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ABSTRACT 

 

 
Soil is one of the most complex ecosystems in the environment and changes to 

microbial diversity are thought to affect the physical structure (and vice versa). A 

fundamental question addressed in this research, is how microbial communities 

influence the functioning of soil, particularly with respect to the development and 

maintenance of a soil’s physical structure. Using micro- and macrocosms of sieved 

(and therefore structureless) soil, the effects of time, soil texture, manipulated 

background microbial diversity, and Plantago lanceolata (± mycorrhizal fungi) on the 

development of soil structure were determined. Background microbial diversity was 

manipulated using the dilution technique to give a low (101) dilution or a high (106) 

dilution of the original soil. This resulted in greater bacterial diversity in the lower 

(101) dilution than in the higher (106) dilution when in the presence of mycorrhizal 

plants. However, background diversity was the same irrespective of dilution in soils 

with non-mycorrhizal plants (and reversed within the bare soil). Micro- and 

macrocosms were continually assessed during controlled incubation periods ranging 

from 7 weeks to 15 months. Of the soil textures analysed (clay loam, loamy sand and 

sandy loam), loamy sand displayed the highest overall porosity as well as a noteworthy 

development in porosity throughout the incubation period. Mycorrhizal and non-

mycorrhizal plants increased the speed of soil structural development by 5 months 

relative to unplanted soils. Although mycorrhizal fungi stunted root growth initially, 

aggregates within mycorrhizal planted treatments were smaller but nonetheless more 

stable than those in bare soil. Increasing mycorrhizal fungal species richness enhanced 

root and shoot biomass and reduced aggregate size and total porosity. There was a 

positive relationship between total porosity and numbers of culturable bacteria and 

fungi. In soils containing a lower microbial diversity, an increase in porosity, mean 

pore size, aggregate size and pore perimeter was observed. Results obtained were 

dependent on incubation conditions, planting regime and mycorrhizal status. Therefore, 

the effects of reducing microbial species diversity on soil structure parameters are 

idiosyncratic, with the presence of plant roots acting as a key factor. 
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1 INTRODUCTION 

 

1.1 SOIL STRUCTURE 

 
Soil is predominantly composed of single particles (namely sand, silt and clay) that 

are bound together to form aggregates (groups of particles) of various size and shapes. 

This process of aggregation (section 1.1.1) influences the structure of soil and 

subsequently soil function (i.e. the capabilities of the ecosystem for environmental, 

agricultural and protection processes e.g. nutrient cycling, storage and biological 

habitat (Karlen et al., 1997)). There is no exact definition of soil structure; however 

there is universal agreement it should include the arrangement of particles into 

aggregates, and the size, shape and distribution of pore spaces both within and 

between these aggregates (Rowell, 1994). Other descriptions also take into account 

the degree of stability in aggregates (Bronick and Lal, 2005). 

 

The structure of the soil can be separated into different structural grades (Figure 1.1). 

A structure-less soil consists of individual grains (hence no aggregation) whereas a 

massive structure is where individual particles form a large cohesive mass (i.e. similar 

to that found in a compacted soil). In comparison, a strongly developed soil will 

contain well-formed and stable aggregates that resist collapse or breakdown during 

disturbance; with little evidence of the individual soil particles, such as that seen 

within a crumb or granular structure (Figure 1.1). A comparison of the field 

appearance of a good or poorly structured soil within the field can be seen in more 

detail in Figure 1.2. In addition to characterisation of an aggregate by shape, 

assessment can be made through an aggregate’s size. Tisdall and Oades (1982) 
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suggested aggregates can either be micro-structures (i.e. the clay level <2 µm 

diameter), micro-aggregates (2 - 250 µm diameter) or macro-aggregates (> 250 µm 

diameter). 

 
Figure 1.1: Main types of soil structure units / aggregates (Taken from Fitzpatrick, 

1986) 

 
 

 
Figure 1.2: Field representation of a good and poor soil structure (Figure adapted 

from Environment Agency "Think Soils" (2008)). 
(NB: A good soil structure has clearly defined aggregates with pore space within and between the 
aggregate, in comparison the poorly structured soil shows a compacted soil environment with little 

porosity). 



Chapter1: Introduction                                                                                              Page 3 
 

Soil structure controls various movements within the soil system including that of 

water, air and heat flow (National Research Council, 1993). The transport of nutrients, 

in addition to pollutants to groundwater will be influenced by the structure of the soil. 

Further affects include the ability of roots to penetrate soil, the extent of soil erosion 

(since aggregation binds particles together, which would otherwise be susceptible to 

wind and water erosion), plant growth and subsequent crop yields and finally, 

microbial communities (Bronick and Lal, 2005). A good soil structure is therefore 

desirable for sustaining agricultural productivity and for preserving environmental 

quality. At present, techniques to quantify soil structure are developing and thus 

facilitating the understanding of processes that take place within such a complex 

environment. 

 

1.1.1 AGGREGATE FORMATION AND STABILISATION 

 
The formation and stabilisation of aggregates is vital for maintaining a good soil 

structure. Aggregates, formed by processes given in Table 1.1, can be stabilised, 

preventing degradation. This occurs mainly through binding agents such as root and 

fungal mucilage and other microbial exudates that act in a similar manner to cement, 

binding particles together. These organic binding agents can be classified into three 

groups; transient, temporary and persistent (Tisdall and Oades, 1982). Transient 

binding agents are organic materials, in particular polysaccharides, derived from 

microbes and plants which are readily decomposed. Their effects only last for a few 

weeks. In comparison, temporary binding agents, from roots and fungal hyphae can 

last months or even years. Finally, degraded humic material, associated with 
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amorphous iron, aluminium and aluminosilicates are persistent binding agents (Tisdall 

and Oades, 1982; Cambardella, 2006).  

 

Table 1.1: The processes that influence soil aggregation (adapted from Bronick and 

Lal, 2005). 

Physical and Biological processes influencing soil aggregation  
Physical processes Biological processes 

• Soil texture will influence aggregation as 

the quantity of clay present in the soil 

will influence the expansion and 

shrinkage of soil (Denef et al., 2002). 

• Clay flocculation is a primary agent for 

aggregation (Dexter, 1988) in addition to 

the presence of polyvalent metal cations 

such as Ca2+, Fe3+, Al3+, oxides and 

hydroxides of Fe and Al. 

• Drying and wetting cycles form cracks 

and channels which create and break 

aggregates (Denef et al., 2002). 

• Freeze thaw cycles lead to cracking that 

forms and breaks aggregates. 

• Root movement through soil can orientate 

and bind soil particles together 

(Kleinfelder et al., 1992). 

• Temperature changes affect soil moisture 

content (Boix-Fayos et al., 2001). 

• Human activity e.g. compaction affects 

pore size, shape and distribution. 

• Cultivation affecting aggregate size and 

stability (Six et al., 2000; Denef et al., 

2002; Pulleman et al., 2005). 

• Plant growth and particularly root 

activity removes soil water causing 

shrinkage of soil, initiating cracking. 

• Burrowing activities of soil animals will 

orientate particles bringing them closer 

together. 

• Earthworm casting forms aggregates and 

influences their stability (Scullion, Neale 

and Philipps, 2002). 

• Fungal hyphae (in particular 

mycorrhizal) orientate soil particles, 

bringing them closer together in a 

physical network (Bossuyt et al., 2001). 

•  Polysaccharide gums and glues from 

microorganisms aid stabilisation 

(Amézketa and Aragües, 1995; Czarnes 

et al., 2000). 

• Plant exudates will affect microbial 

activity (Traoré et al., 2000). 

• The quantity of organic matter will 

influence aggregate formation (Denef et 

al., 2002). 
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Numerous models of aggregation have been described in the literature including that 

of Tisdall and Oades, (1982); Elliott, (1986); Oades and Waters, (1991); Six et al. 

(1998) and Six, Elliott and Paustain, (2000). All these models suggest the hierarchical 

order of aggregation with the concept of micro- and macro- aggregates however; they 

differ in their description of the individual stages of soil aggregate formation and the 

mechanisms involved. These include humic acids and inorganic ions for 

microstructures, microbial materials such as polysaccharides, hyphal fragments and 

bacterial colonies in micro-aggregates and a combination of plant roots, fungi and 

larger soil fauna in macro-aggregates (Degens, 1997; Carter et al., 1999; Czarnes et 

al., 2000; Schjonning et al., 2002; Carter, 2004). This suggests that each sized 

aggregate unit will have differing stabilities and responses to different environmental 

stresses (such as rainfall, wind and water infiltration). Macro-aggregates, for example, 

are readily disrupted by wetting and through gentle agitation, whereas in comparison 

the smaller micro-aggregates have higher stability making them less susceptible to 

breakdown unless prolonged and intense agitation is applied. Dexter (1998) used the 

idea of hierarchical aggregate formation to describe a good soil structure as “one 

where all the hierarchical orders are well-developed and are stable against the actions 

of water and external mechanical stress”. Such a definition is indeed representative of 

a good soil structure, but does not consider the importance of the pore spaces between 

these aggregates. 

 

1.1.2 SOIL POROUS ARCHITECTURE 

  

The shape and size of pore spaces between aggregates can influence the function of 

the pores (Hattori, 1988) such as water, nutrient and air movement. Macropores (> 50 
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µm) allow water drainage, aeration and root penetration; whereas micropores of 50-

0.2 µm size (normally present within aggregates) allow aeration of aggregates and 

water storage for plant use. In some cases, if micropores are sufficiently small, they 

will hold water that is unavailable to plants. Some researchers have however, further 

subdivided pore sizes into classes based on their primary functions within the soil 

environment (Table 1.2). 

 
Table 1.2: A functional classification of pores based on size. Taken from White 

(2006). 
PORE DIAMETER (µm) BIOTIC AGENT AND DESCRIPTIVE FUNCTION 

5000-500 Created by cracks, earthworm channels and main plant 
roots. Allows aeration and rapid drainage of soil. 

500-30 Created by grass roots and small mesofauna. Allows 
normal drainage and aeration. 

30-0.2 Created by fine lateral roots, fungal hyphae and root 
hairs. Allows storage of ‘available water’. 

< 0.2 Created by shrinkage and swelling in clays. Stores 
residual or ‘non available’ water. 

 

 

1.1.3 MEASUREMENT OF SOIL STRUCTURE 

 
To assess soil structure in relation to its function, measurements such as bulk density, 

porosity, water retention, hydraulic conductivity, aggregate stability, aggregate water 

repellency and soil thin sections (micromorphology) are typically used. More 

recently, non-destructive methods that utilise image analysis for the quantification of 

soil structure have improved rapidly due to technological advancements in both image 

capturing, manipulation and storage. Development of techniques such as X-ray 

Computed Tomography (CT) (Macedo et al., 1999) and Nuclear Magnetic Resonance 

(NMR) (Randall, Mahieu and Ivanova, 1997) have further developed the assessment 

of soil structure through visualisation and analysis. 
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1.1.3.1 Aggregate stability 

 
The measurement of aggregate stability depends directly on two forces that are 

applied to a soil aggregate. Those being the binding forces that hold an aggregate 

together compared to the nature and magnitude of the disruptive forces applied to an 

aggregate (Amézketa, 1999). As mentioned in section 1.1.1, the aggregate unit size 

will influence the mechanisms leading to aggregate stability, thus differently sized 

aggregates will vary in their stability. Micro-structures of clay and silt particles for 

example will withstand vigorous shaking, whereas larger macro-aggregates of sand 

for example will not be as resilient. As a result the characterisation of aggregate 

stability needs to take into account the differences of micro- and macro-aggregates. 

Micro-aggregate stability is generally assessed through tests focused on dispersion of 

clay and silt particles when subjected to a wetting and disruptive energy before 

assessment either optically or densimetrically within an aqueous solution (Rengasamy 

et al., 1984; Piccolo and Mbagwu, 1990). Macro-aggregate stability however, can be 

determined either through the breakdown of aggregates due to wetting actions 

otherwise known as slaking (through fast or slow wetting), mechanical action or the 

combination of both these procedures. A common method developed from previous 

techniques (Yoder, 1936; Kemper and Koch, 1966; Williams et al., 1966; Kemper and 

Rosenau, 1986) is to determine the size distribution of water wet aggregates to assess 

the amount of macro-aggregates that have remained stable after the disruptive event 

(Jastrow and Miller, 1991; Le Bissonnais, 1996). All techniques have undergone 

variations, influenced mainly by sample collection and preparation (including the 

water content of aggregates tested), soil type, equipment availability, and 

measurement technique that have led to the lack of a standardised methods for 



Chapter1: Introduction                                                                                              Page 8 
 

aggregate stability assessment. Consequently, it has become widely acknowledged 

that an unified approach for micro- and macro- aggregate stability measurement needs 

to be proposed that would allow simple, easy and effective techniques to provide 

comparative data sets between various research studies.  

 

1.1.3.2 Aggregate water repellency 

 
The method for measuring the hydraulic properties of individual aggregates was first 

designed by Leeds-Harrison, Youngs and Uddin (1994). This method described a 

simple and rapid approach to allow convenient replication for the assessments of the 

micropore region within aggregates. Further adaptation by Hallett and Young (1999) 

allowed the examination of the water repellent characteristics of soil aggregates. 

Subcritical water repellency of soil is where water uptake appears to occur readily, yet 

it is impeded to some extent, due to hydrophobic surface films (Hallett, Baumgartl 

and Young, 2001). It is a common state of soil, and from recent research it has been 

acknowledged that subcritical water repellency has both beneficial and detrimental 

effects in the soil environment and on agriculture. If a soil has a slight subcritical 

repellency, the speed of water infiltration is reduced and hence soil aggregates are not 

subjected to slaking (see section 1.1.3.1), however the disadvantage of water 

repellency may include increased surface runoff, resulting in the loss of soil particles 

from the surface and even the transport of pollutants to more vulnerable ecosystems. 

The water repellency of a soil is thought to be modified due to microbial activity 

(Hallett and Young, 1999); fungal biomass (Feeney, 2004); agricultural management 

(Hallett, Baumgartl and Young, 2001) and plant waxes (Neinbuis and Barthlott, 
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1997), in addition to other factors (such as organic matter, soil temperature and fire) 

described in the review by Doerr, Shakesby and Walsh (2000). 

 

1.1.3.3 Soil micromorphology 

 
The use of thin-sections and image analysis are extremely important regarding the 

assessment of soil structure and interpretation of the spatial location of bacterial cells. 

Thin sectioning allows a high resolution assessment of the soil environment (up to 

resolutions of < 2 µm when scanning electron microscopes (SEM) and transmission 

electron microscopes (TEM) are used (Bullock et al., 1985; Schaap and Lebron, 

2001)) that maintains the spatial context of pore networks. Numerous investigations 

have been undertaken using thin sections to determine soil structure (FitzPatrick, 

1986); pore architecture (Moran et al., 1988; Drees et al., 1994); pore size 

distributions (Tippkötter et al., 2009); root-soil contacts (Kooistra et al., 1992); water 

movement and aggregate stability of different management practices (Pagliai, 

Vignozzi and Pellegrini, 2004).  

 

Otten et al. (2004) highlighted the importance of macropore structure in soil on the 

parasitic spread and saprotrophic invasion of soil by Rhizoctonia solani, whilst the use 

of biological stains in thin-sections has allowed determination of the location of 

bacterial cells within soil (Nunan et al., 2001; Harris et al., 2002). Furthermore thin 

sections have also assessed the impact earthworms and their burrows have on soil 

structure (Ligthart, 1997). Such visualisation is vital in understanding the interaction 

of soil biota within the soil matrix even though the process is limited to 2-D compared 

to that of X-ray Computed Tomography (section 1.1.3.4). The recent development of 
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techniques allowing the visualisation of microbial cells within thin sections has 

provided an insight into microbial preferences within their natural physical habitat 

(Figure 1.3).  

 

 

Figure 1.3: Example of a high resolution biological thin section taken from Young 

and Crawford (2004).  
Fluorescently stained microbial cells are observed under an epifluorescent microscope 

(A). After a series of image analysis steps an image can be produced to show the location 

of microbial cells (yellow) within the soil matrix with pore spaces represented as white 

and the solid black (B). 

 

1.1.3.4 X-Ray Computed Tomography 

 
In recent decades, the use of image analysis to define and quantify soil structure 

(Ringrose-Voase and Bullock, 1984; Ringrose-Voase, 1987; Ringrose-Voase, 1996; 

Vogel, 1997; Horgan, 1998; Pierret et al., 2002; Lontoc-Roy et al., 2006; Luo, Lin 

and Halleck, 2008) has increased rapidly, mostly due to advances in digital cameras, 

high resolutions, higher storage capacities and faster processors and computers and 

through advancements of X-ray Computed Tomography (CT). X-ray CT is a non-

destructive and non-invasive method which creates relatively rapid images of the 

porous media of soil particularly compared to that of thin sections. Analysis of these 

B 

A B 
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images allows thorough assessment of the soil pore network in addition to aggregate 

development. The use of X-ray CT within soil science was first described by Petrovic, 

Siebert and Rieke (1982) who assessed the relationship between bulk soil density and 

X-ray attenuation.  

 

The theory behind the use of X-ray CT, based on photon emission, has been covered 

in numerous reviews (Van Geet, Swennen and Wevers, 2000; Mees et al., 2003; 

Cnudde et al., 2006; Taina et al., 2008). Briefly X-ray CT uses X-rays that intersect 

the soil column perpendicular to its longitudinal axis, producing images of slices 

through the soil core. Images of the soil are created due to differing attenuation of the 

X-ray radiation by various features in the soil, reflecting the density of those features 

present due to interactions with the constituent atoms (Taina et al., 2008). The 

attenuation is due to three mechanisms namely incoherent scatter (affected by density 

of material scanned), coherent scatter (redirection of X-ray photons without the loss in 

energy) and photoelectric absorption (resultant of proton absorption within an atom 

and the ejection of an electron (Kak and Slaney, 1988; Simons, Verhelst and 

Swennen, 1997)). The generated image is the matrix of voxel (volume units for 

pixels) numbers expressed in Hounsfield units (HU). These values in turn relate to the 

density of the materials assessed. In general, pore spaces are associated with low 

densities, for example, a value of 0 HU would represent distilled water and -1000 HU 

represents air (at standard temperature and pressure) (Taina et al., 2008), whereas 

mineral materials are of higher density and would have a higher value. An example of 

an X-ray CT image of soil can be seen in Figure 1.4, where pore space is represented 

in black and soil material in grey. X-ray CT projections that are attained by 

reconstruction consist of linear integration of the attenuation coefficient, the most 
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common technique being the filter back-projection algorithm (Kak and Slaney, 1988). 

The accuracy and quality of images analysed from X-ray CT however is highly 

dependent on the quality and resolution of the initial image acquired (Bui, 1991).  

 
 

 

Figure 1.4: Example of an image taken using X-ray CT scanning. 

 

X-ray CT scanning in soil science has great potential for structural visualisation in 

both 2-D and 3-D, where previously only 2-D visualisation was possible with the use 

of thin sections. The use of X-ray CT has improved and also allowed invasive 

determination of macropores down to diameters of 0.5–1.0 mm (Warner et al., 1989; 

Anderson, Peyton and Gantzer, 1990), in addition to tortuosity, hydraulic radius, 

numerical density, pore connectivity, macropore size, distribution, length and 

branching from mathematical morphology parameters (Perret et al., 1999; Pierret et 

al., 1999, 2002). Close examination of preferential flow patterns was undertaken by 

Heijes, Ritsema and Dekker (1996) who reported preferential flow within soil was 

determined by macropore networks. Such work was developed further by Mooney 

Black area = 
pore (or air) 
space 

Light grey  = soil 
material 

Intermediate grey 
 = root material 

White areas = 
mineral material 
(e.g. Quartz present 
with in sand) 
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(2002) who quantified water infiltration using repeated scans after an infiltration 

period producing a 3-D map of pore space and water movement. 

 

Other applications have included the assessment of biological interactions within the 

soil environment. Nunan et al. (2002) assessed the effect of pore geometry with 

regard to micro-aggregates and microbial habitats using thin sections, but through the 

use of X-ray CT a later investigation (Nunan et al., 2006) discovered that the 3D 

architecture of micro-aggregates was directly related to the scale of microbial habitats 

of fungi, bacteria and other microbiota. In addition, Johnson, Read and Gregory, 

(2004) used X-ray CT to track the movement and final position of clover root weevil 

larvae in real time within the soil environment. Further studies have also been 

undertaken to assess the effect of earthworms on soil structure (Joschko et al., 1991, 

1993). Capowiez, Pierret and Moran (2003) used X-ray CT to report that earthworm 

burrows vary with season, work that was further developed by Bastardie, Capowiez 

and Cluzeau (2005) who discussed the potential impact earthworms have on soil 

function after assessment using X-ray CT. 

 

Root systems are very difficult to quantify, particularly non-invasively due to their 

complex morphology (Gregory, 2006), but more importantly since they grow in a 

medium of soil that is both opaque and very difficult to handle. As a result numerous 

attempts using X-ray transmission imagery, nuclear magnetic resonance (NMR) and 

X-ray CT have been undertaken to assess the impact roots have within the soil 

environment non-invasively (Rogers and Bottomley, 1987; Brown et al., 1991; Pierret 

et al., 1999; Gregory et al., 2003). Through the use of X-ray CT, root diameter and 

length have been measured (Gregory et al., 2003), the spatial organisation of tree 
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roots (Pierret et al., 1999) and drawdowns in soil water content associated with radish 

roots (Hamza, Anderson and Aylmore, 2001). Jenneson et al. (2003) also described 

the use of a low dose X-ray CT machines for root imagery that would reduce any 

undesirable effects on X-ray CT on plants, their roots and the microbiota within the 

soil environment, whilst Thieme, Schneider and Knöchel (2003) described the use of 

X-ray nanotomography to examine the 3D structure of flocs of colloidal particles and 

the spatial arrangement of bacteria within them. 

