 1 ] x 1000,   where  13R = 13C/12C  

                      13Rstandard 

 

and the standard is the international Pee Dee Belemnite (PDB). 

The amount of CO2-C derived from the sorghum residue (Qw) is calculated using the 

following mass balance :  

  Qt x δt = Qw x δw + Qs x δs + Qb x δb 

where Qt = the total amount of CO2-C; δt = its isotopic composition; Qw = the amount of 

CO2-C derived from the wheat; δw = its isotopic composition (296 ± 2.7‰); Qs = the 

amount of CO2-C derived from the soil; δs = its isotopic composition (-24.76 ± 0.18‰); 

Qb = blank CO2-C amount; δb = its isotopic composition (-7.5 ± 0.59‰).  The control 

samples (no sorghum added) are used to measure Qs and δs ; with the assumption of no 

priming effect.   

Total C and 13C from the aggregate size fractions was determined using a 

Finnigan Delta C Mass Spectrometer coupled to a Carlo Erba, NA 1500, CHN 

Combustion Analyzer via Finnigan’s Conflo II Interface. 

 

Statistical analysis 

The data were analyzed, using the SAS statistical package for analysis of variance 

(ANOVA-PROC GLM, SAS Institute, 1990).  Separation of means was tested with the 

DIFF option of the LSMEANS statement with a significance level of P < 0.05. 

 

 

 

 

 125



Results 

 

Respiration 

 Cumulative respiration is shown in Table 5.1.  Cumulative respiration was 

significantly influenced by earthworm activity and residue application.  After 14 days of 

incubation with or without earthworms, total and residue-derived respiration was 

significantly higher in all samples with residue on the surface compared to those with 

residue mixed in the soil.  Within the mixed residue treatment, total respiration was lower 

when no earthworms were present than in the presence of any earthworm species.  

Residue-derived respiration was highest when A. caliginosa was present and lowest when 

a mix of both species was present.  Within the surface residue treatment, total respiration 

was highest when L. rubellus was present and lowest when no earthworms were present.  

No significant differences were detected between earthworm treatments for the residue-

derived respiration.   

 

Water-stable aggregates 

There was a significant influence of earthworm activity and residue application on 

the formation of water-stable aggregates (Fig. 5.1).  There were significantly more large 

macroaggregates (> 2000 µm) when residue was mixed in with the soil than when residue 

was added on the surface for all earthworm treatments. The proportion of small 

macroaggregates (250-2000 µm) was significantly larger in the surface residue treatment 

except when no earthworms were added.  The amount of microaggregates (53-250 µm) 

did not differ between the mixed residue treatment and the surface residue treatment, 
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except when a mix of both species was present where the amount of microaggregates was 

significantly larger when residue was added on the surface.  For all earthworm 

treatments, there was a smaller proportion of clay- and silt particles (< 53 µm) when 

residue was mixed in with the soil.   

Within the mixed residue treatment, the greatest amount of large macroaggregates 

was found in samples with only A. caliginosa (~30%).  A smaller amount was found in 

the presence of L. rubellus or a mix of both species (~ 25%) and even less large 

macroaggregates were found when no earthworms were present (~ 7%).  Within the 

surface residue treatment, the highest amount of large macroaggregates was found in 

samples with A. caliginosa or a mix of both species (~15%).  Significantly less large 

macroaggregates were found in the presence of only L. rubellus and only ~5% of the soil 

consisted of large macroaggregates when no earthworms were present. 

 

Residue-derived C concentrations in aggregates 

 Residue-derived C concentrations in the aggregate size classes were significantly 

impacted by earthworm activity and residue application (Fig. 5.2).  Within the mixed 

residue treatment, residue-derived C concentration in large macroaggregates was higher 

in the presence of A. caliginosa than when a mix of species was present and all the 

samples with earthworms had higher C concentrations than the samples without 

earthworms.  In small macroaggregates, residue-derived-C concentrations were higher 

when both species were together or without earthworms than with A. caliginosa or L. 

rubellus.  No significant differences between earthworm treatments were detected for the 

microaggregates.  For the silt-and clay fraction, the samples without earthworms had a 
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higher residue-derived C concentration than the other earthworm treatments.  Within the 

surface residue treatment, residue-derived C concentrations were larger in A. caliginosa 

and L. rubellus than with both species or no earthworms for the large macroaggregates.  