 

1.2 SOIL MICROBIOLOGY 

 

Soil remains one of the most uncharacterized ecosystems in the environment, despite 

it being the vital link between biotic and abiotic components of the terrestrial 

ecosystem. It is widely acknowledged that soil systems are extremely diverse and 

complex with a large biodiversity (Giller et al., 1997; Torsvik and Øvreås, 2002; 

Fitter, 2005; Fitter et al., 2005) even if this is uncharacterized. The soil environment 

consists of mineral particles that vary in size, shape and chemical characteristics, plant 

roots, organic matter, gases, water, dissolved minerals and living biomass. The 

microbes that exist within the soil are vital for the maintenance of functions (such as 

decomposition and nutrient availability) in addition to the preservation of soil quality.  

 

 

1.2.1 THE SOIL MICROBIAL COMMUNITY 

 
The most diverse members within the soil community are microbes (i.e. bacteria and 

fungi). There are also many other animal species that live within the soil including 
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microfauna (body width < 0.1 mm; e.g. protozoa and nematodes), mesofauna (body 

width 0.1–2.0 mm; e.g. microarthropods and enchytraeids) and the macrofauna (body 

width > 2mm; e.g. earthworms and millipedes) (Bardgett, 2005). The dominating 

organisms in soils, in terms of total biomass are fungi with as much as 250 kg ha-1 dry 

fungal hyphae within the top 5 cm of soil, however in terms of total numbers and 

diversity, bacteria form the largest proportion of the soil microbial community 

(Bardgett, 2005).  

 

There are many estimates suggesting the number of bacteria inhabiting soil, including 

that of Atlas and Bartha (1987) who suggested 106 to 109 bacteria within a gram of 

soil. More recent estimates have been more conservative suggesting 104 and 106 

bacterial species are present in one gram of soil (Torsvik, Goksøyr and Daae, 1990; 

Gans, Wolinsky and Dunbar, 2005). With such high bacterial numbers present within 

the soil environment, the importance of the functions these organisms perform within 

the soil ecosystems is vital to plant growth, nutrient cycling, soil structure and 

maintenance of soil productivity. Furthermore the functioning of these organisms will 

be controlled by interactions such as mutualism, commensalism, antagonism, 

competition, parasitism/predation and neutralism with each other, since such large 

numbers of microorganisms coexist (van Elsas et al., 2007). 

 

1.2.2 ECOSYSTEM FUNCTIONING AND SUSTAINING SOIL QUALITY 

 
Over the last 20 years there has been a loss in biological diversity due to habitat 

destruction, over-harvesting, pollution and the introduction of foreign plants. As soils 

are such an important part of the majority of terrestrial environments and to the 
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success of sustainable agriculture, it is vital that soil quality is maintained and 

safeguarded (Doran and Zeiss, 2000). Soil quality is defined as the capacity of a 

specific kind of soil to function, within natural or managed ecosystem boundaries, to 

sustain plant and animal productivity, maintain or enhance water and air quality, and 

support human health and habitation (Doran and Parkin, 1994; Karlen et al., 1997).  

 

The soil’s role in sustaining plant growth and biological activity is based on the 

physical structure of the soil (i.e. porosity, pore connectivity, water holding capacity 

and stability) in addition to chemical and other soil conditions such as organic matter 

content, nutrient supply, pH, water content and temperature. Soil is an inorganic store 

in the flow of nutrients within the biosphere; hence soil microbial processes that take 

place within the ecosystem are essential for biogeochemical cycling (White, 2006). 

Essential components and processes of the global C, N, P and S cycles take place 

within the soil by microbes, in addition to other micronutrients (e.g. Fe, Zn, Cu) 

making the ecosystem an extremely vital part of the whole biogeochemical cycling 

process. With 5-20 % of the species within a group of organisms having already 

become extinct, through human activity, that represents a 100-1000 times higher 

extinction rate than that observed pre-humans (Pimm et al., 1995; Chaplin et al., 

2000). The importance of determining the impact of soil diversity losses on soil 

ecosystem functioning is therefore vital for the maintenance of soil quality for the 

future.  
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1.2.3 SOIL MICROBIAL DIVERSITY, ECOSYSTEM FUNCTIONING AND 

REDUNDANCY 

 
Microbial diversity is defined as the “variety of microorganisms at the genetic, species 

and ecosystem level; the ecological complexes in which they occur, and the ecological 

processes of which they are part” (Bull, 1992). The diversity of soil biota is important 

for sustaining soils and particularly within the agricultural system, since 

microorganisms perform diverse ecological services including recycling of plant 

nutrients, maintenance of soil structure, detoxification of noxious chemicals and the 

control of plant and animal pests. Ecosystem function is defined “as the minimum set 

of processes that ensure the biological productivity, organizational integrity and the 

perpetuation of the ecosystem” (Swift, Izac and van Noordwijk, 2004).  

 

Generally understanding of microbial diversity within soils is scarce, despite 

advancements from cultural based plate counts methods towards molecular 

techniques. Despite these changes, knowledge of the structure of soil bacterial 

communities is still limited predominantly due to the unculturability of numerous 

microbial cells within the soil (Torsvik, Goksøyr and Daae, 1990); the inaccuracies of 

DNA identification, since bacteria are known to exchange DNA within and between 

species and genera (Davidson, 1999); the sensitivity of microbes to changes in 

environmental conditions such as drying (Linn and Doran, 1984; Young and Ritz, 

2000) and finally due to microbial populations changing over time due to succession 

and also with space. These limitations in accurate determination of microbial diversity 

are also affected by the fact that present assays for measuring microbial functions 

determine the overall rate of entire metabolic processes (such as respiration or specific 

enzyme activities), without the identification of the actual microbial species involved 
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(Nannaiperi et al., 2003). Such problems in determining microbial diversity and 

functioning therefore highlight the reason for the lack of knowledge between 

biodiversity and ecosystem function, particularly within soil where < 1% of 

microorganisms observed under a microscope are cultivated and characterised 

(Torsvik and Øvreås, 2002). Therefore it is key to understand the relationship between 

genetic diversity and community structure and between community structure and 

function (O’Donnell et al., 2001). 

 

Despite no clear relationship between biodiversity and functioning established for the 

soil ecosystems, it is clear that within plant ecology, a relationship has been 

established between the number of species and biomass produced (Tilman, 1999; 

Loreau et al., 2001). These studies highlighted that plant growth increases with the 

number of species up to a threshold maximum. Some studies however, have 

highlighted the impact biodiversity has on soil functioning. Naeem et al. (1994) 

predicted that benefits to ecosystem function were derived from higher biodiversity, 

paving the way for the development of the insurance hypothesis (Yachi and Loreau, 

1999). This proposed that biodiversity buffers ecosystem processes against 

environmental change because different species or phenotypes respond differently to 

these changes resulting in functional compensation and more ecosystem properties.  

 

Griffiths et al. (2000, 2001) showed the effect of microbial diversity on soil 

ecosystem functions depended on the specific function measured. Functions such as 

substrate induced respiration (SIR) increased with decreasing microbial diversity; 

whereas others were not induced (such as thymidine and leucine incorporation which 

measures microbial activity, NO3
- accumulation and respiratory growth response); 
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whereas others declined when microbial diversity was lower (such as C-substrate 

utilisation (Biolog), short term respiration and potential nitrification rates). Some 

research has further studied the effect microbial diversity has on organic matter 

decomposition, with Chander et al. (2002) reporting that soil fumigated with 

chloroform (with a much smaller microbial biomass than the non-fumigated soil), 

respired the same quantity of 14C-CO2 from labelled straw as the non-fumigated soil. 

Griffiths et al. (2000, 2001) and Nannipieri et al. (2003) found no relationship 

between microbial diversity and decomposition of organic matter existed. Degens 

(1998) however, suggested no conclusions could be drawn from assessing the effect 

of reducing or increasing the catabolic diversity of microbial communities on organic 

matter decomposition, particularly since soil moisture conditions influenced the 

results.  

 

While the significance of species diversity on soil function is unclear, there are three 

classes of biodiversity–functioning hypothesis that were described by Naeem, Loreau 

and Inchausti (2002) (Figure 1.5). Firstly, species are “redundant” (i.e. the loss of 

species is compensated for by other species, or the addition of new species to an 

ecosystem adds nothing new to the system). Secondly, species may be primarily 

“singular”. This hypothesis implies that each species contributes to ecosystem 

functioning uniquely, hence their loss or addition causes detectable changes in 

functioning. A keystone species is an example of how one species can have a 

significant effect on ecosystem functions. The final hypothesis is that species impacts 

are “context-dependent” and therefore idiosyncratic where the impact of loss or 

addition of a species depends on the ecosystem conditions (e.g. community 



Chapter1: Introduction                                                                                              Page 20 
 

composition, soil fertility, substrate availability) under which the local extinction or 

addition occurs.  

 

 

Figure 1.5: Graphical representation of the hypothetical relationships between 

biodiversity and ecosystem processes (Adapted from Naeem, Loreau and Inchausti, 

2002). 

 
 

1.2.4 MYCORRHIZAL FUNGI  

 
Fungi play an important role in the recycling of important chemicals that would 

otherwise remain locked up within detritus. Fungi are primary organisms that cannot 

synthesise their own food and are dependent on complex organic substances for their 

carbon. Specialised fungi can be pathogenic to plant tissues, while others can form 

mutually beneficial relationships with plants and assist in direct nutrient supply to 

plant cells. One particular group of fungi in the soil, mycorrhiza form symbiotic 

relationships with plant roots. Mycorrhizal fungi can be separated into six common 

types; Arbuscular, Ecto, Ericoid, Arbutoid, Monotropoid and Orchid (Smith and 

Read, 1997).  

 

This review will focus on one of the most common type of mycorrhiza the Arbuscular 

mycorrhizas (AMF). Initially AMF were believed to form mutualistic associations 

with > 70-80 % of plant families (Newman and Reddell, 1987; Trappe, 1987), 
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including the majority of domestic and wild plant species, whereas species such as 

pine, firs and spruces are not colonised. Recent studies however, have since reported 

symbiosis can be as high as 90 % of plant families (Clapp et al., 2002) which is 

similar to that found by Koske, Gemma and Flynn, (1992) who reported that > 90 % 

of the endemic Hawaiian plant species consistently formed mutualistic relationships 

with AMF. Such research highlights the true extent of their distribution.  

 

Mutualistic relationships are formed within soil as AMF germinate and colonises the 

growing roots of the first compatible host. Once AMF have penetrated the roots and 

established internal structures that allow the fungus to obtain carbon substrates from 

the plant, extraradical mycelium will radiate from the colonised root. Internal 

structures include arbuscules that act as sites of nutrient and carbon exchange between 

the symbionts and vesicles acting as sites of lipid storage for the AMF. Eventually an 

extensive extraradical mycelial network will develop within the soil, colonising other 

neighbouring host plants, exploring the soil for new colonisation sites in addition to 

absorbing nutrients. Individual AMF are not host specific, which means that a single 

AMF species can grow in the roots of most plant species, however the mechanisms of 

establishment and ultimately their function may vary for different AMF species and 

genera (Dodd et al., 2000). 

 

AMF are abundant within a large range of ecosystems from wetlands (Wolfe et al., 

2007) to agricultural systems (van der Heijden et al., 2008) and waste sites 

contaminated with zinc (Turnau et al., 2001). Plants will support the AMF by 

supplying carbon derived from photosynthates. On the other hand AMF will facilitate 

plants by protecting them from drought and improving their water efficiency (Smith 
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and Read, 1997; Al-Karaki, McMichael and Zak, 2004; Finley, 2004; Abo-Ghalia and 

Khalafallah, 2008), protection from pathogenic attack (Newsham, Fitter and 

Watkinson, 1995a, b) as well as providing vital nutrient uptake sites for plant-limited 

nutrients such as phosphorus (Smith and Read, 1997). The transport of phosphorus 

through AMF hyphae can be six times faster than simple diffusion of phosphorus 

through soil to plant roots (Bolan, 1991). It has even been suggested that with plants 

colonised by AMF, the fungus becomes the primary method for nutrient uptake. It is 

worth noting however, that some mycorrhizal fungi can be parasitic if plant roots are 

colonised to an extremely high degree, as they will eventually drain the plants of their 

resources, taking up to 20 % of the plant’s total carbon budget (Jakobsen and 

Rosendahl, 1990). 

 

AMF can bring many benefits to the soil including carbon sequestration (Treseder and 

Allen, 2000) in addition to enhanced plant growth and improved crop yield under 

drought conditions (Plenchette, Furlan and Fortin, 1981; Morin et al., 1994; Wu, Xia 

and Zou, 2008). AMF can also influence plant diversity (Gange, Brown and Farmer, 

1990; van der Heijden et al., 1998a, 1998b; Hartnett and Wilson, 1999) leading to a 

more diverse ecosystem, with increased organic matter content and improved nutrient 

cycling. Plant species also influence AMF diversity within a soil ecosystem (Helgason 

et al., 2002; Vandenkoornhuyse et al., 2002, 2003; Johnson et al., 2003). 

Furthermore, AMF will also improve plant productivity within systems with minimal 

numbers of plant species (Kilironomos et al., 2000). The ability of AMF to stabilise 

soil structure will be discussed in section 1.3.2. 
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1.2.5 TECHNIQUES FOR STUDYING SOIL MICROORGANISMS 

 

Current knowledge of soil biota is restricted as there is still no accurate or effective 

method to determine levels of soil biodiversity within soil. It is widely acknowledged 

that we are ignorant about the species that live in the soil; this is not aided by previous 

inappropriate culture techniques (Tiedje et al., 1999; Sait, Hugenholtz and Janssen, 

2002; Gomez, Garland and Roberts, 2004; Fitter, 2005), resulting in estimates of 

culturable species being < 5 % and even as low at 1 % (Amann, Ludwig and 

Schleifer, 1995) of the total microbial community. Since this is the case more accurate 

extraction and cultivation methods are required (similar to those described by Joseph 

et al. (2003)). However, it is not just microbes that are still uncharacterized; 

information regarding microarthropod communities is also restricted (André, 

Ducarme and Lebrun, 2002).  

 

Traditional techniques for studying microorganisms include plate counts, a culture 

dependent technique that is fast and inexpensive. The method provides data on the 

active population present within the soil, however it is limited since it is culture 

dependent, with only 0.1-1 % of the soil population cultured. This is because the 

conditions of incubation restrict the growth of some organisms as the method is 

nutrient, temperature, pH and light restricted with bias towards the fast growing 

individuals. In addition to plate counts, many other techniques have been used such as 

microscopic counts using fluorescent dyes, fumigation-incubation techniques 

(Jenkinson and Powlson, 1976a, b), fumigation–extraction techniques (Vance, 

Brookes and Jenkinson, 1987) and substrate-induced respiration (Anderson and 

Domsch, 1978; Lin and Brookes, 1999). All of these methods have associated benefits 
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and disadvantages; however all allow overall population changes to be detected. 

Molecular techniques allow DNA community profiling to be undertaken; allowing 

genetic fingerprints of soil microbial communities to be made. These techniques 

generally make use of polymerase chain reaction (PCR) a technique used to amplify 

pieces of DNA during repeated cycles of denaturing, primer annealing and DNA 

polymerase-catalyzed elongation of strands. There are various molecular techniques 

used, most of which have been discussed in the reviews by Kirk et al. (2004) and Liu 

et al. (2006). Advantages and disadvantages also exist for molecular methods, and 

although PCR-based techniques overcome the problems of culture-based methods, 

they can suffer from problems associated with bias (i.e. unequal amplification or 

cloning efficiency (Acinas et al., 2005)). 

 

1.2.5.1 Soil microbial biomass 

 
The widely acknowledged methodology for determining soil biomass through 

chloroform fumigation-incubation was first described by Jenkinson and Powlson 

(1976b) preceding earlier studies on the biocidal effects on soil microorganisms 

(Jenkinson, 1966; Jenkinson and Powlson, 1976a; Jenkinson 1976). This method 

remains the standard procedure to measure biomass, however in some laboratories the 

principal methodology has now become the fumigation–extraction method (Vance, 

Brookes and Jenkinson, 1987). 

 

 The fumigation of soil with CHCl3, followed by the extraction with a salt solution, 

has since allowed the measurement of microbial-S (Saggar, Bettany and Steward, 

1981), -P (Brookes, Powlson and Jenkinson, 1982; Hedley and Stewart, 1982), -N 
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(Brookes et al., 1985) and most importantly microbial-C (Vance, Brookes and 

Jenkinson, 1987). Further modification of the method used to assess microbial-C was 

described by Wu et al. (1990) who used automated analysis of organic carbon. 

 

1.2.5.2 Soil microbial community and activity 

 
Garland and Mills (1991) first described a method for determining the metabolic 

potential of the soil microbial community by use of Biolog® microtitre plates. The 

Biolog system was first developed for use in the pharmaceutical industry, but was 

later applied for studying whole environmental microbial communities in soil, aquatic 

and rhizospheric systems (Bossio and Scow, 1995; Bååth et al., 1998; Yao et al., 

2000; Bundy, Paton and Campbell, 2002). Each microtitre plate consists of 96 wells, 

each (apart from one that acts as a blank) contains a different carbon substrate in 

addition to a tetrazolium violet dye. As a substrate is utilised in each well, during 

incubation, the tetrazolium dye becomes reduced, causing the dye to turn purple. The 

colour intensity within the well is measured using a microtitre plate reader with an 

appropriate filter (590 or 595 nm). The patterns within profiles can be used to 

interpret the differences in the major active members of the microbial community. 

Such tests have become a popular way to assess changes in community structures and 

functional diversities (Garland and Mills, 1991; Zak et al., 1994) as they are rapid, 

inexpensive, simple and yield vast details about the functioning of microbial 

communities within the particular system. 
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1.2.5.3  Soil microbial community and relative abundance 

 
Terminal - Restriction Fragment Length Polymorphism (T-RFLP) is just one of many 

community analysis protocols, all which vary in methodology as described in the 

reviews of Kirk et al. (2004) and Liu et al. (2006). It is one of the most widely used 

genetic fingerprint techniques for bacterial ecology studies, as it is an extremely 

powerful and rapid tool for assessing species richness and the population sizes of 

communities (Marsh et al., 2000) in addition to tracking spatial and temporal changes 

in microbial diversity. T-RFLP was one of the first techniques to take advantage of 

automated sequencing gel electrophoresis allowing high reproducibility between 

samples. T-RFLP analysis is a direct DNA profiling method that usually targets the 

rDNA (Lukow, Dunfield and Liesack, 2000). It provides a profile of microbial 

communities through the use of oligonucleotide primers (one of which is labelled with 

a fluorescent tag) for PCR amplification before the digestion of the PCR products 

with one or more restriction enzymes (Figure 1.6). The labelled products (otherwise 

known as terminal restriction fragments (T-RFs) vary in length depending on the 

DNA sequence of the bacteria/fungi present and the point at which the selected 

enzyme cuts the sequence. Profiles of T-RFLP are obtained by separation of T-RFs 

through high resolution gel electrophoresis using automated DNA sequences. The 

laser scanning system of the DNA sequencer detects the labelled primers (Sakai et al., 

2004) and from the dye signal, fragment size (determined through the observation of 

peaks that relate to one genetic variant within the original sample) and relative 

abundance of each fragment length (determined through the height of the peak) is 

given. A downside of the method, as with most molecular techniques is that it relies 

on the efficiency of lysing and extraction of DNA as well as PCR biases. 
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Figure 1.6: Break down diagram showing the processes involved in T-RFLP of 

bacterial samples. 

 
 

Previous work has generally focused on the 16S ribosomal DNA (rDNA) since it is 

highly conserved (Liu et al., 1997; Clement et al., 1998; Felske et al., 1999; Nunan et 

al., 2005) or the 16S-23S rDNA spacer region since the spacer region is highly 

variable (Bacot and Reeves, 1991; Barry et al., 1991) within many species for 

bacterial primers. More recently the analysis of the 23S rDNA subunit has illustrated 

that this region shows more variation between species than the 16S rDNA region 

(Anthony, Brown and French, 2000). The research focus in fungal primers has been 

on the small-subunit (SSU) rDNA and the internal transcribed spacer (ITS) region of 

the rDNA genes. Comparison of these two rDNA regions for T-RFLP analysis in 

fungal communities was assessed by Lord et al. (2002) who discovered a greater 

fungal diversity within the ITS region, in addition to a lack of specificity of primers 

within the SSU rDNA region. This highlighted the advantages of amplifying the ITS 



Chapter1: Introduction                                                                                              Page 28 
 

rDNA region for T-RFLP analysis, that is now used widely by many researchers 

(Dickie, Xu and Koide, 2002). 

 

1.2.5.4 Mycorrhizal colonisation and dependency 

 
The measure of plant colonization by mycorrhizal fungi has generally employed the 

use of a range of stains including trypan blue (Philips and Hayman, 1970; Koske and 

Gemma, 1989); chlorozal black E (Brundrett, Piche and Peterson, 1984), acid fuchsin 

(Kormanik and McGraw, 1982) all of which are possibly carcinogenic compared to 

using ink and vinegar (Vierheilig et al., 1998). Gange et al. (1999) highlighted that 

between 1992-1998 ~ 95 % of methods in arbuscular mycorrhizal literature used 

staining techniques to determine mycorrhizal colonisation, compared to ~ 3 % that 

used autofluroscence (Ames et al., 1982). However with such different stains, 

variations in visualization of individual AMF species vary, producing very different 

colonization rates, even within the same plant (Gange et al., 1999). In addition to 

measuring root colonisation by mycorrhizal fungi, assessment can also made 

regarding the degree of dependency the plant has on the colonisation (i.e. if it 

increased productivity, the plant’s maximum growth or yield at a given soil fertility 

(Gerdemann, 1975)). A wide range of dependencies have been highlighted using this 

calculation particularly identifying plant species that are never mycorrhizal and hence 

have no mycorrhizal dependency (MD) (Baylis, 1975). The MD can vary greatly from 

one plant species to another and even within species (Menge, Johnson and Platt, 1978; 

Azćon and Ocampo, 1981; Tawarata, Tokairin and Wagatsuma, 2001). Furthermore, 

MD is influenced by differences in phosphorus availability levels within soils (Mosse, 

Hayman and Arnold, 1973; Krishna and Bagyaraj, 1982; Habte and Manjunath 1987), 
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soil type (Mosse, 1972; Daft and Hacskaylo, 1977), soil nutrient levels (Menge, 

Johnson and Platt, 1978) and between and within mycorrhizal species (van der 

Heijden, 2002; Oliveira et al., 2006). Alternative indicators for mycorrhizal 

dependency have been used that include morphological root properties including root 

geometry, rate of root growth, density and length of root hairs (Plenchette, 1991). 

 

1.3 EFFECTS OF MICROBES AND ROOTS ON SOIL STRUCTURE 

 
The link between soil microorganisms and soil structure has been described by Young 

(1998) as being two-way. All biota within the soil influence the physical structure of 

the soil by disturbance or by changing it indirectly by exuding gluing agents and C 

substrates. This in turn modifies the dynamics and transport (through changes in pore 

connectivity and water flow) of the microorganisms. The following sections below 

give detailed explanation of the effects microbes, roots and mycorrhizal fungi have on 

soil structure. 

 

1.3.1 EFFECT OF SOIL MICROBES ON SOIL STRUCTURE 

 
The zone of soil that surrounds roots is called the rhizopshere, a term first devised by 

Hiltner (1904) who used it to describe the interactions between bacteria and legume 

roots; whereas the soil zone influenced by just AMF mycelium and soil interactions is 

known as the hyphosphere (Marschner, 1995). The production of exudates by plants 

and microbes within the rhizosphere in particular influences soil structure. Bacteria 

within the soil are known to release exopolysaccharides, high-molecular-weight 

polymers, containing sugar residues. Czarnes et al. (2000) modelled the impact of 

such exopolysaccharides on soil structure finding that porosity and tensile strength of 



Chapter1: Introduction                                                                                              Page 30 
 

the soil increased with its presence. Further studies by Amellal et al. (1998) also 

highlighted that bacterial exopolysaccharides (combined with wet/drying of soil) 

improved soil aggregation and macroporosity. 

 

Other investigations have highlighted the impact total bacterial numbers have on soil 

structure. Aşkin et al. (no date) illustrated inoculation of soil with additional bacteria 

increased soil aggregation, however they recommended that in order for this impact to 

be effective over a long-term period addition of energy materials for bacteria would 

be required. Since bacteria utilise organic residues within the soil ecosystem, 

including root and other microbe exudates, their impact on soil structure has been 

recognised as being short-term or transient (Tisdall and Oades, 1982) as microbes 

readily decompose exudates that aid initial soil binding. 

 

1.3.2 EFFECT OF ROOTS ON SOIL STRUCTURE 

 
The impacts roots and associated microorganisms have on soil physics and 

geochemistry were discussed in the recent review by Hinsinger et al. (2009). Briefly 

however, the polysaccharides released by roots (otherwise known as exudates) have 

been recognised to change the chemical and physical properties of the surrounding 

soil, modifying soil water release characteristics, hydraulic conductivity, nutrient 

adsorption, nutrient availability and microbial turnover (Read et al., 2003; Gregory, 

2006). These exudates act as substrates to many soil organisms, resulting in increases 

in microbial community composition and hence microbial activity within this 

rhizospheric region. These in turn influence soil structure indirectly, by generating 

adhesive forces that stabilise aggregates and influence the water sorptivity and 
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repellency of aggregates (Czarnes et al., 2000; Traoré et al., 2000). Morel et al. 

(1991) highlighted the true extent these exudates have on aggregate stability, 

observing a 40 % increase in stability due to maize root exudates. Furthermore, on a 

long-term scale, root activity within the soil generally increases the organic matter 

content in the soil, which is known to increase aggregate formation and stability; 

hence roots indirectly influence soil structure through these organic amendments that 

in turn influence microbial activity within the soil (Six et al., 2004). In addition to the 

chemical changes associated with these exudates, roots also influence soil structure 

through their physical activity within the soil. As roots penetrate through the soil, they 

create compressive and shear stresses that result in the compression of soil within the 

roots’ vicinity (Dexter, 1987; Braunack and Freebairn, 1988; Hinsinger et al., 2009) 

resulting in decreased porosity within that region (Bruand et al., 1996). Outside of this 

rhizospheric zone, the effect of roots on soil structure is different, with roots resulting 

in the enlargement of existing pores and the creation of pores (Angers and Caron, 

1998). Furthermore root activity also results in soil fragmentation, resulting in zones 

of failure causing the destruction of macro-aggregates to micro-aggregates and 

loosening of the soil structure. This breakdown of macro-aggregates however may 

induce aggregation according to Tisdall and Oades (1982) who highlighted micro-

aggregates were important in the hierarchy of soil structure development. Whilst root 

activity is known to influence the porous nature of the soil though their movement 

within the soil, the complete root system has been recognised to enmesh soil particles 

resulting in the stabilisation of soil profiles (Kleinfelder et al., 1992) and 

improvement of soil conditions (Wheaton, McKenzie and Tisdall, 2008). 
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In addition to their physical activity, roots also influence the moisture content of the 

soil, causing wet/dry cycles to take place within the rhizospheric soil. As soil dries, 

cracks can be formed resulting in the failure of aggregates, whereas rapid wetting (e.g. 

after a rainfall event), can induce micro-cracks resulting in a more friable soil (Angers 

and Caron, 1998). Such chemical and physical impacts of roots on the soil structure 

can result in alterations in water flow paths (Hall et al., 1977; Noguchi et al., 1997) in 

addition to gas diffusion (Nye and Tinker, 1977) and the ease of microorganism 

movement. 

 

1.3.3  EFFECTS OF MYCORRHIZAL FUNGI ON SOIL STRUCTURE 

 

AMF influence soil structure through three different mechanisms (Rillig and 

Mummey, 2006). AMF within soil can, at the larger scale, influence the composition 

of plant communities present within the soil environment and lead to indirect effects 

which will ultimately influence soil structure. At the host level, AMF can influence 

soil structure in a number of ways, mostly through physical interaction. Finally, and 

most directly, AMF mycelium can have significant impacts on soil structure through 

biochemical, biophysical and biological interactions, all which will be discussed 

below.  

 

1.3.3.1 Biochemical effects of mycorrhizal fungi 

 
Firstly and most importantly are the direct effects fungal mycelia exert on soil 

structure at the hyphal scale within the soil environment. Fungal mycelia secrete 

fungal products such as glomalin, glomalin related soil protein (GRSP), mucilages, 

polysaccharides, hydrophobins and other compounds which influence soil structure 
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and in particular, soil aggregates. Since GRSP was first identified by Wright and 

Upadhyaya (1996) research into this protein has intensified and it has frequently been 

associated with the stabilisation of soil aggregates (Wright and Upadhyaya, 1998; 

Rillig, Wright and Eviner, 2002). Even with this increasing interest in the correlation 

between GRSP and soil aggregates, little research to date has assessed the true 

mechanism by which GRSP increases the water stability of aggregates. On the other 

hand, investigations into the presence of glomalin in soil have shown that it has the 

strongest influence on soil aggregate stability, in comparison with the direct effects 

that AMF hyphae have themselves (Rillig, Wright and Eviner, 2002). 

 

In addition to glomalin, mucilages and polysaccharides from fungi are believed to 

influence soil structure (Chenu, 1989), however no study has yet investigated the 

release of these chemicals from AMF species. Similarly research into hydrophobins is 

somewhat limited. Hydrophobins (released from AMF) are believed to alter the 

polarity of the soil surface, altering the biotic and abiotic properties and thus could 

affect soil aggregation. Previous research suggests there is a close link with fungal-

produced hydrophobins and the alteration of soil properties, even though published 

research surrounding this topic is limited and inconsistent (York and Canaway, 2000; 

Feeney et al., 2006a, b). 

  

Fungal mycelia also have direct influences on the microbiota and food webs within 

the soil environment. Since AMF species interact with other organisms present within 

the rhizosphere and the chemical composition of the soil, this can cause significant 

changes to the soil environment and thus in turn to other soil microbes. Mycelia 

products for example, which act as substrates for some microbiota, can lead to 
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changes in the bacterial communities (Filion, St-Arnaud and Fortin, 1999). In 

addition, AMF deposition products may also lead to alterations in microbial 

communities; which in turn may influence soil structure (Marschner and Baunmann, 

2003). Furthermore, fungi form an important energy channel within soil food webs, 

which are vital for micro-arthropods and other soil meso-fauna. Since micro-

arthropods have important direct roles in organic matter processing and thus indirectly 

affect soil structure, the effect AMF have on micro-arthropods could be extremely 

important (Rillig and Mummey, 2006) and vice versa (Klironomos and Ursic, 1998). 

 
 

1.3.3.2 Biophysical effects of mycorrhizal fungi 

 
Fungal mycelia can exert direct effects on the soil structure at the individual host root 

level. Firstly, the movement of the fungal mycelium itself can lead to important 

changes, resulting in the formation of macro-aggregates, as suggested by Tisdall and 

Oades (1982). This theory is supported by Bearden and Petersen (2000) where the 

strongest direct effect on the percentage of macro-aggregates within their study was 

caused by external hyphae. Hyphae act by enmeshing and entangling soil particles as 

well as producing a source of organic residues that create and support larger microbial 

populations (Tisdall and Oades, 1982; Miller and Jastrow, 1990). Besides supporting 

larger microbial communities, enmeshment of particles and organic matter aids the 

formation of larger structures such as macro-aggregates. The degree to which this 

enmeshment takes place will vary depending on the species of AMF present within 

the soil (Abbott and Robson, 1985). Hyphal morphology, including width, wall 

thickness and branching characteristics will vary with AMF species (Rillig and 

Mummey, 2006) causing variability in the tensile strength applied within the soil. 
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This in turn could directly influence soil aggregation, a hypothesis that has had little 

research to date. 

  

In addition to macro-aggregation, the quantity and distribution of pore space within 

the soil environment may become altered. This may consequentially change the 

microhabitat, thus altering the microbial communities. In addition to enmeshment, 

hyphae influence particle alignment particularly that of clay particles which can be re-

aligned within the soil. This can aid the binding of these clay particles to organic 

matter, which is vital for micro-aggregate formation, and further to that, macro-

aggregate formation. Rillig and Mummey (2006) also suggest that hyphae within the 

rhizosphere influence wet-dry cycles within this environment, leading to the 

formation and destruction of both micro- and macro-aggregates. 

 
 

1.3.3.3 The effect of mycorrhizal fungi on biological interactions and soil 

structure 

 
When assessing the impact of AMF on soil structure it is vital to consider varying 

scales, including the plant level. AMF species composition within the soil influences 

plant communities and vice versa. Changes in plant communities will lead to changes 

in soil structure, as different plants have differing root architecture. Johnson et al. 

(2003) highlighted that AMF diversity within soil was significantly influenced by 

plant species composition. Differences in plant species may lead to different exudates 

and mucilages being released into the rhizosphere soil, altering microbial 

communities in response to chemical changes. This is supported by Rillig, Wright and 

Eviner (2002) who suggested that different plant species have different root lengths, 
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AMF hyphal length and glomalin concentrations and thus different effects on soil 

aggregate stability. Contrary to this, AMF diversity within the soil influences the 

productivity of plant communities (van der Heijden et al., 1998b) and pathogen 

protection of plant roots (Sikes, Cottenie and Klironomos, 2009). Since plant 

productivity controls how much carbon eventually enters the soil, such factors are 

important for soil structure and in particular soil aggregation.  

 
 

1.4 EFFECTS OF SOIL STRUCTURE ON MICROBES AND ROOTS 

 
Microbial diversity plays an important part in determining the stability of soils, as 

well as ecosystem processes. These include residue decomposition, carbon 

sequestration, nitrogen fixing, organic matter/nutrient distribution, nutrient cycling, 

bioturbation, soil aggregation and population control. As described in section 1.3.1 

and 1.3.3, microorganisms play an important role in creating and retaining soil 

structure (Young, 1998). In this dynamic interaction between soil microorganisms and 

soil structure, microbial communities are influenced by soil structure. 

 

1.4.1 INFLUENCE OF SOIL STRUCTURE ON MICROBES 

 
Pore size and connectivity within soil will influence microbial activity in addition to 

the dimensions of pore entrances, known as pore throats. Small pore throats can 

protect bacteria from predation, as potential pathways for other larger organisms e.g. 

protozoa, will be restricted. Heijnen, Hok-A Hin and van Veen (1991) demonstrated 

greater survival of Rhizobium in pores with a neck size of 6 µm. This effect of pore 

size on predation is mainly controlled by texture, with less predation in fine textured 
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soil than sandy soils (Rutherford and Juma, 1992). In addition to micro-pores acting 

as sites with lower predation rates, water immobilisation takes places within these 

micro-pores, restricting water and nutrient flow. This makes the environment 

favourable to bacteria since they are protected from extreme wet-drying cycles and 

desiccation that can influence microbial C and N dynamics and to some extent 

microbial community composition (Fierer and Schimel, 2002; Fierer, Schimel and 

Holden, 2003) and the input of toxic substances (Nishio and Furusaka, 1970; Hattori 

and Hattori, 1976; Foster, 1988; Ranjard et al., 1997).  

 

The diffusion of gases, like water movement, also depends on the porous network 

within soil. Micro-pores have slow gaseous diffusion making the micro-pore 

environments anaerobic for some periods of time, resulting in the presence of 

anaerobic bacteria, like nitrifiers, colonising these areas (Philippot et al., 1996). Other 

factors such as substrate availability within pore space will also determine the location 

of organisms within the soil. Organic matter within the soil is one of the main sources 

of carbon for heterotrophic microorganisms and the presence of small pores act as 

barriers to organic matter, thus limiting C-degradation, resulting in as much as         

50-80 % of soil organic matter being located within these micro-aggregates 

(Christensen, 1992). The importance of C protection in smaller aggregates means that 

within larger aggregates microbial diversity is higher as microbial biomass and 

mineralisable C is higher (Lupwayi et al., 2001). In addition to acting as a substrate 

source, high organic matter content within these micro-aggregates modify the water 

retention, hydration and functioning of soil microorganisms by reducing the 

likelihood of desiccation (Chenu, 1993). Visualisation of the interactions between soil 

structure and soil microorganisms can be made using biological thin sections (section 
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1.1.3.3), however despite this, in order to increase our understanding of the impact 

soil structure has on microbial distributions within the soil (in addition to the various 

functions that take place within this complex environment), further development of 

modelling tools need to be developed (Young and Crawford, 2004).  

 

1.4.2 INFLUENCES OF SOIL STRUCTURE ON ROOTS 

 
Soil bulk density will influence root development as it passes through the soil. A 

highly compacted soil, with bulk density exceeding 1.55-1.85 Mg m-3 for example, 

depending on the soil type in question, will severely impede root development 

(Bowen, 1981) unless biopores are available which roots can utilise to reach water 

and nutrient stores (Stirzaker, Passioura and Wilms, 1996). Thus within the 

agricultural context the avoidance of soil compaction is paramount, particularly as 

very hard soils will prevent uptake of water and nutrients to the plant. The opposite 

should also be noted; loose structured soil reduces root-soil contact, resulting in a 

poor transport of water and nutrients (Veen et al., 1992; Atkinson, Sparkes and 

Mooney, 2009). The porosity of the soil and in particular pore space diameter is also 

vital in controlling roots. Roots tend to utilise old root channels and earthworm 

burrows in order to spread out within a soil, however if pore diameters are smaller 

than the root diameters, roots can experience difficulty in penetrating the soil 

(Wiersum, 1957). However Bengough, Croser and Pritchard (1997) demonstrated that 

root penetration does still take place in rigid pores smaller than a root’s diameter, with 

latter suggestions linking lateral roots to penetration of these small pores (Clark, 

Whalley and Barraclough, 2003). Therefore roots may expand radially (due to 

ethylene release (Clark, Whalley and Barraclough 2003)), since elongational growth 
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is inhibited, causing the deformation of the soil surrounding the root and at the root tip 

making penetration possible (Hettiaratchi, 1990; Bengough and MacKenzie, 1994). 

 

Factors, such as aeration, water and nutrient availability that are directly related to the 

porous network within soil, influence root activity in the soil environment. A good 

soil structure, consists of a range of pore sizes within and between aggregates, whose 

networks will control water, nutrient and gaseous movement. Root elongation is 

sensitive to limited soil aeration, with root elongation slowing and even stopping 

(Waters et al., 1991), particularly the primary lateral roots, which cannot develop 

effective adaptations in order to adjust to long-term anaerobic conditions (Laan, 

Clement and Blom, 1991). Younger plants and root systems however are able to adapt 

(Klaring and Zude, 2009). Under such anoxic conditions sugar transport from the 

shoots to the roots is inhibited by up to 79-97 % (Waters et al., 1991), nutrient 

accumulation is reduced, resulting in the reduction of plant growth associated with 

anoxia (Trought and Drew, 1980). Further effects of oxygen deficiency on soils have 

been described in the reviews by Drew (1997) and Drew and Lynch (1980). Anoxia 

within a 15 hour period has been recognised to cause irreversible damage to 

mitochondrial structure, energy metabolism and cell viability (Andreev, Generozova 

and Vartapetian, 1991). Furthermore with anaerobic conditions, the accumulation of 

reduced substances from anaerobic respiration e.g. NO2
-, Mn2

+, Fe3
+ and H2S, in 

addition to that of intermediate products of these processes, can result in reduced plant 

growth and even death due to phytotoxicity (Drew and Lynch, 1980). Such 

accumulation of phytotoxic substance also takes place during water-logging of the 

soil, where anaerobic conditions are also experienced due to reduced gaseous transfer 

between the atmosphere and the soil. Visser et al. (1997) also highlighted that soil 
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waterlogging led to the increase in ethylene gas in roots; deemed as having a stronger 

negative effect on root elongation than anoxia, whereas more recent work by 

Horchani et al. (2008) suggested that tomato quality was influenced more by 

disturbed growth regulators and increased ammonium due to water-logging than that 

of ethylene concentrations. Such work highlights that the degree of aeration within the 

soil is strongly related to the drainage ability of soil. The optimal soil structure 

conditions for roots are free draining, aerobic and with a high available water 

capacity, which also allow microorganisms to be involved in biochemical cycles to 

improve availability of nutrients such as nitrogen, phosphorus and calcium. 

 

1.5 AIMS AND OBJECTIVES  

 
The overall aim of the project is to examine the relationship between soil microbial 

diversity and soil structure in micro- and macrocosm systems of varying complexity. 

It is widely acknowledged that microbial activity plays an extremely important role in 

various soil processes, however what is not known is how biologically diverse a soil 

needs to be in order to develop and maintain its structure. With the current knowledge 

suggesting that climate change and human activity are causing changes in microbial 

communities due to species extinctions, the effect of changes in biodiversity have not 

yet been investigated in terms of the implications this may have on soil structure.  

 

To address this aim, one key question will be asked: 

What is the extent to which species extinctions affect the functioning of soil, 

particularly in terms of the stabilising effect on soil structure? 
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To answer this key question the following hypotheses were developed and tested 

throughout a series of investigations:  

 
1. Pore size is the most important soil property for controlling microbial 

populations. 

 

2. Soil structure (measured through total porosity, mean pore size, porous 

architecture, aggregate size and stability) will develop more rapidly when bulk 

soil microbial diversity is relatively high. 

 

3. Presence of mycorrhizal fungi will enhance development of soil structure. 

 

4. Combinations of arbuscular mycorrhizal fungal species will improve soil 

structure more rapidly than individual species.  

 

1.6 THESIS OVERVIEW 

 

An outline of the different experimental chapters within this thesis are presented in 

Table 1.3 where each individual experimental chapter are listed with the various 

methodologies used; these are described in the materials and methods chapter 

(Chapter 2). Chapter 6 goes on to discuss the overall findings from these experimental 

chapters, before the conclusions and implications of this work are highlighted in 

Chapter 7. 
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Table 1.3: Outline of experimental chapters within thesis. 
CHAPTER 
NUMBER 

EXPERIMENT 
TITLE 

HYPOTHESES 
TESTED 

METHODS USED 

3 

The effect of 
microorganisms 
on soil structural 

development 

1,2 

Microbial analysis 
• Microbial community metabolic 

analysis 
• Plate counts 
 

Structural analysis 
• X-ray µCT 
• Soil thin sections (using biological 

stains) 

4 

The effect of 
arbuscular 

mycorrhizal fungi 
and roots on the 
development of 
soil structure. 

1,2,3 

Plant analyses 
• Shoot biomass 
• Root biomass 

 
Soil analysis 

• Organic Matter 
 

Microbial analyses 
• Microbial community metabolic 

analysis 
• Soil Biomass 
• Mycorrhizal colonisation 
• T-RFLP 
 

Structural analyses 
• X-ray CT Scanning 
• Aggregate size distribution 
• Aggregate stability 
• Aggregate water repellency 
 

5 

Impact of 
mycorrhizal fungi 
on soil structure 

development. 

2,3,4 

Plant analyses 
• Shoot biomass 
• Root biomass 

 
Soil analysis 

• Organic Matter 
 

Microbial analyses 
• Soil Biomass 
• Mycorrhizal colonisation 
• Hyphal penetration 
• T-RFLP 
 

Structural analyses 
• X-ray CT Scanning 
• Aggregate size distribution 
• Aggregate stability 
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2 GENERAL METHODS 

 

2.1 COLLECTION OF SOIL AND GENERAL HARVEST TECHNIQUES 

 

2.1.1 SOIL COLLECTION AND PROCESSING 

 
 

 

 

 

 

 

 

 

Figure 2.1: Site location where the loamy sand (Newport series), clay loam 

(Worcester series) and sandy loam (Dunnington heath series) were collected. 