There were no significant differences between earthworm treatments for the small 

macroaggregates.  For the microaggregates and the silt-and clay fraction, residue-derived 

C concentration was higher in samples with A. caliginosa than in the other earthworm 

treatments.   

There were no significant differences in residue-derived C concentrations 

between the mixed and the surface residue treatment for the large macroaggregates.  In 

the small macroaggregates, residue-derived C concentrations were higher when residue 

was on the surface for all treatments except when both species were present.  Residue-

derived C concentrations were higher when residue was mixed in for all earthworm 

treatments in the microaggregates.   

 

Proportion of microaggregates within macroaggregates 

 The proportion of microaggregates within macroaggregates was significantly 

influenced by earthworm treatment, residue application (Fig. 5.3).  The formation of 

stable microaggregates within large macroaggregates (> 2000 µm) was significantly 

higher for all earthworm treatments when residue was mixed in with the soil than when 

residue was placed on the surface.   

The amount of microaggregates within large macroaggregates was highest in the 

presence of A. caliginosa, was significantly lower in the presence of L. rubellus or a mix 

of both species and was even lower when no earthworms were present for both residue 
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treatments.  The proportion of stable microaggregates within small macroaggregates 

(250-2000 µm) was significantly higher when no earthworms were present than in the 

presence of earthworms for both residue treatments.   

Within the mixed residue treatment, the proportion of microaggregates within 

macroaggregates was significantly higher in large macroaggregates than in small 

macroaggregates in the presence of A. caliginosa and significantly lower when no 

earthworms were present.  Within the surface residue treatment, the amount of 

microaggregates was significantly higher in small macroaggregates than in large 

macroaggregates for all earthworm treatments. 

 

Residue-derived C distribution in inter- en intra-POM fractions 

 Residue-derived C concentrations in intra-POM fractions within large 

macroaggregates were not significantly different between residue treatments, except in 

the presence of A. caliginosa where the concentration was larger when residue was mixed 

in with the soil.  Within the mixed residue treatment, residue-derived C concentrations in 

intra-POM fractions within large macroaggregates were significantly larger in treatments 

with earthworms compared to no earthworms (Fig. 5.4).   

Within the surface residue treatment, residue-derived C concentrations were 

significantly lower when no earthworms were present or in the presence of A. caliginosa 

than in the presence of L. rubellus or a mix of both species.  There were no significant 

differences between earthworm treatments for the residue-derived intra-POM-C 

concentrations in small macroaggregates.   
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Residue-derived inter-POM C concentrations did not show any significant 

differences between earthworm treatments for both large and small macroaggregates in 

both residue treatments (Fig. 5.5), except for the residue-derived inter-POM C 

concentration in large macroaggregates when both earthworm species were present, 

which was significantly higher than for the other earthworm treatments.   

 

Discussion 

 

Respiration 

At the end of the incubation, total respiration was significantly higher in all soils 

with earthworms than in those without earthworms when the residue was mixed with the 

soil.  When residue was placed on the soil surface, total respiration was highest when 

only L. rubellus was present and lowest when no earthworms were present.  Residue-

derived respiration was highest in the presence of A. caliginosa and lowest when both 

earthworm species were present when the residue was mixed with the soil.  Earthworms 

are known to have direct and indirect effects on decomposition and mineralization of 

SOM.  They may stimulate decomposition directly, by aeration, fragmentation of litter 

(Edwards and Lofty, 1977; Lee, 1985) and indirectly by mixing organic matter into the 

soil and by stimulating microbial activity in their guts (Shaw and Pawluk, 1986).  Zhang 

and Hendrix (1995) found an increase in respiration rates for both Aporrectodea 

caliginosa and Lumbricus rubellus with residues placed on the soil surface.  In contrast, 

Bossuyt et al. (2003b) found no increase in total or residue-derived respiration with the 

addition of earthworms.   
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At the end of the incubation, in the present study, cumulative total and residue-

derived respiration was higher when residue was placed on the surface compared to when 

residue was mixed with the soil.  This is in contrast with several other studies where 

decomposition rates were significantly higher when plant residue was mixed with the soil 

(Curtin et al., 1998; Stemmer et al., 1999; Wang et al., 2002).  These studies, however, 

did not look at decomposition rates when earthworms were added.  When residues are 

placed on the surface, they are less associated with mineral soil and therefore possibly 

less protected from microbial attack.  The increase of microbial activity caused by the 

presence of earthworms is likely to increase decomposition of surface earthworm casts 

which also contain less mineral soil than below surface castings.   

 

Water-stable aggregates 

The proportion of large macroaggregates was significantly highest in the presence 

of A. caliginosa and significantly lowest when no earthworms were present.  A. 

caliginosa is an endogeic earthworm species while L. rubellus is an epigeic species.  

Epigeic species live mainly in the upper layers of the soils and may have less effect on 

soil aggregation than endogeic species which live in deeper soil layers and are known to 

feed on soil more or less enriched with organic matter.  Endogeic species have a major 

influence on soil aggregation and soil organic matter stabilization (Lavelle and Spain, 

2001).  The quantity of large macroaggregates was significantly higher for all earthworm 

treatments when residue was mixed with the soil compared to when residue was placed 

on the surface.  This is consistent with the respiration data.  Microbial activity was 
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significantly higher when residues were placed on the surface, resulting in a lower rate of 

aggregate formation and a faster rate of aggregate and/or earthworm cast breakdown. 

 

Residue-derived C concentrations in aggregates 

 When residues were mixed with the soil, residue-derived C concentrations in 

large macroaggregates (> 2000 µm) were significantly lower when both earthworm 

species were present compared to when only A. caliginosa was present.  When residue 

was placed on the surface, residue-derived C concentrations in large macroaggregates 

was significantly lower when both earthworm species were present than when only one 

species was present.  It is not totally clear why these C concentrations were lower in the 

presence of both earthworm species.  It is apparently due to some interactions between 

the two species.  When the residue was mixed with the soil, residue-derived C 

concentrations in large macroaggregates were generally higher in the presence of 

earthworms.  This has been reported before by several other researchers (Shipitalo and 

Protz, 1988; Mulongoy and Bedoret, 1989; Daniel and Anderson, 1992; Barois et al., 

1993; Buck et al., 1999).  Residue-derived C concentrations in small macroaggregates 

(250-2000 µm) were significantly higher when no earthworms were present.  This is 

possibly due to the fact that the residue added was of a size 500-1000 µm.  

Undecomposed residue-C would be measured in this fraction.   

 

Proportion of microaggregates within macroaggregates 

 The proportion of microaggregates within large macroaggregates was highest in 

the presence of A. caliginosa and lowest when no earthworms were present.  This effect 
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was opposite for the formation of microaggregates within small macroaggregates where 

the proportion of microaggregates was highest when no earthworms were present.  The 

general effect of earthworm activity on microaggregate formation within 

macroaggregates or earthworm casts has been reported by several other researchers 

(Jongmans et al., 2001; Pulleman et al., submitted; Bossuyt et al., 2003a).  Barois et al. 

(1993) found that the soil microstructure was completely destroyed in the earthworm’s 

gut and that during gut transit old microaggregates were destroyed and new ones formed.  

The higher proportion of microaggregates in the presence of A. caliginosa is consistent 

with the higher activity of this endogeic species in the formation of casts and larger 

aggregates.   

 

Residue-derived C distribution in inter- and intra-POM fractions 

When the residue was mixed with the soil, residue-derived intra-POM-C 

concentrations in large macroaggregates were higher in the presence of earthworms than 

without earthworms.  Bossuyt et al. (2003a) found similar results in the presence of A. 

caliginosa.  There were no significant differences between earthworm species in the 

incorporation of residue-derived C into microaggregates within large macroaggregates.  

When the residue was mixed with the soil, the food supply (mainly associated with the 

freshly added residues) was evenly distributed throughout the soil.  The two species 

together exploited the total soil volume with the epigeic species on the surface and the 

endogeic species feeding deeper in the soil.  This would enable them to incorporate the 

same amount of OM into microaggregates within large macroaggregates.   
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An important difference between earthworm species in residue incorporation was 

found when residue was placed on the surface.  Because L. rubellus are known to feed on 

the soil surface, they could incorporate more surface litter into aggregates than A. 

caliginosa.  Because A. caliginosa live in deeper layers of the soil, this species seemed to 

feed less on the surface residue and more on the older C in the deeper in the soil. 