 

 
In all experiments top soil (5-20 cm depth) was either collected from one or three 

different field sites each with different soil textures. The soils examined included the 

Newport series, a loamy sand (brown sand) and Worcester series, a clay loam 
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(Argillic Pelosol) from the University of Nottingham’s experimental farm site at 

Bunny, Nottinghamshire (GB Ordnance Survey Grid Reference: SK 587 294 and SK 

587 289 respectively) and the Dunnington Heath series, a sandy loam (Stagno Glegic 

Luvisol) from the University of Nottingham farm site at Sutton Bonington, 

Leicestershire (GB Ordnance Survey Grid Reference: SK 512 267) (Figure 2.1). This 

Dunnington Heath (sandy loam) top soil was used within all experiments. Selected 

soil physical and chemical characteristics of these soils are given in Table 2.1 and 

Figure 2.2.  
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Figure 2.2: Particle size distribution of each of the three soils used within the 

experiment (determined by laser particle analysis). 
Note: Red lines indicate the 10 % and 60 % points at which the coefficient of uniformity is 

calculated (section 2.2.3). 
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Table 2.1: Characteristics of soils used in microcosms 
Particle size analysis of the samples was undertaken using laser particle analysis (section 

2.2.1). 

Soil Series Soil Type 
Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Organic 
Matter 
(%) *  

pH 

Worcester Clay Loam 31.1 34.5 34.4 5.19 6.50 

Newport Loamy Sand 78.7 9.4 11.9 2.98 7.06 

Dunnington Heath Sandy Loam 66.4 18.0 15.6 3.73 7.35 
* Organic matter content determined by loss on ignition.    

    

 
    

Upon collection, the soil was air dried and sieved to < 2 mm before sealing the 

processed soil in double plastic bags containing ~ 7-8 kg for sterilisation using gamma 

radiation (Isotron Ltd. Daventry, UK) unless otherwise stated. 

 

2.1.2 INOCULATION OF SOIL 

 
After soil processing and sterilisation, soil was packed into microcosms and 

macrocosms of varying sizes, as stated in the appropriate experimental chapters. 

Experimental macrocosms were inoculated using the dilution technique (Salonius, 

1981; Griffiths et al., 2001). Soil micro- or macrocosms were inoculated using a soil 

slurry solution, made from fresh field soil (taken from the respective field site where 

the soil texture was collected from) by diluting it in ¼ strength sterile Ringers solution 

(where full strength Ringer solution is: 2.25 g NaCl, 0.105 g KCl, 0.12 g CaCl2 and 

0.05 g NaHCO3 dissolved in 1 L of sterile de-ionised water (Dickinson Austin and 

Goodfellow, 1975)). The soil slurry solution was made to differing dilutions 

depending on the experiments in question. A 10-1 soil suspension was prepared by 

mixing 100 g of field fresh to 1000 ml ¼ strength sterile Ringers solution, with 



Chapter 2: General Methods                                                                             Page 46 
   

subsequent serial dilutions make to a 10-6 dilution. Generally however either a 101 

(low), 106 (high) or no dilution (i.e. just sterilised water) was used to inoculate 

experimental soil.  

 

Inoculation involved saturating the sterilised air-dried micro- or macrocosms 

overnight in a specifically diluted soil slurry solution (by placing the micro- or 

macrocosms in trays containing the inocula) allowing capillary uptake of the solution 

containing microorganisms throughout the soil. Once the cores were saturated, they 

were removed from the solution and left to drain for 2 days to reach field capacity and 

weighed prior to the start of experiments.  

Depending on the experimental setup, some macrocosms also underwent planting 

with Plantago lanceolata (Herbiseed, Twyford, UK) either by transplanting seedlings 

or by growing P. lanceolata directly from seeds within the macrocosms. P. lanceolata 

was selected for the experiment due to its known mycotrophy (Šmilauer, 2001) and 

since AMF colonisation does not affect the lifespan of P. lanceolata roots (Hodge, 

Robinson and Fitter, 2000).  

 

2.1.3 HARVEST TECHNIQUES 

 

Soil macrocosms were destructively harvested at specific harvest periods after 

inoculation and plant transplanting or establishment for microbial and structural 

assessment. At each harvest above ground plant biomass (from treatments containing 

plants) was determined by removing the plant at the soil level before macrocosm 

destruction. Soil from each sampled macrocosm was removed gently to prevent 

destruction of the soil aggregates and damage to roots (where present). All possible 
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root material was gently removed from the soil, with subsections removed and stored 

in 70 % ethanol or frozen at -80 oC for assessment of AMF colonisation, with the 

remaining root material used to estimate the total below ground plant biomass (after 

taking into account the weight of the undried subsample). Soil removed from 

macrocosms was homogenised gently prior to sub-sampling for immediate 

determination of soil moisture, organic matter content (loss on ignition) and metabolic 

potential. Additional subsamples were taken for soil biomass and relative abundance 

determination and stored at -20 oC and -80 oC respectively. A subsample of soil, for 

assessment of the soil structure i.e. (aggregate size distribution, aggregate stability and 

water repellency), was also removed and left to air dry.  

 

Additional soil structural analysis was undertaken using X-ray µCT and X-ray CT 

depending on column size. Separate micro- and macrocosms were specifically used 

for this assessment for each experiment. In all experiments the same set of 

macrocosms were scanned to allow changes in soil structure overtime to be assessed.  

 

2.2 ANALYSIS OF SOIL PHYSICAL PROPERTIES 

 

This section focuses on the techniques used to determine soil texture, soil aggregate 

stability, total porosity and pore size and morphology.  

 

2.2.1 SOIL TEXTURE 

 
Air dried soil was sieved to < 2 mm in size, with 0.5 g weighed into a 50 ml 

centrifuge tube. Soil organic matter was chemically removed from the soil using 25 

ml of hydrogen peroxide (H2O2) overnight. To ensure all organic matter had been 



Chapter 2: General Methods                                                                             Page 48 
   

removed from the soil sample, the centrifuge tube was placed in a 60 oC water bath 

for 1-1.5 hours with the temperature raised to 90 oC for an additional 1-1.5 hours. 

Samples were topped up with 25 ml of deionised water prior to centrifuging at 3500 

rpm for four minutes. The remaining solution was decanted off, with an additional 35 

ml deionised water added to the sample prior to centrifuging at 3500 rpm for four 

minutes again. The remaining solution was decanted and 25 ml of calgon (35 g of 

sodium hexametaphosphate, 7 g sodium carbonate in 1 L of de-ionised water) added 

before shaking and placing in an ultrasonic bath for 30 minutes. Samples were then 

analysed in a particle size analyser (Beckman Coulter LS230, Beckman Coulter Inc., 

High Wycombe, UK). 

 

2.2.2 SOIL MOISTURE AND ORGANIC MATTER CONTENT 

 

Soil moisture at column harvest and organic matter content were determined by oven 

drying samples and determining the loss on ignition (Rowell, 1994).  

 

Soil samples from the soil columns were placed in weighed crucibles. The water 

content of soils was determined by drying at 105 oC overnight and using Equation 2.1. 

 

Water content =  Mass of fresh soil – Mass of oven-dry soil    (Eq. 2.1) 
                           Mass of oven-dry soil 

 
Equation 2.1: Determination of soil water content. 

 

The oven dried soil was then heated to 500 oC for 8 hours. After the crucibles had 

cooled, they were re-weighed to give the mass of ignited soil. The mass lost by 

ignition was determined using Equation 2.2. 
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Loss on ignition = 100 x (Mass of oven-dry soil – Mass of ignited soil)   (Eq. 2.2) 
                                   Mass of oven dry soil 

 
Equation 2.2: Determination of loss of ignition. 

 

 

2.2.3 AGGREGATE SIZE DISTRIBUTION 

 

Soil removed from each experimental soil column was air dried for 7-14 days. After 

drying, 25 g was taken from the dried homogenised soil subsample and gently sieved 

by hand through nine sieves: 4000, 2000, 1000, 500, 425, 300, 212, 106 and 53 µm. 

The mass retained on each sieve was weighed, recorded and the percentage mass in 

each fraction calculated. From aggregate size distributions (Figure 2.2), the coefficient 

of uniformity (Kézdi, 1974) (also termed the Hazen coefficient) was used to 

numerically illustrate the differences in distributions where large and small aggregates 

co-existed (Equation 2.3). This allows the ratio of aggregates at 10 % and 60 % of the 

aggregate size distribution to be determined; the larger the ratio, the greater the 

number of larger aggregates and greater uniformity in the distribution of these 

aggregates (Figure 2.2; Table 2.2). 

 

10

60

d

d
ASDCU =

  (Eq. 2.3)
 

Equation 2.3: Coefficient of uniformity for aggregate size distribution (ASD). 
Where: d10 = size of aggregates at 10 % of the total soil volume and d60 = size of 

aggregates at 60 % of the total soil volume 
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Table 2.2: Boundaries for the coefficient of uniformity for aggregate size 

distributions. 
                    Class Boundaries                       Ratio value 

Very Uniform (more larger aggregates) < 5 

Medium Uniform 5 

Not Uniform (more smaller aggregates) >5 

 
 

2.2.4 AGGREGATE STABILITY 

 

The fast wetting (slaking) technique, developed by Le Bissonnais (1996) was used as 

it is preferable to other published techniques because it is simple, rapid and a 

quantitative test for aggregate stability. 

 

Soil removed from experimental columns, was air dried for 7-14 days and sieved to 2-

5 mm in size. These 2-5 mm aggregates were oven dried at 40 oC for 24 hours, and 5 

g removed for analysis. Aggregates were gently immersed into a 250 ml beaker filled 

with 50 ml of de-ionised water for 10 minutes (Figure 2.3). After this the water was 

carefully siphoned off with a pipette, the soil material transferred to a 53 µm sieve and 

then immersed in ethanol to avoid re-aggregation and restrict further breakdown of 

soil aggregates. The 53 µm sieve was gently agitated with great care to avoid further 

breakdown of aggregates but to allow separation of the >53 µm fraction. The sieve 

containing the remaining soil was placed in an oven overnight at 105 oC to dry. 
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Figure 2.3: Aggregate stability slaking test. A) Shows aggregates initially placed in 

water, B) aggregates after submersion for 10 minutes. 
 

After drying, the soil material was gently sieved through six sieves: 2000, 1000, 500, 

200, 100 and 53 µm. The mass retained on each sieve was weighed, recorded and the 

percentage mass in each fraction calculated. The fraction < 53 µm was calculated 

from the difference between the initial mass and the sum of the six other fractions. 

The aggregate stability measured by this breakdown mechanism is expressed either as 

the fragment size distribution (FSD) in seven classes or the mean weight diameter 

(MWD) which is the sum of the mass fraction remaining multiplied by mean aperture 

of adjacent mesh. The calculation of MWD can be expressed in mathematical terms 

(Equation 2.4; Van Bavel, 1949; Kemper and Rosenau, 1986). The boundaries of 

MWD, indicating the degree of aggregate stability are shown in Table 2.3. 

 

MWD = )( iiWX∑   (Eq.2.4) 

Equation 2.4: Mean weight diameter (MWD). 
Where xi is the average diameter of openings of two consecutive sieves and Wi is the 

weight ratio of aggregates remaining on the i
th
 sieve. 

 

 

 

 

 

A B 
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Table 2.3: Boundaries of soil aggregate stability according to mean weight diameter. 
Class Boundaries MWD (mm) 

Very Unstable < 0.4  

Unstable 0.4 - 0.8  

Medium 0.8 - 1.3  

Stable 1.3 - 2.0  

Very Stable > 2.0  

 

2.2.5 PORE MORPHOLOGY ASSESSMENT USING X-RAY COMPUTED 

TOMOGRAPHY 

 

Prior to destructive sampling, all soil columns were scanned non-destructively using a 

Venlo H series, high resolution X-ray CT Scanner (H 350/225 CT; X-TEK, Tring, 

Hertfordshire, UK) (Figure 2.4) unless otherwise stated. The exact scanning protocol, 

including power levels and scanning times, varied with each experiment but the 

following was common throughout. A 2 mm primary copper filter was placed near the 

X-ray source to eliminate X-ray scatter, in addition to a 4 mm secondary copper filter 

placed at the detector to prevent detector saturation (i.e. when the input to the detector 

exceeds the total capacity) and beam hardening (Figure 2.5 and 2.6). Beam hardening 

is an artefact created when the average energy of an X-ray beam increases as the beam 

propagates through a material as the low energy X-rays are attenuated preferentially. 

Such incidences must be prevented since beam hardening and saturation can 

compromise any image analysis (Figure 2.7). 

 

The detector used for all scans consisted of 3710 diodes set 83 µm apart. Gain and 

offset correction was applied to all of the diodes within the detector by applying a 

black (offset) and white (gain) reference to adjust for exposure variations. Each 
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sample was scanned at pre-determined depths according to each particular 

experimental layout. 

 

 
Figure 2.4: Example of Venlo H CT scanner used during investigations. 

 

 

 
 

Figure 2.5: X-ray Computed Tomography system. 

 
 

 

X-Ray emitter 

Rotating sample stand 
with variable heights 

X-ray beam 

2 mm primary copper 
filter 

4 mm secondary copper 
filter 

145 mm 

Detector 

Workstation for filter 
application, corrections and 

reconstructions. 
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Figure 2.6: Beam hardening correction using primary and secondary copper filters. 

 
 

 
Figure 2.7: Example of beam hardening in a CT image of a sand filled column (taken 

from Akin and Kovscek, 2003).  

Note: The lighter shading that occurs just inside the column that represents effects of 
beam hardening. 

 
 
Images obtained from X-ray CT were processed in order to reduce background noise 

introduced into the image by the scanning and reconstruction process. The image 

analysis technique applied to each image set varied according to the machine used and 

 Fast beam 
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noise present within each scanning period, with the image analysis techniques 

described according to their application within each respective experiment. From 

processed binary images measurements regarding the pore size, distribution and 

morphology (i.e. shape) were determined. Total porosity of the image was determined 

as a percentage of pores within the total sampling area. Mean pore size was a mean 

value of the size of each pore present within the sampled area; with a pore size 

distribution (PSD) also determined for each image, displaying the range of pore sizes 

present within the sample. A logarithmic scale to display pore size classes was 

devised to best separate pore sizes throughout the different micro- and macrocosms 

(Table 2.4). Furthermore the closeness of pores to each other is determined by 

calculating the nearest neighbour distance. Additional measurements of a pore’s 

perimeter can also be made to assess the roughness of a pore’s surface (Atkinson, 

2008). Given that pore perimeter follows a close and significant relationship with 

mean pore area (Kampichler and Hauser, 1993; Pachepsky et al., 1996), only selected 

perimeter data is presented here. Morphological pore measurements included pore 

circularity (sphericity), a value given between zero and one to signify how circular a 

pore is; a value of 0 indicates an elongated pore and a value of one indicates a circular 

pore. Circularity of pores is estimated by dividing the product of area of the pore and 

4  by the pore perimeter squared (Equation 2.5) (Tuller, Or and Dudley, 1999) and is 

sometimes referred to a pore’s shape factor (F) whose value determines the shape of a 

pore (Bouma et al., 1997)  

 

2

4

p

A
C

π×
=

   (Eq. 2.5) 

Equation 2.5: Pore circularity (Tuller, Or and Dudley, 1999). 

Where: C = pore circularity; A= pore area; p = pore perimeter. 
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Table 2.4: Equivalent size of pores (mm
2
) of logarithmic size classes used in pore size 

distribution results. 
Size class (log) Equivalent pore size (mm

2
) 

-3 0.001 

-2.5 0.00316 

-2 0.01 

-1.5 0.0316 

-1 0.1 

-0.5 0.316 

0 1 

0.5 3.16 

1 10 

1.5 31.6 

2 100 

2.5 316 

3 1000 

 

2.3 SOIL MICROBIAL MEASUREMENTS 

 
The following methods were chosen to provide data relating to the microbial 

community structure, metabolic potential and biomass within the experimental soils. 

2.3.1 METABOLIC POTENTIAL OF THE SOIL MICROBIAL COMMUNITY 

 

The metabolic potential of the heterotrophic soil microbial community was 

determined by Biolog® microtitre plates (Garland and Mills, 1991; Zak et al, 1994). 

Fresh soil samples were manually homogenised within the sample bag. A soil dilution 

of 102 was made by suspending 1 g of dry weight equivalent soil in 100 ml of ¼ 

strength Ringer’s solution. The suspension was mixed thoroughly prior to inoculation 

by hand shaking for 10 seconds and briefly vortexing.  

 

Biolog plates (Biolog Inc., California, USA; supplied by Techno-path Distribution 

Ltd, Limerick, Ireland) were inoculated with 120 µl per well of 102 soil suspension 

and incubated at room temperature (or 20 oC) for 5 days. Colour intensity within each 
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well was determined using a microplate reader (BioTek ELX808, BioTek 

Instruments, Inc., Vermont, USA) within 2 hours of inoculation (to allow removal of 

background absorbance introduced from inoculation) and also at 24, 48, 72, 96 and 

120 hours incubation. Colour intensity was assessed by the analysis software Gen5 

(BioTek Instruments, Inc., Vermont, USA), before data manipulation within Excel 

(Microsoft® Excel 2003) to correct for background and inoculation induced 

absorbance (determined from colour intensity values 2 hours after inoculation). The 

95 substrates within the microtitre wells were grouped into guilds according to the 

type of carbon substrates, e.g. carbohydrates, carboxylic acids, amino acids (see Table 

2.5 for additional categorisation). The proportion of wells of each substrate type 

showing utilisation (or colour development) over a value of 0.25 was assessed 

(Garland, 1997) and the proportion of the total number of substrates that were utilised 

at each measured time point. In addition, the average well colour development 

(AWCD) was calculated for each plate and reading time as the mean colour intensity 

of the 95 carbon substrates which had colour development values greater than 0.25 

(Garland and Mills, 1991; Garland, 1997). Garland (1996) recommended dividing 

each individual colour score by the AWCD for the plate to normalise the data set. A 

repeated measures analysis of variance (ANOVA) was performed on AWCD data at 

each incubation period with harvest and soil type as factors. Furthermore the rate of 

total substrate utilisation change was also determined between appropriate incubation 

times and statistically tested using an ANOVA. Principal component analysis (PCA) 

was used to identify patterns within data sets. AWCD data was transformed using a 

natural log transformation prior to PCA assessment. The covariance matrix was used, 

according to Glimm et al. (1997) as it does not sacrifice data within large multivariate 



Chapter 2: General Methods                                                                             Page 58 
   

data sets such as the 95 colour intensity measurements for each sample plate. PC 

loading values were analysed using an ANOVA. 

 

2.3.2 SOIL BIOMASS BY FUMIGATION-EXTRACTION 

 

Soil microbial biomass C was determined in experimental soils using the method of 

Vance, Brookes and Jenkinson, (1987). Soil samples were defrosted for 48 hours 

(within a cold room) prior to fumigation-extraction. Two sets of triplicate samples 

from three replicate columns were weighed in (20 g dry weight equivalent of soil); 

one set of triplicate samples was fumigated with chloroform prior to extraction with 

potassium sulphate, whilst the second set were extracted immediately. 
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2.3.2.1 Fumigation 

 

Beakers (labelled in pencil) of soil were placed into a desiccator lined with moist tissue 

paper at the base, in addition to a vial of 25 ml of soda lime and a 50 ml beaker of at 

least 40 ml CHCl3. The rim of the desiccator lid was covered with silicon gel, prior to 

evacuation of the desiccator to aid sealing. Desiccators were evacuated until the CHCl3 

boiled vigorously, or for 4 minutes so a firm seal was made. The desiccator was left at 

room temperature for 24 hours in the dark. After this period a vacuum should be 

present within the desiccator. If not and liquid CHCl3 still remains in the beaker, 

(within the desiccators), fumigation may be considered successful. 

 

After fumigation, the moist tissue paper, chloroform and soda lime were removed and 

the desiccator (including soil samples) evacuated for two minutes, three times to 

remove the smell of CHCl3. The soil samples were transferred into 250 ml plastic 

screw-top bottles, with the glass beakers rinsed with K2SO4 to remove all soil particles, 

if necessary.  

 

2.3.2.2 Extraction 

 

To the fumigated and unfumigated soil samples, 0.5 M K2SO4 was added in a ratio of 

4:1 (i.e. 20 g dry weight equivalent soil was extracted with 80 ml K2SO4). The bottles 

were placed upright on a reciprocal shaker set at 200 strokes min-1 and shaken for 1 

hour, including three blanks of K2SO4. Once removed from the shaker, bottles were 

inverted to re-suspend the soil. The complete extract was filtered (Whatman, No. 42, 15 

cm) into a polythene bottle. Filtered extracts were frozen at -20 oC until analysis. 
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Extracts were defrosted at 4 oC for 12 hours before carbon analysis. On thawing, a 

white precipitate of CaSO4 usually appeared in the extracts. These bottles were shaken 

thoroughly and allowed to stand so the precipitate re-settled. Extracts were diluted 1: 

10 ml before analysis using the Total Organic Carbon analyser (TOC – VCPH/CPN, 

Shimadzu Corporation, Koyoto, Japan). A calibration curve in the range 2 – 10 mg CL-

1 was created using a total organic carbon standard solution of 1000 mg CL-1
. The 

standard was made by dissolving 2.125 g of potassium hydrogen phthalate, previous 

dried at 105-120 oC for 1 hour and cooled in a desiccator, in 1 L milli-q water.  

 

Biomass (Bc) was calculated from Equation 2.6 

45.0
C

C

E
B =               (Eq. 2.6)   

Equation 2.6: Soil microbial biomass calculation (Jenkinson, Brookes and Powlson, 

2004). 

Where Ec = (C extracted from fumigated soil) minus (C extracted from non- fumigated 

soil) after the dilution factor is corrected for Wu et al. (1990). 

 

2.3.3 TERMINAL-RESTRICTION FRAGMENT LENGTH POLYMORPHISM (T-RFLP) 

 

Characterisation of the microbial communities present within the soil treatments was 

undertaken using Terminal-Restriction Fragment Length Polymorphism (T-RFLP). T-

RFLP is a direct DNA profiling method using fluorescently labelled primers during 

PCR amplification. The digestion of the PCR labelled product with restriction 

enzymes, generates fragments of DNA of differing lengths which are related to 

different bacterial or fungal species present within a sample. The digested sample is 

then placed into a DNA sequencer system which detects the labelled primer and from 

this, records the size of the corresponding fragment and its relative abundance. 
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2.3.3.1 DNA extraction 

 

DNA was extracted from the soil using a PowerSoil DNA kit (Mo-Bio Laboratories 

Inc., Carlsbad, California, USA) since this particular kit enables DNA cleaning. 

Briefly, 0.25 g of defrosted soil was added to a PowerBead Tube and vortexed. 

Solution A∗ was added to the tube prior to mixing on a flat bed vortex for 10 minutes to 

allow cell lysis, before being centrifuged at 11,731 rpm (10,000 x Gravity (g)) for 30 

seconds. The supernatant was transferred into an Eppendorf tube before addition of 

solution B* to precipitate out the non-DNA components during incubation at 4 oC for 5 

minutes prior to centrifuging at 11,731 rpm for 30 seconds. Avoiding the pellet, the 

supernatant was transferred into a new Eppendorf before addition of solution C* which 

precipitated the non-DNA components during a minute incubation period at 4 oC, 

before centrifuging again at 11,731 rpm for 30 seconds. Avoiding the pellet, the 

supernatant was transferred into a clean Eppendorf, where solution D* allowed the 

binding of DNA to the added spin filter, prior to vortexing. 

 

The supernatant was then loaded onto a spin filter in stages, before centrifuging the 

spin filter at 11,731 rpm for 1 minute with the flow through discarded. After all the 

sample had passed through the spin filter, the DNA was washed and cleaned using 

solution E* and centrifuged at 11,731 rpm for 30 seconds. The spin filter was then 

placed into a clean Eppendorf, before a DNA elution solution F* was added, which 

removes the DNA from the spin filter into solution, while the sample was centrifuged 

at 11,731 rpm. The sample was frozen at -80 oC prior to PCR amplification. 

 

                                                 
∗ Identity of solutions A, B, C, D, E, and F was not disclosed by the manufacturer. 
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2.3.3.2 PCR for T-RFLP 

 

DNA extracted from the soil was amplified in the ITS-2 region for fungi and the 23S 

ribosomal subunit for bacteria. The fungal primers amplify the ITS-2 region by priming 

from the 5.8S rRNA (5’-GCA TCG ATG AAG AAC GCA GC-3’). The fungal reverse 

primer (FITS rev) was labelled with a green dye D3 (5’-dyeD3 ATA TGC TTA AGT 

TCA GCG GGT-3’) (Sigma-Genosys, Haverhill, Suffolk). The bacterial 23S primers 

amplify the 23S ribosomal subunit (Anthony, Brown and French, 2000) by priming 

with 23Sfor (5’-GCG ATT TCY GAA YGG GGR AAC CC-3’) and the reverse primer 

(23Srev) was labelled with a blue dye D4 (5’-dyeD4 TTC GCC TTT CCC TCA CGG 

TAC T-3’) (Sigma Proligo, Gillingham, Dorset). 

 

One µl of the sample DNA was added to 24 µl of the PCR solution, prior to the PCR as 

described in Table 2.6. The PCR solution was made up using the specific reagent 

ratios; 12.5 µl of 2 x PCR Master mix (containing the following volume ratios 3µl 10 x 

PCR buffer, 2.4 µl 25 mM MgCl2, 0.3 µl 25 nM dNTPs and 0.3 µl Τaq DΝΑ 

Polymerase; Promega, Southampton, UK), 11.5 µl of sterile de-ionised water, 0.5 µl of 

20 pmol forward primer (i.e. fungal or bacterial) and 0.1 µl of 20 pmol reverse primer 

(i.e. fungal or bacterial). Note that each DNA sample was amplified using both the 

fungal and bacterial primer, but in individual tubes. 

 

PCR products were tested for success on 1 % agarose gels in 1 x TBE buffer containing 

1 % ethidium bromide (Sigma Aldrich, UK). Once the gel had set, 5 µl of PCR product 

was mixed with 5 µl of Orange G loading dye (Sigma Aldrich, UK) on Nescofilm. 

Eight µl of this PCR product and Orange G loading dye mix was loaded into each well 
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in the agarose gel (within the electrophoresis tank). In the end wells, one negative 

sample (i.e. the PCR mix plus sterile water instead of a DNA sample) and 5 µl of 1 KB 

DNA ladder were added. Once complete the gel was run at 120 V for 1 hour, to allow 

the bands to dissipate down the gel according to the fragment size. After an hour the 

gel was observed under a UV light and imaged (Figure 2.8). Samples which failed at 

the PCR stage were cleaned in a pre-moistened spinfilter containing 

polyvinylpolypyrrolidone (PVPP) (Sigma Aldrich, UK) and centrifuged for 2 minutes. 

 

Table 2.6: PCR reaction settings. 

TEMPERATURE AND TIME SETTINGS PCR STAGE 

94oC for 2 minutes Initial denaturing. 

94oC for 30 seconds 

53oC for 1 minute 

72oC for 1.5 minutes 

35 cycles 

72oC for 15 minutes Final extension step 

4oC Hold 
Holding conditions prior to 

removal from PCR machine. 

 

 

 

Figure 2.8: Example of electrophoresis gel for PCR samples. 

Each white band represents a sample which has been successfully amplified. Any wells 

with a faint PCR sample, had the PCR repeated to produce a stronger DNA sample that 

would be suitable for restriction digestion. Wells containing no visible bands required 

PVPP clean up. 

Failed PCR sample, PVPP 
clean up required 

Negative PCR 
check 

1 KB ladder 
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2.3.3.3 Restriction digest 

 

After amplification of the DNA through PCR, the PCR product was digested prior to 

fragment analysis. Briefly, 9 µl of the restriction solution (made using the following 

reagents ratios; 7 µl of sterile de-ionised water, 2 µl of restriction enzyme buffer 

(buffer 2 (New England BioLabs, Hitchin, Hertfordshire, UK) for fungal, or buffer C 

(Promega, Southampton, UK) for bacterial samples) and 0.1 µl of restriction enzyme 

(HaeIII for fungal samples (New England BioLabs, Hitchin, Hertfordshire, UK) or 

MseI for bacterial samples (Promega, Southampton, UK))) to 10 µl of PCR product. 

The samples were placed in an incubator at 37 oC for 4 hours to allow digestion. 

Successful digests were separated on 1 % agarose gels in 1 x TBE buffer containing 1 

% ethidium bromide and run at 120V for 1 hour (using method in section 2.2.3.2) 

(Figure 2.9). 

 

Figure 2.9: Example of electrophoresis gel for restriction digest samples. 
Each lane on the gel represents a sample which has been successfully digested producing 

fragments of various length (hence the white fuzzy zone within each well). Any wells 

without visible products required re-digestion. 

 

 

 

1 KB ladder 
Negative control, made 
from digest mixture and 

sterile water 
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2.3.3.4 T-RFLP fragment analysis 

 

In 0.5 ml Eppendorfs, 3 µl of the bacterial restriction digest was mixed into 3 µl of the 

respective fungal restriction digest and vortexed to mix. Both bacterial and fungal 

fragments for a single sample were loaded into the same well within the fragment 

analysis plate, since different dyes were used for each. 

 

In each well of the fragment analysis plate, 39 µl of a master mix consisting of 320 µl 

of the sample loading buffer (Beckman Coulter Inc, High Wycombe, UK) and 4 µl of 

the internal 600 base pairs (bp) standard ladder (Beckman Coulter Inc.) was added. 

This ladder allows fragments between 60-640 bp to be considered during analysis. One 

µl aliquots of the mixed digest sample was loaded into each well and mixed using the 

pipette. Once the remaining 7 wells in that plate row were filled, each well received 

one drop of mineral oil to prevent oxidation of the sample. The row was then covered 

with masking tape to prevent contamination of the sample though aerosols and human 

error. The remaining rows were then loaded in the same way, making up a new master 

mix for each row of the plate prior to sample loading. Once completed the plate was 

analysed using a CEQ 8000 DNA analysis system (Beckman Coulter Inc, High 

Wycombe, UK). 

 

The relative abundance of each peak occurring (within each sample) at a dye signal 

greater than 100 was included in assessment, with any shoulder peaks (associated with 

base pair addition through the use of PCR amplification) removed from analysis by 

grouping fragments with a band width of 1.25 bp (Edel-Hermann et al., 2004; Hodgetts 

et al., 2007). Firstly the number of peaks within each sample was determined for 
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assessment of the species richness within the sample. In addition, Simpson’s diversity 

index was calculated using Equation 2.7 to allow assessment of the diversity within 

each sample for both bacterial and fungal datasets. Finally multivariate analysis using 

principal component analysis (PCA) was used to assess any trends within the datasets. 
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   (Eq. 2.7)
 

Equation 2.7: Simpson’s Diversity Index. 

Where: n = the total number of organisms of a particular species 

N = the total number of organisms of all species 

 
 

2.3.4 MYCORRHIZAL COLONISATION 

 

Mycorrhizal colonisation of P. lanceolata roots was determined following staining in 

Chlorazol Black E (Brundrett, Piche and Peterson, 1984). Roots were washed in de-

ionised water and cut into 4 cm sections, before being cleared in 5 % KOH at 90 oC for 

20 minutes. Once cleared the roots were removed from the KOH solution and rinsed 

with de-ionised water, before being stained for one hour at 90 oC in a 0.1 % Chlorazol 

Black E lactoglycerol solution containing equal volumes of 80 % lactic acid, glycerol 

and de-ionised water. After staining, the roots were transferred into glycerol for storage 

and destaining. Colonisation was quantified using the method of McGonigle et al. 

(1990) at 50X magnification to give percentage root length colonised (Figure 2.10). 
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Figure 2.10: Colonisation of a P. lanceolata root with arbuscular mycorrhizal fungi 

observed after staining roots with chlorazol black E (50X magnification). 

 
 

2.3.4.1 Mycorrhizal dependency 

 
Mycorrhizal dependency (MD) was defined by Gerdemann (1975) as “the degree to 

which a plant is dependent on the mycorrhizal condition to produce its maximum 

growth or yield at a given level of soil fertility. The calculation described by 

Plenchette, Fortin and Furlan (1983) to determine the dependency of shoot growth on 

AMF (Equation 2.8) was used here as a measure of MD. An MD value > 0 suggests 

that a plant benefits from AMF, while an MD value < 0 means that the mycorrhizal 

fungi reduces plant growth under the prevailing environmental conditions (van der 

Heijden, 2002).  

 

 

 

Arbuscules 

Vesicles 

Hyphae 
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Dependency of growth (MD)  = Dry mass (+AMF)  -  Dry mass (-AMF)    (Eq. 2.8) 
       Dry mass (+AMF) 

 

Equation 2.8: Mycorrhizal dependency (Plenchette et al., 1983). 

Where: +AMF = the presence of mycorrhizal fungi and –AMF = the absence of 

mycorrhizal fungi. 

 

 

2.4 SHOOT AND ROOT BIOMASS 

 

Shoot biomass was determined by cutting the plant material off at the soil level and 

rinsing in de-ionised water to remove any adhering soil particles. The plant material 

was then placed in an oven at 80 oC for 2-3 days to dry (or until a constant weight was 

reached). Root biomass was determined in a similar manner, with a subsection either 

stored in 70 % ethanol or at -80 oC for assessment of AMF colonisation (section 2.2.4). 



Chapter 3: The Effect of Microorganisms on Soil Structural Development             Page 70 
   

3 EXPERIMENT 1: THE EFFECT OF MICROORGANISMS ON SOIL 

STRUCTURAL DEVELOPMENT. 

 

3.1 INTRODUCTION 

 

Soil structure develops as a result of numerous factors including wet-dry cycles, clay 

flocculation, root activity, burrowing by soil organisms, fungal hyphae and microbial 

exudation (as described in more detail in section 1.1.1). A defining feature of all soils is 

the spatial and temporal heterogeneity of water, substrates and microbial populations 

that can range across all scales from nm to km (Young and Crawford, 1998). Isolated 

pools of organic matter can exist within the soil environment, that can be accessed 

through tortuous pore pathways by microbial populations, acting as substrates for 

metabolic processes. Furthermore, the activity of microbial populations relies on the 

presence of water filled pores and how connected these soil pores are, particularly for 

microbial movement of bacteria, nematodes and protozoa. For gases, the requirement 

for replacement at the sites of this microbial activity requires pore connections to the 

air (Young and Crawford, 2004). In addition to the pore connectivity within a soil 

ecosystem, pore throat size can also influence the presence of microbes within a soil 

environment. Pores < 20 µm constitute a barrier to nematode movement (Wallace, 

1958), whereas pores < 3 µm can inhibit protozoa (Kuikman, van Vuuren and van 

Veen, 1989). 

 

Previous studies have found the dynamics of soil structure development to be closely 

related to the cycling of organic matter (Chaney and Swift, 1984; Oades, 1984; 

Jastrow, 1996; Six et al., 2000; Six et al., 2004). As the soil surface becomes enriched 
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with organic matter, microbial activity increases in response, causing an increase in the 

size and stability of soil aggregates. As discussed by Tisdall and Oades (1982), 

bacteria, fungi and roots are very important binding and stabilising agents within the 

soil environment. They suggested that organic binding agents can be classified into 

three groups; transient, temporary and persistent. Transient binding agents (i.e. organic 

materials; in particular polysaccharides derived from microbes and plants) are readily 

decomposed, with their effects only lasting for a few weeks. In comparison, temporary 

binding agents, from roots and fungal hyphae can last for months and even years. 

Finally, degraded humic materials, associated with amorphous iron, aluminium and 

aluminosilicates are persistent binding agents.  

 

Despite this understanding of how biotic factors can initiate aggregation over periods 

of weeks to years, there is very little literature regarding the specific timescales in 

which soil structure develops and/or aggregates form (including from completely 

disturbed soil environments). The problem of determining the time it takes for soil 

structure to develop depends greatly on the scale at which the soil is assessed. Changes 

in soil structure can be monitored at various scales, the micro-, meso- and macro-level. 

In light of this, it would be expected that development of soil structure at the micro-

level (in terms of formation of aggregates and pores) would be more noticeable and 

faster than large structural changes at the field scale.  

 

Feeney et al. (2006a) found the number of aggregates > 2000 µm and pore distributions 

within individual aggregates significantly increased (in addition to the total porosity) 

over a 30 day period, particularly in rhizospheric soil suggesting soil structure is 
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influenced by biotic activity extremely quickly. Water repellency also increased rapidly 

with increased active fungal populations, indicating that fungi released hydrophobic 

substances aiding formation and stabilisation of aggregates. In addition, porosity was 

shown to increase with the presence of roots and active bacteria, this yet again 

illustrates that root and microbial populations within the soil environment can rapidly 

alter porosity, pore geometry, water repellency and hence stability through their action.  

 

De Gryze et al. (2005) found that aggregate formation within sandy loam, silt loam and 

silty clay loam soils, whose soil structure had been destroyed (by devastating structures 

> 53 µm in size) linearly increased with increasing amount of wheat residue after a 

three week period. These results provided initial data for a model proposed by these 

authors that suggested macro-aggregate turnover time was in the region of 40-60 days. 

This was somewhat longer than that found by Plante, Feng and McGill (2002) whose 

incorporation of ceramic microsphere to soil suggested macro-aggregate turnover of 4-

33 days. More recently De Gryze, Six and Merckx (2006) replicated these timescales of 

macro-aggregate turnover showing it to be 30 days within a silt loam soil. Furthermore 

this research found macro-aggregate formation and re-stabilisation rates were faster 

after addition of microbial substrate, but then rapidly decreased, suggesting that 

changes in macro-aggregate formation rates followed changes in microbial activity. 

Turnover rates of micro-aggregates were 88 days showing that micro-aggregate 

formation occurred more slowly than that of macro-aggregates.   

 

Langmaack et al. (2002) demonstrated that rehabilitation of degraded soil structure 

could take place within two years after a single compaction event. This was particularly 
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aided by the presence of earthworms, thus demonstrating the dynamic nature of the 

system and the need to understand the individual roles of soil fauna, microorganisms, 

roots, inorganic and physical processes on soil structure development.  

 

Although the effects of various factors including organic matter, clay mineralogy, 

mycorrhizal fungi, roots and microbial communities on soil aggregate formation have 

been previously investigated (Tisdall and Oades, 1982; Dexter, 1988; Chenu, 1989; 

Rillig, Wright and Eviner 2002; Marschner and Baunmann, 2003), the experiment 

described here represents the first evaluation of the development of soil structure over 

time within a bare soil environment (without the addition of organic matter). Therefore 

the aim of this experiment was to determine the time taken for soil structure to develop 

within microcosms of soil containing three different soil types. Soil structural 

development within this context was classed as increases in total porosity, aggregation 

and mean pore area within the microcosms over the incubation period. Such 

development would improve water, air and nutrient movement within the soil and 

hence microbial functions. The aim of this experiment is to test hyptheses one and two 

(section 1.5). 

 

 

3.2 MATERIALS AND METHODS 

 

3.2.1 MACROCOSM CONSTRUCTION 

 

Unsterilised air dried soil (sieved < 2 mm) from each of the three different soil textural 

field sites as described in section 2.1.1 (Newport, Worcester and Dunnington Heath), 
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were packed loosely into plastic cores (7.6 cm length x 2.44 cm width). These cores 

had 400 µm mesh (Cadisch Precision Meshes Ltd, London, UK) glued to the bases to 

allow capillary rise of water from capillary matting (Figure 3.1).  

                      

Figure 3.1: Soil microcosm used within the experiment. 

 

3.2.2 SOIL INOCULATION AND REPLICATION 

 

Soil microcosms were inoculated using a soil slurry solution, made from field fresh soil 

(taken from each respective field site (section 2.1.1) on the day it was required) using a 

soil slurry solution made to a dilution of 101 (Salonius, 1981; Griffiths et al., 2001). 

Soil inoculum originating from each of the respective field soils was re-introduced into 

the microcosms to compensate for any reduction caused by the air drying and sieving 

procedures conducted prior to packing the microcosms. At inoculation the soil 

microcosm were left to saturate in the 101 soil slurry solutions of each respective soil 

type overnight as described in section 2.1.2. There was a total of 27 microcosms, one 

per soil type for each sampling date including an additional set for X-ray µCT and 

three replicates (for each soil type) for biological thin section analysis at the end of the 

investigation. The key aim for this investigation was to study the soil structure changes 

External diameter 2.44 cm 

Mesh glued to the bottom of 
container and secured with 
elastic band. 

Container made 
of polyester 
piping or 
polyethylene. 

Container length 
7.60 cm 
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overtime. Logistics prevented image analysis of more than one microcosm per soil type 

per harvest, using the novel imaging approach here. Microcosms were maintained in a 

glass-fronted incubator at 16 oC throughout the investigation without any additional 

lighting supplied. Soil moisture was determined by regular weighing and microcosms 

were maintained at field capacity through the addition of deionised water.   

 

3.2.3 HARVEST REGIME AND MEASUREMENTS 

 
A subset of the soil microcosms was destructively harvested at time zero, three, six, 

nine and fifteen months after inoculation for structural assessment. Microbial 

populations were also quantified at each harvest date, except for time zero. At each 

harvest, soil was gently removed from the microcosms to investigate cultivable 

microbe populations by culturable plate counts and Biolog microtitre plates (section 

2.3.1). Biolog plates were only analysed after 96 hours from inoculation. At each 

harvest three pseudo-replicates of soil were sampled from each microcosm, which 

allowed assessment of the variability within each microcosm. For non-destructive soil 

structural assessment, one column was scanned by X-ray µCT at each harvest period 

(for each soil type) although results from the third month are not shown due to image 

resolution issues. Further biophysical measurements were made at the final fifteenth 

month harvest though the use of biological thin sections. Most methods undertaken in 

this experiment were described earlier in chapter 2; with a full list of the measurements 

undertaken in this experiment give in Table 1.3. Additional measurements solely used 

in this experiment alone have been described below. 
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3.2.4 CULTURABLE MICROBIAL COUNTS 

 

Culturable soil bacteria and fungi were determined by removing the soil from each 

microcosm into a plastic bag and homogenising. The soil was then stored at 4 oC for no 

longer than 24 hours. Soil moisture content was determined by taking 3-7 g of soil 

from each core into a crucible and oven dying at 105 oC until at constant weight. At 

each harvest period 2 g dry weight equivalent of fresh soil was weighed aseptically into 

250 ml sterile duran bottles. To this soil 198 ml of sterile ¼ strength Ringers solution 

(section 2.1.2) was added to each bottle to create a 102 soil suspension. This suspension 

was shaken and left to settle for 1 minute before being vortexed for 20 seconds to 

dislodge bacterial cells from the soil particles. The supernatant was serially diluted 

(standard 10-fold dilutions) with sterile ¼ strength Ringers solution and 0.2 mL 

aliquots of each dilution placed onto Petri dishes containing tryptic soy agar (TSA) 

(Oxoid, Basingstoke, UK) or potato dextrose agar (PDA) (Oxoid) amended with 100 

µg ml-1 (w:v) streptomycin (Sigma, Poole, UK). Streptomycin solution was added to 

the agar to prevent bacterial growth (Pepper, Gerba and Brendecke 1995). All agar was 

made up according to the manufacturer’s instructions. Plates were incubated at room 

temperature (~ 20 oC) and monitored daily for colony growth before enumeration at 

five days after inoculation. TSA was selected following recommendations by Vieira 

and Nahas (2005). 