Residue-derived inter-POM-C concentrations were significantly higher in the 

presence of both species of earthworms when residue was placed on the surface.  In the 

conceptual model described by Six et al. (1999), stable microaggregates are formed 

within macroaggregates after ageing and microbial activity.  Bossuyt et al. (2003) found, 

however, that these microaggregates were formed very rapidly in the presence of 

earthworms without the requirement of ageing.  In this study, a significantly greater 

amount of inter-POM-C in large macroaggregates was found when both earthworm 

species were present.  We speculate that casts formed by L. rubellus were re-ingested by 

A. caliginosa leading to a partial release of intra-POM-C.  The new formation of 

microaggregates and stabilized C into these microaggregates within macroaggregates 

might be in a second “cycle” where the organic matter is still incorporated in the large 

macroaggregates or casts, but not yet incorporated into a newly formed microaggregate 

within this large macroaggregate.  Marinissen and Dexter (1990) suggested that different 

cycles of re-ingestion of soil material by earthworm species can possibly lead to the 

formation of new microaggregates, while leaving the most stable microaggregates intact.   

Martin et al. (1991) found an increased mineralization in earthworm casts 

compared to control soil in the short term (24 hrs.).  In a longer incubation of 420 days, 

they found a decrease in C mineralization rates compared to control soil.  In this study, 
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we found a higher cumulative mineralization after 14 days of incubation, but we also 

found more C incorporated into microaggregates within earthworm casts.  These 

microaggregates are known to be relatively stable and may be important in protecting 

organic matter and fresh residue-derived carbon in the longer-term.   

 

Conclusions 

 

 Based on the results of this study, we can conclude that important interactive 

effects on soil aggregation and accumulation of new C inputs take place in the presence 

of two earthworm species with different feeding strategies.  In general, earthworms had a 

significant impact on the fast formation of stable microaggregates within large 

macroaggregates and on the incorporation of fresh residue into these microaggregates.  

Interactive effects between the epigeic and the endogeic species occurred mostly when 

residue was placed on the surface.  While the epigeic species induced a larger 

incorporation of fresh residue into microaggregates within large macroaggregates, the 

combination of both species caused a much higher incorporation of fresh residue between 

microaggregates within macroaggregates.  These interactive effects might have important 

consequences for the incorporation and long-term stabilization of soil C, particularly in 

conservation tillage and forest soils where plant residues remain on the soil surface. 
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Table 5.1.  Total and residue-derived cumulative respiration in soil samples with or 

without earthworms. 

treatment                                      CO2-C               13CO2-C_____ 

————————µg g-1soil µg g-1soil  

      mixed  surface  mixed  surface 

+ A. caliginosa + residue  304a*  366b  169a*  230a 

+ L. rubellus + residue  329a*  431a  157ab*  231a 

+ A. caliginosa + L. rubellus  
        + residue  333a*  387ab  147b*  221a 

 
+ residue    263b*  321b  151ab*  212a 

 

Values followed by a different lowercase letter among earthworm treatments within the 

same residue treatment, are significantly different. 

*Values within the same earthworm treatment between residue treatments are 

significantly different. 
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Fig. 5.1: Effect of two earthworm species on aggregate size distribution in soil samples 

with residue mixed in or placed on the surface.  Values followed by a different lowercase 

letter among earthworm treatments within the same residue treatment, are significantly 

different. 

*Values within the same earthworm treatment between residue treatments are 

significantly different. 

 

Fig. 5.2:  Effect of two earthworm species on aggregate-associated 13C concentrations.  

Values followed by a different lowercase letter among earthworm treatments within the 

same residue treatment, are significantly different. 

*Values within the same earthworm treatment between residue treatments are 

significantly different. 

 

Fig. 5.3:  Effect of two earthworm species on proportion of microaggregates within 

macroaggregates.  Values followed by a different lowercase letter among earthworm 

treatments within the same residue treatment, are significantly different. 

*Values within the same earthworm treatment between residue treatments are 

significantly different. 