 

3.2.5 BIOLOGICAL SOIL IMAGING 

 
At the final harvest, fifteen months after inoculation, three microcosms from each soil 

type were stained using SCRI Renaissance 2200 which highlights active 
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microorganisms (particularly fungi). The samples were fixed with 2 % glutaraldehyde 

(to stop microbial activity) and stained using 0.2 % aqueous solution of SCRI 

Renaissance 2200 (Renaissance Chemicals Ltd, Selby, UK), for 1.5 hours under 

vacuum as described by Harris et al. (2002). Once fixed and stained, the samples were 

impregnated, as one large block, with an epoxy resin mix. Resin solutions were made 

using a 1:1 v:v mix of thinned ‘crystic’ epoxy resin (Crystic 17449, Aeropia Ltd, UK) 

and acetone (Laboratory Reagent Grade, Fisher Scientific, UK). Catalyst (Organic 

peroxide ‘0’ – Methyl Ethyl Ketone Peroxide, ScottBader, UK) was used in a 100:1 v:v 

ratio of resin to catalyst with cystic accelerator ‘G’ (Aeropia Ltd, UK) used in a 100:0.2 

v:v ratio of resin to accelerator. This mixture was slowly poured over the soil samples 

(that were housed in a large plastic container), until it completely covered each sample 

by 1 cm. The samples (within the plastic container) were then placed under a low 

vacuum to evacuate air within the soil microcosm. Extra resin mixture was used to top 

up the samples as the resin level dropped below the soil microcosm surface. Soil blocks 

were cured until solid at room temperature, before curing for an additional two weeks 

at 40 oC.  
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Figure 3.2: Images showing the UV imaging of resin impregnated soil segments. A) 

The imaging set-up using UV lamp, camera and sand tank containing sample; B) a 

fluorescent soil segment surface after cutting with a diamond saw; C) example of 

cropped image taken from a soil segment showing microbial activity, bulk soil and 

some pore space. 

 

The cured soil block (containing each microcosm from each soil type) was cut using a 

diamond saw, to remove individual microcosms at specific column depths (12, 28, 44 

and 60 mm from the top of the soil surface). This exposed area of the soil block, when 

viewed under a UV light, is highly fluorescent due to the microbes present within the 

soil. Cut soil faces were wiped clean using acetone to remove dust from block cutting. 

Images of each soil segment were taken under darkroom conditions prior to processing. 

Photographs of soil samples were taken using an Olympus Camedia C-4000 Z digital 

camera and an ultra violet light source (UVP – Model UVL-28 assembly, long wave, 

C Pore space 
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space UV stained 

active biological 
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230v, 50 Hz, 0.32 Amps) set at a constant distance from the soil sample surface to 

maintain constant resolution (Figure 3.2). The camera was set to macro lens; full zoom 

(3X optical); no flash; image size 1600 x 1200 pixel; and TIFF (tagged image format). 

A Raynox RT5241 F52-M41 mm UV filter was attached to the camera lens to prevent 

over exposure under the UV light and a Kodak colour chart was placed in the field of 

view for image analysis calibration (Figure 3.2). Images were transferred to computer 

for processing using digital media cards. 

 

3.2.6 IMAGE PROCESSING AND ANALYSIS OF BIOLOGICAL SOIL SEGMENTS 

 
Image manipulation was undertaken using analySIS® (Soft Imaging Systems (SIS), 

Munster, Germany) to isolate areas within the soil microcosm showing signs of namely 

fungal biological activity. The image resolution was 66.34 µm pixel-1 and images were 

cropped to 15.31 x 15.09 mm in size. No colour filtering was applied to the images to 

prevent distortion of UV hotspots within the soil microcosms. Images were binarised 

with an auto colour threshold function (to remove bias) by spliting an RGB image into 

three 8-bit greyscale images containing the red, green and blue components of the 

original. The auto colour threshold was set in the following red, green, blue (RGB) 

colour ranges (Red 20 - 255; Green 0 - 255 and Blue 0 - 255) to highlight areas of 

microbial activity instead of pores (Figure 3.3). 

 

Morphological analysis was performed on binary images using analySIS® to assess i) 

the total area of microbial activity in relation to the bulk soil; ii) the mean individual 

areas of microbial activity; iii) the equivalent circular diameter (ECD) showing the 

diameter of a circle that has an area equal to the area of microbial activity analysed; iv) 
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circularity/sphericity of the isolated area; v) the nearest neighbour distance to measure 

the average distance between the centres of microbial activity and finally vi) the mean 

perimeter of areas of microbial activity that is defined as the total pixel distance along 

the boundary of microbial activity. 

 

    

 

Figure 3.3: Example image of A) biologically stained soil segments and B) the 

binarised image of this soil segment showing biologically stained areas outside and 

inside pore spaces. 

Note: Biologically active areas are light blue in figure A and white in figure B. 
 
 

3.2.7 X-RAY µCT ASSESSMENT  

 
Soil structure was determined in the cores by scanning undisturbed cores (for each soil 

texture) in a µCT scanner (µCT 40 Scanco Medical Scanner, Department of 

Engineering, University of Nottingham) with the following settings: 36 mm sample 

diameter high resolution scan, 70 kV, 112 µÅ, 39 mAs, and 150 ms. Microcosms were 

scanned in an area 20 mm from the top and base of the microcosm to reduce the effect 

of watering and surface disruption (Figure 3.4). Approximately 350 image slices were 

collected for each sample. 

A 

2 mm 

B 
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Figure 3.4: Soil microcosms with area selected for X-ray CT assessment. 

 
 

3.2.8 IMAGE ANALYSIS 

 

Images obtained using the CT scanner were processed and assessed using the public 

domain software ImageJ® (v 1.39u, National Institutes of Health, USA, 

http://rsb.info.nih.gov/ij/) to isolate pore spaces within complete microcosms (Figure 

3.5). The final image resolution was set at 55 µm pixels -1 at the time zero, sixth, nine 

and fifteen month scans. Throughout the experiment, it became apparent that cracking, 

particularly within the clay loam macrocosms, would influence porosity, mean pore 

size in addition to shape analysis of the pores within each macrocosm. It was therefore 

deemed appropriate to analyse a subsection of the image by reducing the analysed area 

within each stack to remove the influence of this cracking. As a result the image was 

cropped to 8.5 x 8.5 mm to prevent the cracking influencing the morphological 

measurements. 

 

Scanned area (20 mm 
from top and base of 
microcosms) with 
individual slices made 
every c.36 µm. 

Mesh attached 
to base. 
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Filtering was performed on the image stack by using an enhance contrast function, that 

provided an adjustment of the contrast by enhancing the image using histogram 

equalization to the whole set of images within that scan; a second despeckle filter acted 

as a median filter, replacing each pixel with the median value in its 3 x 3 

neighbourhood to reduce salt and pepper noise within the image; with a final smooth 

filter to remove noise further by replacing each pixel with the average of its 3 x 3 

neighbourhood. Due to the inconsistency and over estimation by all automatic 

threshold algorithms available in ImageJ (i.e. Automatic, IsoData, Ostu and Maximum 

Entropy; Figure 3.6), thresholding was performed manually for each sample stack. 

From the manual threshold, automatic thresholds appeared to overestimate porosity 

between ~ 20-75 %. Binary images (stacks) were then subjected to binary erosion 

consisting of one iteration and five pixels to prevent over estimation of pore space 

present within the microcosms.  
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Original image 

from X-ray µCT Scaled
Crop                

(8.5. x 8.5 mm)

Enhance contrastDespeckle FilterSmooth Filter

Binary Erosion 
(Iterations1, count 5)

Manual threshold

Manual 

Threshold 

in Image J.

10 mm

5 mm 5 mm

Manual 

Threshold 

in Image J.

10 mm 10 mm
4 mm

4 mm

4 mm

4 mm 4 mm4 mm

 

Figure 3.5: Details of each image stack manipulation stage using ImageJ. 
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Original scan Filtered image (using described 
sequence)

Threshold images 

Manual threshold Automatic threshold IsoData  threshold

Comparison of porosity of image slice (%)

Manual Automatic IsoData
Otsu 

threshold
Maximum 
Entropy

22.93 42.51 48.07 55.00 97.80

Otsu threshold Maximum Entropy threshold 5 mm

 

Figure 3.6: Examples of Image J Manual, Automatic, Isodata, Ostu and Maximum 

entropy thresholds of individual images from the image stack; showing variations of 

total porosity of each image respectively. 
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Individual scans were checked for errors during scanning and reconstruction. It was 

apparent that radial scatter and machine errors were apparent in some slices at this 

stage. To prevent such scatter and error influencing results, these slices were 

withdrawn from analysis (Figure 3.7) to leave a total of 270 slices per image stack for 

each sample. Morphological analysis was performed using ImageJ; this allowed 

measurement on pore counts, total pore area, average pore size, total image porosity, 

pore size distribution, pore perimeter and circularity. Over the course of the 

investigation pore perimeter followed a close and significant relationship with mean 

pore area (Kampichler and Hauser, 1993; Pachepsky et al., 1996), with larger pores 

having a larger pore perimeter. Due to the similar nature of this measurement, 

perimeter data have not been presented here. 

 

 
 
 
 
 

          
 

Figure 3.7: Example of artefacts introduced into individual stack slices. 

 
 
 
 

Example of error 
introduced into some 

image slices 

Example of radial scatter 
influencing image 

morphological analysis. 

2 mm 
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3.2.9 STATISTICS 

 
Background microbial numbers and activity were analysed within each microcosm. 

Analysis of variance (ANOVA) (Genstat 11.1) were performed on culturable counts 

(with CFU data transformed using a log10 transformation) and Biolog data (percentage 

substrate utilisation) using pseudo-replicates (3 measures per microcosm). With data 

taken from each harvest period, analysis was undertaken using a repeated measure 

ANOVA. Clearly these analyses should be viewed with caution, but are nevertheless 

useful in giving an indication of the variability within each microcosm. This is 

important in helping determine any changes in soil structure overtime. Metabolic 

potential (Biolog data) was predominantly analysed by descriptive means (principal 

component analysis (PCA), using Genstat 11.1. Covariate PCA for each soil type and 

harvest combined were carried out on the background corrected average well colour 

development values that had undergone a natural log transformation using Genstat 

11.1. Principal component (PC) scores were analysed using repeated measures 

ANOVA in Genstat. These analyses are therefore more robust than those of the 

culturable counts. 

 

Repeated measures ANOVA was conducted on all pore measurements determined 

from X-ray µCT analysis at each harvest period using soil type as a factor, since the 

same macrocosms were scanned (at the same depth) over the investigation. 
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3.3 RESULTS 

 

3.3.1 CULTURABLE MICROBIAL COUNTS 

 

Greater variability in bacterial numbers over the fifteen month investigation was 

observed within the clay loam and loamy sand than within the sandy loam. Bacterial 

numbers in the sandy loam were relatively constant throughout (soil type x harvest 

interaction, F8,26 = 6.66, P < 0.001; Figure 3.8). Within the clay loam soil, bacterial 

numbers where highest at one month and lowest at three and fifteen months, whereas 

within the loamy sand bacterial numbers declined at six months. In terms of single 

factors bacterial numbers were highest in the sandy loam with fewest culturable 

bacterial numbers in the loamy sand soil (F2,26 = 4.57, P = 0.020). Harvest period also 

influenced culturable bacterial numbers with numbers higher (but not significantly) at 

the first and ninth month harvests (F4, 26 = 2.39, P = 0.077).  
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Figure 3.8: Effect of soil type and harvest period on numbers of culturable soil 

bacteria on TSA agar.  
Standard error bars show variability within each individual microcosm (log10). 
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More variability in fungal numbers over the fifteen month investigation was observed 

within the clay loam and sandy loam than within the loamy sand (soil type x harvest 

interaction, F8,28 = 2.86, P = 0.018; Figure 3.9). Within the clay loam and sandy loam, 

fungal numbers were highest at one and nine months compared to the other harvest 

periods. In terms of single factors, generally fungal numbers were significantly higher 

in the clay loam (5.9 [log10] CFUs) and sandy loam (5.7 [log10] CFUs) with least fungal 

numbers observed in the loamy sand (5.5 [log10] CFUs) (F2,28 = 30.80, P < 0.001). 

Harvest period also influenced culturable fungal numbers with numbers higher at the 

first and ninth month harvests (F4, 28 = 18.85, P < 0.001). 
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Figure 3.9: Effect of soil type and harvest period on total culturable soil fungi 

determined from PDA agar amended with cycloheximide.  

Standard error bars show variability within each individual microcosm (log10). 

 
 

3.3.2 SOIL METABOLIC COMMUNITY ANALYSIS 

 

Both soil type and harvest period had a significant effect on total substrate utilisation as 

determined through Biolog microtitre plates. Fewer substrates were utilised by bacteria 
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extracted from the clay loam soil than from the other soil types (F2,28 = 4.59, P = 0.019) 

particularly with increasing age of microcosms (F4,28 = 33.39, P < 0.001; Figure 3.10). 
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Figure 3.10: Total substrate utilisation for each soil type at each harvest period after 

96 hours of incubation. 
Standard error bars show variability within each individual microcosm. 

 
 
Principal component analysis (PCA) of background-corrected AWCD (natural log +1) 

values for all 95 carbon sources on the Biolog GN2 microtitre plate was performed on 

data collected after 96 hours incubation for all sample dates combined. The first 

principal component (PC1) accounted for 84.14 % of the total variation, with the 

second component (PC2) accounting for 4.44 % of the variation (Table 3.1). PC1 and 

PC2 accounted for 88.58 % of the total variation; hence other PCs were sufficiently 

small to be ignored from analysis.  
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Table 3.1: Results of principal component analysis of background-corrected natural 

log transformed AWDC (+1) values for all 95 carbon sources in Biolog GN2 

microtitre plates for each soil types at each harvest period. 
NB: Latent root or eigenvalues are the sum of the squared factor loads for any given factor 

and can be thought of as the amount of variance for that factor. 
 PC1 PC2 

Latent root 1.6696 0.0882 

% Variance 84.14 4.44 

Cumulative 84.14 88.58 

  

PC1 and PC2 loadings for each substrates are shown on separate axes (Figure 3.11). 

All PC1 loadings were negative; therefore the main axis of variation is one where the 

colour intensity of all substrates decreases or increases in unison. However, PC1 

loadings do seem to vary in magnitude with substrate type; amino acids, carbohydrates, 

polymers and amines were more negative than bromidated chemicals, phosphorylated 

chemicals and alcohols. PC1 loadings significantly varied with substrate guilds, hence 

the variation between groups is greater than within each substrate group (ANOVA of 

PC1 loadings; F10,84 = 2.16, P = 0.029). However, PC2 loadings are both positive and 

negative. PC2 loadings did not vary significantly by substrate type (F10,84 = 1.82, P = 

0.069), hence showing greater variation within substrate groups than between. 

Differentiation therefore, occurs between substrates with positive PC2 scores that are 

utilised and substrates with negative PC2 scores that are not utilised. In terms of guilds, 

amino acids, alcohols, amines and carboxylic acids are mainly positive, whereas 

amides, aromatic chemicals and phosphorylated chemicals are negative. Therefore 

amino acids, alcohols, amines and carboxylic acids were utilised, amides, aromatic 

chemicals and phosphorylated acids were not. Carbohydrates and polymers substrates 

are positive and negative, showing that certain individual C sources were preferred 

over others within substrate guilds. 
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Figure 3.11: PC loadings for A) PC1 and B) PC2 of background-corrected AWCD 

(natural log transformed) data from the 95 carbon substrates in Biolog GN2 

microtitre plates after 96 hrs incubation. 

 
 
Principal component scores for the samples were analysed by ANOVA, with soil type 

and harvest period as factors. Biolog substrate utilisation patterns were soil type 

specific for both PC1 (F2,28 = 9.19, P < 0.001) and PC2 (F2,28 = 251.67, P < 0.001). 

Clay loam soil had mainly positive PC1 scores, whereas loamy sand had the most 

negative PC1 scores. PC1 scores for the sandy loam soil were significantly lower than 

for the clay loam soil (Figure 3.12). More negative PC1 scores account for greater 

colour development; therefore the bacterial communities originating from the clay 
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loam were producing less colour in the Biolog plates than communities in the sandy 

loam and loamy sand (corroborating Figure 3.10). 

 

The loamy sand had positive PC2 scores, in comparison to the sandy loam and the clay 

loam soil which had predominantly negative PC2 scores (Figure 3.12). This suggests 

that within the loamy sand there was preferred utilisation of amino acids, alcohols, 

amines and carboxylic acids (i.e. substrates showing positive PC2 loadings); whereas 

the bacteria from the sandy loam and clay loam soils (which had negative scores), 

utilised mainly amides, aromatic chemicals and phosphorylated acids. 
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Figure 3.12: Ordination plot of PC scores produced from principal component 

analysis of transformed AWCD data of Biolog GN2 microtitre plates inoculated for 96 

hrs for each soil type. 
Large symbols represent mean PC centroids. 
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Biolog substrate utilisation patterns were also harvest period dependent for both PC1 

(F2,28 = 24.04, P < 0.001) and PC2 (F2,28 = 20.26, P < 0.001) as seen in Figure 3.13. The 

third month harvest had the most negative PC1 scores. The first month harvest also had 

a negative PC1 score which was lower than the sixth, ninth and fifteenth month harvest 

which had positive PC1 scores (and which increased in value respectively). This once 

again followed the pattern that more negative PC1 scores accounted for greater colour 

development; therefore the highest substrate utilisation was observed in the third month 

(Figure 3.13). PC2 scores were highest at the fifteenth and ninth month with the only 

negative PC2 score found at the third harvest. At the ninth and fifteenth month harvest 

PC2 scores were mainly positive, suggesting there was preferred utilisation of amino 

acids, alcohols, amines and carboxylic acids. Since the first and sixth harvest PC2 

scores were close to zero, this suggests there was no bias towards any particular C 

source utilised, whereas at the third month harvest utilisation of amides, aromatic 

chemicals and phosphorylated acids were preferred. 

 

The effects of harvest period and soil type on PC1 and PC2 scores are shown in Figure 

3.14. There was no harvest x soil type interaction for PC1 scores (F8,28 = 1.28, P = 

0.294). PC2 scores were highest in the loamy sand soil at all harvest periods (soil type 

x harvest interaction, F8,28 = 4.25, P = 0.002) suggesting preferential utilisation of 

amino acids, alcohols, amines and carboxylic acids substrates. PC2 scores for the clay 

loam remained relatively constant over the experimental period but those of the sandy 

loam increased from 9 months onwards. This suggests a shift in utilisation of amides, 

aromatic chemicals and phosphorylated acids at to amino acids, alcohols, amines and 

carboxylic acids substrates in the later months. 
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Figure 3.13: Ordination plot of PC scores produced from principal component 

analysis of transformed AWCD data of Biolog GN2 microtitre plates inoculated for 96 

hrs for each harvest period. 

Large symbols represent mean PC centroids. 
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Figure 3.14: Interaction of soil type and harvest period for A) PC1 and B) PC2 scores, 

results. 

 

3.3.3 MESOSCALE VISUAL EVALUATION OF SOIL STRUCTURE 

 
The assessment of image stacks of size 8.5 x 8.5 mm allowed the removal of cracks, 

particularly within the clay loam microcosms from the morphological assessment of 

soil structure within the microcosms. This was most probably caused by wetting and 

drying taking place within the columns, causing shrinkage and swelling in the clay 

(Pires, Bacchi and Reichardt, 2005), despite the careful water regimes.  

A 
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Generally pore spaces were fewer within the clay loam soil, than in both the loamy 

sand and sandy loam. Within the clay loam (Figure 3.15), the majority of pores present 

at the first harvest (time zero) were introduced due to the packing of the soil during 

microcosm construction. As time passed the pore spaces became smaller and more 

uniformly distributed within the soil at the third, sixth and ninth month harvests 

without any significant clumping of pores within a particular area. 

Time Zero: Porosity = 15.00 % 6 Months: Porosity = 4.25 %

9 Months: Porosity = 6.27 % 15 Months: Porosity = 10.40 %

Clay Loam

2 mm  
 

Figure 3.15: Example of pore space within clay loam microcosms over each harvest 

period (sample size = 8.5 x 8.5 mm). Porosity values given show total porosity of 

image, which is representative on the entire sample. 
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Throughout the investigation pore spaces within the loamy sand microcosms were 

similar over the course of the experiment (Figure 3.16), with an even distribution of 

pore space. At fifteen months porosity appeared to increase, with slightly larger pores 

present.  

Loamy Sand

Time Zero: Porosity = 15.53 % 6 Months: Porosity =13.81 %

9 Months: Porosity = 15.05 % 15 Months: Porosity = 16.36 %

2 mm
 

 
Figure 3.16: Example of pore space within loamy sand microcosms over each harvest 

period (sample area 8.5 x 8.5 mm). Porosity values given show total porosity of image, 

which is representative on the entire sample. 

 
 
At the first (time zero) harvest slightly more pore space was present than at other 

harvest periods with the sandy loam, this possibly associated with packing conditions 
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(Figure 3.17). Over the investigation, the quantity of pore space within the sandy loam 

remained relatively constant with larger pores observed in the microcosm at the final 

fifteenth month in comparison to other stages of assessment.  

 

Sandy Loam

Time Zero: Porosity = 15.50 % 6 Months: Porosity = 13.46 %

9 Months: Porosity = 12.10 % 15 Months: Porosity = 13.47 %

2 mm
 

Figure 3.17: Example of pore space within sandy loam microcosms over each harvest 

period (sample area 8.5 x 8.5 mm). Porosity values given show total porosity of image, 

which is representative on the entire sample. 
 
 

3.3.4 TOTAL POROSITY 

 

Total porosity was significantly higher in the loamy sand (15.2 %), and lower in the 

clay loam (9.0 %) microcosms (soil type effect, F2,2959 = 4709.57, P < 0.001). Harvest 
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period also had a significant impact with porosity highest at time zero (15.3 %) than at 

fifteen months (13.4 %) and nine months (11.1 %) with total porosity found to be 

significantly lower at six months with a porosity of 10.5 % (F3, 2959 = 1655.42, P < 

0.001).  

 

Introduced porosity from packing (measured at time zero) was lowest in the clay loam 

microcosm (15.0 %) compared to the other two soil types, due to differences in 

particles size distribution associated with each soil type (soil type x harvest interaction, 

F7,2959 = 624.68, P < 0.001; Table 2.1; Figure 2.2; Figure 3.18). However, these 

differences were negligible. A reduction in porosity occurred after six months within 

the microcosms due to settling of the soil after loose packing. Changes in porosity 

overtime were most notable within the clay loam soil and loamy sand where there was 

a marked increase in porosity (144.7 % and 18.5 % respectively between the sixth and 

fifteenth month) compared to the sandy loam soil.  
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Figure 3.18: Total porosity of the 270 slice image stacks for all soil types at each 

harvest period (F7,2959 = 624.68, P < 0.001).  

Standard error bars show variability within each individual microcosm. 
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3.3.5 PORE SIZE DISTRIBUTION 

 

Within the clay loam soil at time zero (Figure 3.19) the pore size distribution (PSD) 

was normally distributed with pores 0.0316-0.1 mm2 in size dominating. PSD at the 

sixth and ninth month harvest was uniform with a small and similar number of pores in 

all size groupings. At the final harvest period, the number of pores within the 

microcosm increased, with dominance of pores 0.01-0.1 mm2 in size. 
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Figure 3.19: Mean pore size distribution for the clay loam microcosms over each 

harvest period, with image resolution of 55 µm pixel
-1

. 

Standard error bars show variability within each individual microcosm. 
 
 
Within the initial time zero harvest of the loamy sand microcosms (Figure 3.20) pores 

of 0.0316-0.1 mm2 in size dominated the system. A change in the PSD was observed at 
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the six month harvest with no pores > 10 mm2 in size observed compared to the time 

zero scan. At the sixth and ninth month harvest the PSD is dominated by pores 0.0316-

0.1 mm2 in size. In comparison at fifteen months pores 0.1 mm2 in size dominated the 

system. 
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Figure 3.20: Mean pore size distribution for the loamy sand microcosms over each 

harvest period, with image resolution of 55 µm pixel
-1

. 

Standard error bars show variability within each individual microcosm. 
 

 
The PSD for the sandy loam soil (Figure 3.21) was very similar over the initial time 

zero, six and nine month harvest, with pores 0.01-0.0316 mm2 in size dominating the 

system. At three and fifteen months the PSD had shifted slightly, with the dominance 

of pores 0.0316-0.1 mm2 in size dominating the microcosm. Although generally over 

the entire investigation the PSD hardly changed. 
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Figure 3.21: Mean pore size distribution for the sandy loam microcosms over each 

harvest period, with image resolution of 55 µm pixel
-1

. 

Standard error bars show variability within each individual microcosm. 
 
 

3.3.6 MEAN PORE SIZE 

 
Pore size was significantly larger within the loamy sand (0.015 mm2), followed by the 

clay loam (0.012 mm2), with the lowest mean pore size of 0.011 mm2 found within the 

sandy loam soil (F2, 2959 = 1099.24, P < 0.001). Harvest period also affected mean pore 

size with pores significantly larger after fifteen months (0.0141 mm2) than at time zero 

(0.0135 mm2); nine (0.0117 mm2) and six months (0.0115 mm2) (F3, 2959 = 411.97, P < 

0.001).  
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At time zero, mean pore size was highest in the loamy sandy soil (0.0152 mm2) (soil 

type x harvest interaction, F7, 2959 = 386.21, P < 0.001; Figure 3.22). At the sixth month 

harvest clay loam microcosms had the highest mean pore size (0.0125 mm2) followed 

by the loamy sand (0.0118 mm2) and the sandy loam (0.0102 mm2). At the ninth and 

fifteenth month harvest mean pore size was significantly greater in the loamy sand 

(0.0131 mm2 and 0.0189 mm2 respectively), with the sandy loam and clay loam having 

a lower mean pore size at the respective harvest periods. 
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Figure 3.22: Mean pore size for each soil type over each of the five harvest periods for 

the 270 image slice stack. 

Standard error bars show variability within each individual microcosm. 
 
 

3.3.7 CIRCULARITY 

 
Circularity was highest in the clay loam soil (0.854), followed by the sandy loam 

(0.815) and then loamy sand (0.790) (soil type effect, F2,2959 = 6870.07, P < 0.001; 

Figure 3.23). Furthermore circularity was lowest at time zero (harvest effect, F3, 2959 = 

933.06, P < 0.001). Over the investigation, circularity increased within the sandy loam 

from the initial (time zero) scan to the fifteenth month (harvest soil type x harvest 

interaction, F7, 2959 = 284.24, P < 0.001). Circularity values within the clay loam soil, 
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did peak at the sixth month harvest (0.874) and with the sandy loam circularity peaking 

at later harvest periods (0.824 and 0.825 at the ninth and fifteenth months respectively). 

A summary of all image analysis data for soil type and harvest is given in Table 3.2. 
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Figure 3.23: Mean circularity of each soil type over the five harvest periods for the 

270 slice image stack. 

Standard error bars show variability within each individual microcosm. 
 
 
 

Table 3.2: Summary data for porosity, mean pore area, circularity and perimeter 

with soil type and harvest. 
Standard error shows variability within each individual microcosm. 

Soil Type Porosity (%) 
Mean Pore 

Area (mm
2
) 

Circularity 

Clay Loam 8.98 ± 0.13 
0.0121 ± 
0.000073 

0.854 ± 
0.00076 

Loamy Sand 15.19 ± 0.052 
0.0148 ± 
0.000097 

0.790 ± 
0.00042 

Sandy Loam 13.63 ± 0.060 
0.0114 ± 
0.000062 

0.815 ± 
0.00055 

    

Harvest Porosity (%) 
Mean Pore 

Area (mm
2
) 

Circularity 

Time Zero 11.52 ± 0.035 
0.0135 ± 
0.000067 

0.801 ± 
0.00067 

6 Months 14.90 ± 0.199 
0.0115 ± 
0.000067 

0.831 ± 
0.00012 

9 Months 11.62 ± 0.054 
0.0117 ± 
0.000095 

0.829 ± 
0.00012 

15 Months 10.95± 0.086 
0.0141 ± 
0.00014 

0.817 ± 
0.00011 
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3.3.8 BIOLOGICAL SOIL IMAGING 

 

The mean size of dye stained areas within each image was generally highest in the clay 

loam soil (particularly at 38 mm from the soil surface) and lowest within the loamy 

sand at 60 mm depth, suggesting fungal presence was influenced by soil type and depth 

(soil type x depth interaction, F6,17 = 2.99, P = 0.035). No significant differences in 

mean size of stained biologically active areas with soil type (F2,17 = 1.50, P = 0.251; 

Table 3.3) or depth were observed (F2,17 = 0.40, P = 0.756). 

 

Table 3.3: Total percentage of dye stained area and mean size of stained areas within 

images taken following staining of microbiological components. 
Mean values ± standard error. 

Soil Type 

Total percentage of 

dye stained area (%) 

Mean size of dye 

stained areas (log 

mm
2
) 

Clay Loam 4.913 ± 1.437 0.715 ± 0.043 

Loamy Sand 4.036 ± 0.8251 0.641 ± 0.025 

Sandy Loam 4.222 ± 0.7055 0.690 ± 0.018 
 

 
 
At the top of the microcosms (12 mm from the soil surface) the distance between the 

centre of biologically active points (nearest neighbour distance) was larger than that 

deeper within the microcosm (i.e. 44 and 60 mm depth) as seen in Figure 3.24 (F2,20 = 

3.45, P = 0.038). 
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Figure 3.24: Effect of soil depth within the microcosm on the nearest neighbour 

distance of biologically active areas.  

NB: Error bars on graph highlight standard error. 

   
 

It is clear from Figure 3.25 that the ratio of biologically active pores to non-stained 

pores within the clay loam soil was greater than that of the sandy loam and clay loam 

indicating that the clay loam was more microbiologically active. This corresponds to 

data that highlighted greater numbers of CFUs in the clay loam and also with pore size 

distributions where large changes were observed after the initial settling period. 
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Figure 3.25: Ratio of biologically active dye stained pores to non-stained pores within 

each soil type at the fifteenth month harvest. 
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3.3.9 LINKING SOIL PHYSICAL PROPERTIES WITH SOIL TYPE OVER HARVEST 

PERIODS 

 

3.3.9.1 Relationships between microbial populations and soil physical 

measurements 

 
Using X-ray µCT it was observed that culturable bacteria influenced pore shape i.e. 

circularity (Figure 3.26A) within the loamy sand; pore circularity increased with 

declining bacterial numbers. Furthermore total porosity was found to increase with 

increasing bacterial numbers (Figure 3.26B). A similar pattern was observed, but this 

time for fungal numbers, within the sandy loam; with pore circularity decreasing with 

increasing fungal counts (Figure 3.27A) and porosity increasing with increasing fungal 

numbers (Figure 3.27B). Such patterns within both soil types provide evidence to 

suggest that microbial counts within a soil will increase soil porosity and pore 

morphology. 
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Figure 3.26: Relationship between culturable bacterial numbers and A) pore 

circularity (Regression, P = 0.027) and B) total porosity (Regression, P = 0.04) within 

the loamy sand microcosms. 
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Figure 3.27: Regression between A) total porosity and culturable bacterial numbers 

within the loam sand microcosms (P = 0.04); B) total porosity and culturable fungal 

numbers within the sandy loam microcosm (P = 0.03) within the large sampling areas. 

 

Despite the lack of significant relationships between culturable bacterial and fungal 

numbers on soil structural features within the clay loam microcosms, relationships 

were observed between total substrate utilisation of Biolog plates and pore area (and 

hence also with pore perimeter whose results are not shown in detail here). This 

relationship with total utilisation and mean pore area (and perimeter) was observed 

over all soil types (Figure 3.28) with mean pore area increasing as total substrate 

utilisation increased.  
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Figure 3.28: Significant regression of total utilisation against A) mean pore area  

(P = 0.006) and B) pore perimeter (P < 0.001) within the small sampling area. 

 
 

3.4 DISCUSSION 

 

Soil structural properties were significantly modified due to the presence of microbial 

communities within the microcosms, with the effect dependent on the soil texture over 

the course of the investigation. Development of soil structure was observed within all 

microcosms, after an initial settling of the soil within the microcosms (similar to that 

observed in the field after tillage by Leij, Ghezzehei and Or, 2002).  

 

3.4.1 CULTURABLE MICROBIAL COUNTS AND METABOLIC COMMUNITIES. 

 

Over the course of the investigation, the clay loam soil had significantly higher 

culturable numbers for fungi, with bacterial numbers higher than the loamy sand. This 

may be because clay loam contained the highest percentage of organic matter resulting 

in more substrates for microbial communities to utilise. These findings agree with 

Chiarini et al. (1998) who discovered that with decreasing particle size, in addition to 

increasing silt content (Table 2.1), bacterial numbers increase. The results presented 

A B 
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here agree with previous research where soil texture influences microbial compositions, 

at the level of soil bacterial communities (Chiarini et al., 1998), at the genus level 

(Latour et al., 1996) and at the intraspecific level (Hartmann, Giraud and Catroux 

1998; Dalmastri et al., 1999). 

 

Despite clay loam having the highest numbers of culturable fungi and the second 

highest culturable bacterial numbers, the total substrate utilisation within the 

microcosm was significantly lower compared to the other soil types. Such controls on 

microbial biomass and activity within soils by soil type were demonstrated by 

Groffman et al. (1996). The reduced activity of microbes within the clay soils maybe 

due to the smaller soil particles (i.e. clay particles < 2 µm in size), which could in turn 

clog pore throats and small pores within the soil, leading to a reduction in pore 

connectivity (Pitty, 1979; Tisdall and Oades, 1982). As a result, nutrient cycling, water 

and gaseous movement throughout the soil would be restricted reducing the microbial 

activity within the soil. The effect of soil structure on bacterial metabolic functioning 

(Biolog) was highlighted by Fang et al. (2005) who found average well colour 

development (AWCD) by communities isolated from a sandy loam soil was 

significantly lower than that of bacteria from a silt loam and silty clay. Furthermore 

Girvan et al. (2003) also highlighted through the use of T-RFLP, DGGE and Biolog 

microtitre plates, that total and active bacterial communities were influenced by soil 

texture. In the current investigation the numbers of culturable fungi and bacteria were 

highest at the first month harvest, when microbes would have still been adjusting to the 

soil microcosms and while substrate availability was highest. At the sixth month, 

culturable numbers declined suggesting the microbes within each microcosm had 
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reached an equilibrium, i.e. become associated with the surrounding soil environment 

and substrate availability (Tate, 2000). At the ninth month, fungal and bacterial 

numbers rose before declining again at fifteen months. This flush of activity at the nine 

month harvest maybe the result of additional substrates being released into the soil 

through the decomposition of organisms associated with the lack of nutrients at the 

sixth month harvest period. Substrate availability is an important factor in changes to 

microbial activity and communities (Griffiths et al., 1999), in addition to the increase 

in macro-aggregates formation (Denef et al., 2002). Bruneau et al. (2005) also 

observed that bacterial distributions within a scale of less than 1 mm was controlled by 

fresh faunal excrement, thus highlighting the importance organic substrates have on 

bacterial distributions within the soil. 

  

Bacteria extracted from the loamy sand preferably utilised amino acids, alcohols, 

amines and carboxylic acids, whereas bacteria from the sandy loam and clay loam soils 

mainly utilised amides, aromatic chemicals and phosphorylated acids. This suggests 

that different soil textures, have different microbial communities with specific catabolic 

capabilities, or alternatively that the same communities are present irrespective of soil 

type, but they have different metabolic potentials. It is most likely that communities are 

soil type specific, indeed Groffman et al. (1996) highlighted soil type as a controller of 

microbial biomass and activity (when assessing the impact of different soil types and 

grass species). 

 
Results from biologically stained soil thin sections after fifteen months reflect data of 

culturable bacterial and fungal counts. Loamy sand showed the lowest ratio of dye 

stained pores to non-stained pores, suggesting fewer biologically active areas compared 
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to the sandy loam and clay loam. This is in agreement with Degens, Sparling and 

Abbott (1994) who found that coarse textured soils, such as sand, were weakly related 

to microbial biomass and products. Furthermore, the biologically stained soil thin 

sections highlighted that there were larger distances between biological areas at the top 

of the soil microcosms than with depth. This maybe due to soil microorganisms 

congregating in areas within, or beside, pore spaces as observed here and by Foster 

(1988). As pore area tends to be larger and greater towards the top of soil microcosms 

due to less overburden pressure on the soil (Mohamed and Anita, 1998), 

microorganisms have larger pore areas to occupy, hence there is greater distance 

between other biologically active areas. In comparison, at depth, pore space is smaller 

hence areas of biological activity become more distributed within these smaller pore 

areas and thus closer together. Thus carroborates the first hypothesis stated in section 

1.5. In addition, Nunan et al. (2001) suggested bacterial populations grown by self 

replication lead to the development of colonies in close proximity to each other, similar 

to that observed here. Hence at the top of the microcosms, where conditions are more 

favourable for microbial processes (e.g. aerobic and closer to organic matter inputs), 

larger clumps of biological activity occur near pores and organic substrates resulting in 

larger distances between these areas. At depth, conditions are less favourable and there 

is older organic matter (Bruneau et al., 2005), hence bacterial population grown by self 

replication results in colonies of closer proximity, that locate near to any available 

organic substrate. Such results are similar to those described by Nunan et al. (2002), 

where greater aggregation of bacteria occurred within topsoil than subsoil, where 

bacterial growth was over a wider area with a short separation distance. 
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3.4.2 EFFECT OF SOIL TEXTURE ON SOIL STRUCTURE 

 
Through assessment of the µCT images it became apparent that the clay loam 

microcosms contained a lower total porosity than the other soils. Research by Kiem 

and Kandeler (1997) found aggregate stability was greatest in sandy soils in 

comparison to clays. This suggests that pore spaces within sandy soils would be greater 

than that of the loam and clay soils (as observed in this investigation). This is due to the 

fine particle nature of the clay loam soil; small clay particles could clog up pores and 

pore throats resulting in smaller pores than those present within the loamy sand and 

sandy loam microcosms. Such reduction in porosity of this Worcester series clay loam 

was also observed in undisturbed field cores taken by Mooney (2002) who found the 

soil had a total porosity of 24.5 % compared to 31.5 % of a undisturbed sandy loam soil 

(albeit from a study at a different scale). In the current experiment total porosity was 

highest within the loamy sand soil which reflects the idea that soil containing a 

relatively high percentage of sand, i.e. large particle sizes will contain more pore space 

than that of clay soils (Table 3.2). However, this contradicts results found by 

Mtambanengwe, Maptumo and Kirchmann (2004) who found porosity decreased with 

soils of increasing sand quantity. 

 

Porosity followed a similar pattern to that of bacterial and fungal CFU within the soil 

systems, suggesting an interaction between microbial communities and soil structure. 

Porosity was lowest within the clay loam soil, where culturable fungal counts were 

highest and bacterial counts were high, but no significant correlations were found 

between soil texture and culturable bacterial and fungal numbers. However, when each 

soil type was assessed over each harvest period, culturable numbers and total substrate 
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utilisation had an effect on porosity. Within the loamy sand, as bacterial counts 

increased porosity increased, suggesting bacterial numbers influenced porosity or 

porosity affected bacterial numbers. Microorganisms are known to produce enzymes 

and polysaccharides (Tisdall and Oades, 1982; Chenu, 1989; Jastrow and Miller, 1991; 

Oades, 1993) that bind soil particles forming aggregates and hence increasing porosity. 

The results of the current study reflect perhaps longer term impacts of bacterial 

numbers on soil structure development compared to that of previous research by Aşkin 

et al. (no date). In addition, within the sandy loam soil increasing fungal numbers 

improved soil porosity. This relationship agrees with the widely acknowledged theory 

that fungal populations within the soil environment improve soil structure through 

numerous biochemical and biophysical methods (Ritz and Young, 2004; Rillig and 

Mummey 2006).  

 
With regard to mean pore size, pore area was smallest in the sandy loam soil due to the 

slightly higher clay content of the soil, particularly in comparison to the loamy sand 

microcosms, where mean pore size was highest due to the lower clay content and 

higher sand content. Mean pore size remained lowest within the sandy loam 

microcosm. Since sand particles are typically the largest and most angular within soil, 

when these particles aggregate, it leads to the formation of larger pores (see seen in the 

conceptual model of Boix-Fayos et al., 2001). Such variations in mean pore size with 

soil type have been previous noticed (Thomsen et al., 1999). However it should also be 

remembered that other factors such as organic matter and land practices will also 

influence pore sizes.  
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Pore circularity was highest in the clay loam due to the clay particles (which are small 

and plate shaped since they are highly weathered (Rowell, 1994)), resulting in the 

formation of more rounded pores compared to larger angular particles, such as those 

associated with a coarse sand soil for instance. Furthermore this may also be due to the 

higher culturable microbe counts and increased microbial activity within these clay 

loam microcosms. This is less likely however, since a significant negative regression 

was observed with culturable bacterial and fungal numbers, with circularity within the 

loamy sand and sandy loam microcosms. The pores within the loamy sandy 

microcosms had a lower circularity value compared to the sandy loam soil. This may 

be due to the influence of pore size since the larger the pore, the higher the probability 

that a pore is elongated or planar, hence the lower the probability that it is round 

(Mermut, Grevers and de Jong, 1992; Pachepsky, Rawls and Timlin, 2000).  

 

3.4.3 EFFECT OF TIME ON SOIL STRUCTURAL DEVELOPMENT 

 
Soil structure within the microcosms appeared to decline initially due to settling of soil 

particles after packing (during the inoculation and watering regime). After this period, 

total porosity increased after nine and fifteen months suggesting an improvement in 

soil structure. Other soil structure measures such as mean pore area, were higher after 

fifteen months of incubation than at any other stage signifying an improvement in pore 

size over time; critical for a good soil structure and microbial processes. Although such 

soil structural improvements in this investigation were slower than those highlighted in 

similar studies (e.g. aggregate turnover rates ranging from 4-88 days by Plante, Feng 

and McGill, (2002) and De Gryze, Six and Merckx (2006)), this study represents the 
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first known assessment of total porosity and mean pore size over time, particularly 

within a bare soil system (without the influence of AMF, roots or organic matter).  

 

Pore circularity was generally found to be relatively circular (with values ~ 0.8) over 

the investigation, with more elongated pores found at the initial time zero and final 

fifteenth month, compared to the other harvest periods. Such results coincide with pore 

size data, illustrating that as pores become smaller, pore circularity increases. This 

would be expected since pore sphericity measurement is a function of size.  

 

3.4.4 EFFECT OF MICROBIAL POPULATIONS ON SOIL STRUCTURE 

 
Increases in soil porosity were correlated with increases in culturable bacterial and 

fungal counts (thus agreeing with the second hypothesis stated in section 1.5). This is 

because, as the number of bacteria and fungi increase, activity also increases, resulting 

in enhanced exudates production from these microorganisms. Exudates are widely 

acknowledged to improve aggregation and stabilisation within the soil environment, 

resulting in an increase in porosity within and between aggregates (Tisdall and Oades, 

1982; Amellal et al., 1998; Czarnes et al., 2000).  