 

Fig. 5.4: Effect of two earthworm species on 13C in intra- microaggregate particulate 

organic matter in small (250-2000 µm) and large (> 2000 µm) macroaggregates.  Values 
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followed by a different lowercase letter among earthworm treatments within the same 

residue treatment, are significantly different. 

*Values within the same earthworm treatment between residue treatments are 

significantly different. 

 

 

Fig. 5.5:  Effect of two earthworm species on 13C in inter- microaggregate particulate 

organic matter in small (250-2000 µm) and large (> 2000 µm) macroaggregates.  Values 

followed by a different lowercase letter among earthworm treatments within the same 

residue treatment, are significantly different. 

*Values within the same earthworm treatment between residue treatments are 

significantly different. 
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CHAPTER 6 

 

CONCLUSIONS 

 

 

 With the increasing concern over global change and the rise in atmospheric CO2, 

the implementation of agricultural management practices that lead to an increase of the 

soil C stock are receiving more and more attention.  In addition to the soil C sequestration 

issue, soil organic matter (SOM) is widely recognized as a key component in the cycling 

of nutrients.  Maintenance of SOM is desirable in agroecosystems because of its 

beneficial effects on nutrient dynamics and soil structure.  Soil organic matter improves 

soil structural stability, reduces surface crusting and compaction, and increases 

infiltration, percolation, and water holding capacity of the soil.  Soil organic matter 

dynamics and soil aggregation are closely linked.  Aggregates are thought to play an 

important role in the physical protection of SOM and at the same time, SOM binds with 

mineral particles to form aggregates of different sizes.   

This study aimed to improve understanding of underlying physical mechanisms 

that may play a crucial role in the protection of C in agricultural ecosystems.  The focus 

was on management practices and earthworm activity as controlling factors.  The general 

basis of this study’s hypotheses is the conceptual model of the ‘life cycle’ of an aggregate 

as described in Fig. 1.1.  The formation of stable microaggregates within 
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macroaggregates and the stabilization and protection of SOM inside of these 

microaggregates might be of great importance for the long-term protection of soil C.  

Chapter 2 described the effect of tillage practices on aggregate size distribution, 

total and young carbon concentrations, and decomposition and stabilization of aggregate-

associated C fractions.  This experiment showed that the impact of tillage practices on 

aggregate size distribution, C content and organic matter protection was most pronounced 

in the surface layers of the soil.  In these layers, soils that were not tilled contained more 

large macroaggregates and more total and young C.  Organic matter was more protected 

at the surface under NT than under CT and this protection occurred more at the 

microaggregate level than at the macroaggregate level.  At lower depths, more young C 

was accumulated in CT soils than in NT soils, but this carbon was not stabilized in the 

long term. 

 While the conceptual model suggests the requirement of ageing and microbial 

activity for the formation of these stable microaggregates, this study showed that 

earthworms induce a very fast formation of stable microaggregates within their casts and 

a subsequent sequestration of C.  

Chapters 3 and 4 described the effects on an endogeic species of earthworms 

(Aporrectodea caliginosa) on soil aggregate formation, incorporation of fresh residue-

derived C into soil aggregates, the formation of stable microaggregates within earthworm 

casts and the protection of C inside their casts at a microaggregate level.  We concluded 

that earthworms have a significant impact on the formation of large macroaggregates and 

they induced a very rapid formation of stable microaggregates within their casts.  These 

microaggregates were also enriched in total and residue-derived C compared to bulk soil.  
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Furthermore, earthworms were responsible for the formation of a significant pool of 

microaggregate within macroaggregate-protected C after 12 days of incubation and the 

fast protection of C at this microaggregate level was much larger than at the 

macroaggregate level.   

Finally, chapter 5 described the interactive effects of an endogeic species 

(Aporrectodea caliginosa) and an epigeic species (Lumbricus rubellus) on soil aggregate 

formation, incorporation of fresh residue and formation of stable microaggregates within 

earthworm casts.  This study showed that important interactions take place affecting the 

incorporation of residue-derived C and the formation of stable microaggregates.  Most 

interactive effects occurred when fresh residue was placed on the soil surface. 

Generally, we can conclude that management practices and earthworm activity, 

which are closely linked, have significant impacts on the incorporation and possible long-

term stabilization and sequestration of soil C. 
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