 

Other important interactions between total substrate utilisation and mean pore size were 

observed, with large pores associated with a higher metabolic potential (microbial 

activity). This once again relates to the importance exudates have on soil structure. As 

microbial activity increases, the release of these polysaccharides that act as gums and 

glues will increase resulting in an increase in aggregation and hence resulting in larger 

pore spaces. The reverse of this could also be true, with large pore area causing an 
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increase in total substrate utilisation. This is due to the function larger pores have 

within a soil environment, acting as channels for water carrying nutrients and substrates 

(for microbes) and for gaseous movement, making these pore sites ideal for microbial 

functioning and hence higher activity. It was recognised by Nunan et al. (2001), with 

bacteria clumping near pore spaces, where substrate availability, water, air and nutrient 

flow would be highest. Hence if pores are larger within a soil, this would increase the 

area available for microbes to inhabit (that are high in resources) leading to an increase 

in soil activity. Such results therefore highlight the dynamic nature of the soil 

environment, with individual factors having multiple influences. 

 

3.5 CONCLUSION / SUMMARY 

 

• Soil texture influenced development of soil structure within the microcosms. 

The loamy sand had the highest porosity and mean pore size of the three soil 

textures analysed, illustrating that a relatively high percentage of large 

particles, is beneficial to pore space development.  

 

• Pore shape was influenced by soil texture, with more circular pores associated 

with the clay loam soil, whose particles tend to be smaller and more rounded. 

 

• Soil texture had a significant effect on culturable microbial communities within 

the microcosms with the clay loam soil having the highest culturable fungal 

numbers and second highest bacterial numbers. Although despite this, 
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microbial activity within this soil was significantly lower compared to the 

loamy sand and sandy loam soils. 

  

• Soil texture was found to affect the substrate utilisation preferences of 

microbial communities within specific soil types. 

 

• Culturable microbial counts (bacterial and fungal) were influenced by harvest 

period. Culturable numbers as expected were highest at the start of the 

investigation when soil substrate availability was highest. A peak towards the 

end of the experiment at nine months signified an increase in microbial activity 

associated with decomposition of microbes within the substrate poor soils. 

Microbial activity over the course of the experiment (assessed using Biolog 

microtitre plates) showed a peak in activity at the third month, with a steady 

decline in activity towards the end of the investigation.  

 

• Soil structure within the microcosms noticeably improved over time after initial 

soil settling (which decreased porosity within all microcosms at the sixth month 

harvest). Total porosity almost recovered to that observed initially, thus 

suggesting soil structural re-development took place over a nine month period 

(between six and fifteen months) in spite of the reduced microbial activity and 

numbers associated within this period. Furthermore measurements of mean 

pore area also highlighted the increase in pore area after the initial decline 

between time zero and six months.  
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• Soil structural development (i.e. assessed through measurements of total 

porosity and mean pore size) was found to be directly influenced by culturable 

bacterial and fungal numbers in addition to the total microbial activity within 

the soil, assessed through Biolog microtitre plates. These results highlight the 

complex nature of soil structure development and suggest that structural 

development can take place within bare soils detached from the physical and 

biological impacts plants and their roots introduce. This study therefore 

illustrates the true importance of microorganisms within the soil environment 

and particularly on the development of soil structure. 



 

Chapter 4: The effect of arbuscular mycorrhizal fungi and roots on the  

development of soil structure.                                                                                        Page 120 

 

4 EXPERIMENT 2: THE EFFECT OF ARBUSCULAR MYCORRHIZAL 

FUNGI AND ROOTS ON THE DEVELOPMENT OF SOIL 

STRUCTURE. 

 

4.1 INTRODUCTION 

 

 
Soil microbes significantly contribute to soil ecosystem functions e.g. decomposition, 

nutrient cycling and the formation and stabilisation of soil structure (section 1.2.2 and 

1.2.3). What is not known however is how microbially diverse the soil ecosystem needs 

to be in order to maintain such functions. Davidson and Grieve (2006) suggest some 

species within the soil environment have key or strong ecological functions, whereas a 

loss of other species has no effect. The aim of this investigation was to determine the 

effect on soil structure of differing levels of microbial diversity, in soil macrocosms 

containing mycorrhizal and non-mycorrhizal Plantago lanceolata. Although roots and 

arbuscular mycorrhizal fungi (AMF) influence soil structure through their activity 

(Tisdall and Oades, 1982; Angers and Caron, 1998; Czarnes et al., 2000; Read et al., 

2003; White, 2006), the relative importance to the development and maintenance of 

soil structure, in relation to differing ‘background’ microbial diversity has not yet been 

properly assessed.  

 
Furthermore, previous research regarding the time scale of soil structural development 

is somewhat limited. Tisdall and Oades’ (1982) model regarding the hierarchical 

development of soil, is still highly regarded. This model suggests the importance of 

bacteria, fungi and roots as binding and stabilising agents within the soil environment, 

with their temporal contribution ranging from weeks to years. A recent study by 
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Feeney et al. (2006a) suggests that soil structure and water repellency can be 

influenced by root and microbial activity extremely quickly. Their investigations show 

that the number of aggregates > 2000 µm significantly increased over a 30 day period, 

particularly in rhizospheric soil. Such rapid changes were also similarly observed with 

water repellency within various soils as a result of increased active fungal populations. 

Feeney et al. (2006a) also produced images from µCT which suggest that roots and 

microbes have an impact on soil structure and in particular pore distribution within 

aggregates after a 30 day incubation period.  

 

This investigation aimed to assess the development and maintenance of soil structure 

under differing background microbial diversities, using image analysis to assess soil 

structure, combined with traditional techniques such as aggregate stability and size 

distribution, in addition to Terminal - Restriction Fragment Length Polymorphorism 

(T-RFLP) analysis of the microbiota. Throughout this investigation differing soil 

environments were assessed including bare soil and planted systems with and without 

AMF. The hypotheses tested during this experiment relate to hypotheses one, two and 

three stated in section 1.5. 

  

4.2 MATERIALS AND METHODS 

 

4.2.1 MACROCOSM CONSTRUCTION 

 

Air dried sterile Dunnington Heath (sandy loam) soil was packed into plastic columns 

(17.1 cm length x 7.6 cm internal diameter) to a bulk density of 1.1 g cm-3. Mesh 400 
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µm (Cadisch Precision Meshes Ltd, London, UK) was glued to the base of each 

column to allow capillary rise of water from base trays to prevent cross contamination 

of soil columns through watering.  

 

Macrocosms were packed as shown in Figure 4.1. Each column was packed in quarters 

using the appropriate quantity of soil per quarter to create a bulk density within the 

whole column of 1.1 g cm-3. This soil was placed into the column and gently tapped 

down using a packing disc; the soil surface was then disturbed using a spatula before 

addition of the next quantity of soil in order to prevent packing layers being formed. 

Between the 3rd and 4th quarter of soil packed into the macrocosm, a layer of 19 g AMF 

inoculum (PlantWorks Ltd, Sittingbourne, Kent, UK) was placed into the column. This 

inoculum was added to the two treatments containing AMF, whilst the four non-

mycorrhizal treatments contained the same quantity of sterilised inoculum. Inoculum 

was sterilised in an autoclave (121 oC and 15 PSI) twice before addition to the 

macrocosms. The AMF inoculum used in this investigation contained five different 

endomycorrhizal fungi (Glomus intraradices, G. microagregatum, G. mosseae, G. 

geosporum and G. claroides). 
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Figure 4.1: Column design for Experiment 2. 

 

4.2.2 SOIL INOCULATION  

 

Experimental macrocosms were inoculated using a 101 (low) and a 106 (high) dilution 

(Salonius, 1981; Griffiths et al., 2001) as described in section 2.1.2. Prior to the start of 

the experiment, seeds of P. lanceolata were sown into Dunnington Heath topsoil mixed 

with sand to improve drainage and allowed to germinate. Seedlings were transplanted 

into the experimental columns at the one-true leaf stage of growth at a density of one 

plant per column (Figure 4.2). 

Each ¼ of the column was 
filled with a specific 
quantity of soil to achieve 
the appropriate bulk 
density. 

AMF inoculum. 

Top 1-3 cm of column 
remained empty to allow 
space to water the core 
from the top. 

Soil column 
packed to a height 
of 15.5 cm. 



 

Chapter 4: The effect of arbuscular mycorrhizal fungi and roots on the  

development of soil structure.                                                                                        Page 124 

 

   

Figure 4.2: Example of a) soil column with P. lanceolata and b) and c) the glasshouse 

containing the experimental columns. 

 
 

4.2.3 EXPERIMENTAL TREATMENTS 

 

The soil macrocosms were allocated to one of six different treatments; (i) bare soil with 

101 dilution; (ii) bare soil with 106 dilution; (iii) soil planted with P. lanceolata at 101 

dilution; (iv) soil planted with P. lanceolata at 106 dilution; (v) soil planted with P. 

lanceolata and AMF inoculum at 101 dilution; (vi) soil planted with P. lanceolata and 

AMF inoculum at 106 dilution. Three replicate columns were destructively harvested 

per treatment at the first two sampling periods, with four replicate columns harvested at 

the penultimate and final sampling points. A total of 84 columns were harvested during 

the experiment. Macrocosms were incubated in a glasshouse at 20–30 oC, with 

supplementary lighting to give a 16-hour day throughout the whole investigation 

(Figure 4.2). Soil columns were maintained at field capacity by watering with sterile 

(autoclaved) deionised water; the quantity added was determined by weight. 

 

A B C 
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4.2.4 HARVEST REGIME AND MEASUREMENTS 

 
Soil macrocosms were destructively harvested at one, three, five and seven months 

after inoculation and plant transplanting for microbial and structural assessment as 

described in section 2.1.3 and Table 1.3. The final harvest was undertaken at seven 

months, as the macrocosms were becoming root bound at this stage (Figure 4.3). 

Additional measurements solely used in this experiment alone have been described 

below. 

 

Figure 4.3: Examples of soil removed from macrocosms at the seventh month harvest 

from the a) bare soil; b) planted non-AMF and c) planted AMF treatment plus the 10
1
 

soil dilution.  

 

4.2.5 AGGREGATE WATER REPELLENCY 

 
The most appropriate methodology for assessing an aggregate’s hydraulic properties 

and water repellency is by use of a miniaturised infiltrometer (Leeds-Harrison, Youngs 

and Uddin, 1994; Hallett and Young, 1999). The method described below allows the 

7 Months harvest 

A

B C
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hydraulic conductivity, sorptivity and water repellency of individual dry aggregates to 

be measured. Hydraulic conductivity describes the ease with which water can move 

through pore spaces or fractures, whereas sorptivity is the capacity of soil to absorb or 

desorb water through capillarity (Philip, 1957). 

 

The hydrophobicity of an aggregate is determined through measurement of the 

sorptivity of ethanol and water. Since ethanol has a non-polar nature, the contact angle 

with the hydrophic surfaces provides a transport measurement that is not influenced by 

repellency. An index of water repellency can be evaluated by comparing the sorptivity 

values of water and ethanol for a particular aggregate which allows the extent to which 

water sorptivity is altered by soil particle coatings to be described. Such methodology, 

allows identification of the changes in pore structure associated with roots, in addition 

to changes in repellency caused by roots and microbial exudates (Hallett, Gordon and 

Bengough, 2003). 

 

4.2.5.1 Experimental procedure – hydraulic conductivity 

 

Soil removed from the macrocosms was air dried for 7-14 days and sieved to 2-5 mm 

in size. These 2-5 mm aggregates were oven dried at 40 oC for 24 hours to stimulate an 

extreme drying event (Hallett and Young, 1999). Twelve replicates per treatment were 

assessed, with 4 replicates taken from each macrocosm at the first and third month 

harvest and 3 replicates taken from each macrocosm at the fifth and seventh month 

period. 
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The infiltration device was constructed with the capillary tubing and glass tubing 

(internal diameter 3.5 mm) attached and sealed with sealant (Figure 4.4 and 4.5). A 200 

µl pipette tip was placed onto the end of the infiltration device and sealed to the tubing 

to prevent air leaks. The device was fixed in a vertical position to allow water to flow 

within the tubes. A water reservoir was set up in a small plastic bottle (100 ml), with 

the glass tubing placed inside (but not touching, the base and sides of the bottle). This 

reservoir was placed onto a balance (GF-200 AND balance, California, USA) to allow 

infiltrated water to be monitored by connecting the balance with to a laptop and 

recording the change in reservoir weight every two seconds (RsCom v2.43, WinCT 

Software, AND, California, USA).  

 

A dried aggregate was placed on the dry surface of a scissor jack before starting the 

computer log. The stage was raised gently so the tip of the pipette touched the 

aggregate (Figure 4.5). The change in weight of the reservoir was then monitored over 

a 2 minute period or until the aggregate had become saturated. In order to assess the 

hydraulic conductivity, the sorptivity of water flowing into aggregates at five different 

heads of water were measured (i.e. 0, -10, -20, -30 and -40 mm). 

 

4.2.5.2 Experimental procedure – water repellency 

 

Once the hydraulic conductivity measurements were complete, water repellency 

measurements were taken. For this assessment the infiltration tip was placed at a 

hydraulic head of -20 mm and the reservoir filled with water. A dried aggregate’s 

uptake of water was once again monitored over a 2 minute period or until the aggregate 
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had become saturated. Once the analysis was completed the aggregate was dried for at 

least 24 hours at 40 oC before re-analysis with an ethanol solution.  

 

 

 

 

 

 

 

 

       

 

 

 

Figure 4.4: Diagrammatic representation of the instrumentation required for testing 

water repellency of an individual aggregate. 

 

 

 

 

 

Figure 4.5: Experimental set-up for testing water repellency of an individual 

aggregate. 
 

Water/Ethanol 
reservoir 

Balance 
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Individual soil 
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-20 mm head 

Computer connected to balance to 
log change in reservoir weight 
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Tap 
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tubing 
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Hydraulic conductivity (K) of the aggregate is evaluated from the slope when the 

steady water flow (Q) is plotted against the different pressure heads (h). Once the 

hydraulic conductivity of the samples is determined the sorptivity of the aggregate is 

evaluated from Equation 4.1 

( )
hrK

f

obrS
Q 4

24
==      (Eq. 4.1)) 

Equation 4.1: Hydraulic conductivity of individual aggregates Leeds-Harrison and 

Young, 1997) 
Where: Q = Steady state flow (mm

3
 s

-1
); b = A parameter that depends on the soil-water 

diffusivity function (in the range of 0.5 ≤ b ≤ π/4) with 0.55 being an ‘average’ value; r = 

Radius of the infiltrometer tip (mm); f = Fillable air-porosity (g); h = Pressure head (mm) 

K = is evaluated from the slope of a plot of Q against h. (mm s-1); S = Sorptivity (mm s-1/2). 

 

According to Hallett and Young (1999) for non-repellent soils, the sorptivity of an 

ethanol to water solution, SE, is related to the sorptivity of pure water, SW as seen in 

Equation 4.2: 
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  (Eq. 4.2)

 

Equation 4.2: Sorptivity of ethanol to water solutions into individual aggregates 
Where:  µE = Viscosity of 95 % ethanol at 20 

o
C (0.0012 N s m

-2
); γE = Surface tension of 

95 % ethanol at 20 
o
C (0.023 N m

-1
); µW = Viscosity of the water at 20 

o
C (0.0010 N s m

-2
); 

γW = Surface tension of water at 20 oC (0.073 N m-1) 

 
Hence the equation is simplified as seen in Equation 4.3 to calculate the repellency 

index (Equation 4.4) where R = 1.0 signifies a totally non-repellent soil. Furthermore, 

Tillman et al. (1989) also suggested that a soil with SE < SW (R<1.95) is non-repellent. 
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Sw = 1.95 SE      (Eq. 4.3) 
 

Equation 4.3: Simplified sorptivity of ethanol to water solutions 

 
 
 

R = 1.95 (SE/SW)     (Eq. 4.4) 
 

Equation 4.4: Repellency index (Hallett and Young, 1999) 

 

4.2.6 QUANTIFICATION OF SOIL STRUCTURE USING X-RAY CT 

 

In addition to invasive techniques, soil structure was assessed non-destructively by X-

ray CT tomography using an X-TEK Venlo H series, high resolution X-ray CT scanner 

(H 350/225 CT; X-TEK, Tring, Hertfordshire, UK). At each harvest period the same 

two columns, taken from each dilution and treatment, were placed on the rotating 

sample plate inside the CT apparatus and scanned. The same columns from each 

treatment were scanned at each harvest point to allow for consistency and reduce any 

factors causing variation over the incubation periods. Each macrocosm was scanned at 

175 kV and 3 mÅ. Exposure time was 90 ms with the samples placed 145 mm away 

from the detector (Figure 2.5). Copper primary filters (2 mm thick) were used in 

addition to a 4 mm copper plate on the detector to adjust for beam hardening. Soil 

columns were scanned at various depths throughout the macrocosms to allow 

assessment of the soil pore system at various depths. Macrocosms were scanned at a 

depth of 35, 75 and 115 mm from the top of the soil surface, during the initial first and 

third harvest periods, with an additional three more depths at 55, 95 and 135 mm from 

the top of the soil surface assessed at the fifth and seventh month harvest. 
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4.2.7 IMAGE ANALYSIS 

 

Images obtained using the CT scanner were processed and assessed using AnalySIS® 

(Soft Imaging Systems (SIS), Münster, Germany) to isolate pore spaces (Figure 4.6). 

Image resolution was 65.4 µm pixel-1. Initial images were cropped to 52.97 x 50.69 mm 

(810 x 775 pixels), to remove the macrocosm from the image, in addition to boundary 

effects such as cracks which ran down the edges of the macrocosm. 

 

Filtering was performed to improve quantification of pore features (Figure 4.6) using: 

1) An optimise contrast function, providing a maximisation of the contrast, allowing 

contrast enhancement; 2) a median filter which smoothed the image; 3) a lowpass filter 

that acted as a noise reduction filter; 4) a sharpen filter, that emphasises detail and is 

used after noise reduction to reduce the influence of artefacts. Binarisation of the 

images was undertaken using a modified auto-threshold (where the overflow value was 

set as 48 %), since default settings did not satisfactorily separate solid from the pore 

phase. No binary filters were applied to these images since no improvement to the 

previously acquired image was observed. 
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Original image 

from X-ray CT
Crop 

(52.97 x 50.69 mm)
Optimise Contrast

Median FilterLowpass FilterSharpen Filter

Analyse Filter

Binarise using adjusted auto threshold

10 mm

10 mm 10 mm

10 mm10 mm10 mm

 

Figure 4.6: Image analysis sequences. 

Note: Pore space is indicated in black, with soil represented in white. 
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Morphological analysis was performed on all images using AnalySIS®, this included 

the following pore measurements; porosity (total percentage pore area of the sample); 

mean pore area (average pore size of the pores within the sample); pore perimeter 

(described as the perimeter of a pore that can determine the roughness (Atkinson, 

2008)); sphericity (a measurement of pore’s circularity, defined from 1 = spherical to 0 

= elongated and flat) and nearest neighbour distance (an assessment of the average 

distance between pores from centre to centre). 

 

4.2.8 STATISTICS 

 

Analysis of variance (ANOVA) was conducted using soil dilution (101 and 106), 

treatment (here defined as either bare soil or planted with and without mycorrhizal 

fungi) and harvest time as factors. Data were transformed where appropriate (square 

root for shoot and root biomass, arcsin for mycorrhizal root length colonisation, 

log10+1 for X-ray CT measurements (i.e. mean pore size, pore perimeter and nearest 

neighbour distance)). Repeated measures ANOVA was conducted on all X-ray CT 

measurements, since the same macrocosms were scanned (at the same depth) at each 

harvest period.  

 

Biolog microtitre plates were corrected using the absorbance values measured within 

two hours of microtitre plate inoculation. All substrate wells were then corrected for 

background colour production by subtracting the value of the control well. Total 

utilisation of Biolog plates (at each record incubation time: 24, 48, 72, 96 and 120 

hours) was analysed using repeated measures ANOVA where soil dilution, treatment 
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and harvest were factors. Principal component analysis (PCA) was carried out on the 

background corrected average well colour development values that had undergone a 

natural log transformation using Genstat 11.1. The covariance matrix was used, with 

analysis of principal component (PC) scores using repeated measures ANOVA in 

Genstat. PCA was also carried out on T-RFLP data that had been transformed into 

relative abundance data from all soil macrocosms at each harvest period. The 

covariance matrix was used as recommended by various papers (Ramette, 2007; 

Culman et al., 2008) with principal component (PC) scores analysed by ANOVA. 

 

4.3 RESULTS 

 

4.3.1 ORGANIC MATTER 

 

Throughout the experiment organic matter content was highest within the 106 treatment 

(dilution effect, F1,57 = 6.38, P = 0.014). Furthermore organic matter content was 

influenced by harvest time with organic matter highest at the three month harvest (F3,57 

= 219.09, P < 0.001) (Figure 4.7). No differences were observed between the third and 

fifth harvests, however at the seventh month harvest a significantly lower organic 

matter content was observed than at the third and fifth months. 

 

Organic matter content was lowest (F2,57 = 27.90, P < 0.001) within the macrocosms 

containing P. lanceolata and AMF, however no differences were observed between the 

bare soil and the non-AMF planted treatment. Furthermore significant interactions were 

observed in the bare soil treatment at the 106 dilution where organic matter content was 
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higher than at the 101 dilution; across the other treatments soil dilution did not appear 

to have an impact (dilution x treatment level, F2,57 = 6.37, P = 0.003).  
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Figure 4.7: Organic matter content of soil within the macrocosms, measured at four 

harvest periods after inoculation and planting. 
ANOVA interactions include treatment x harvest (F6,57 = 5.13, P < 0.001); dilution x 

treatment x harvest effect (F6,57 = 4.70, P < 0.001). Data are means ± standard errors. 

(Treatment codes LD and HD = 10
1
 and 10

6
 in a bare soil treatment; LDP and HDP = 10

1 
and 10

6 

dilution in a planted non-AMF treatment respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a 

planted AMF treatment). 

 

4.3.2 SHOOT AND ROOT BIOMASS 

 

After one month, mycorrhizal plants had lower shoot and root biomass than non-

mycorrhizal P. lanceolata (Figure 4.8, 4.9, 4.10; Table 4.1). Background soil dilution 

had no effect in the absence of AMF but in the presence of AMF, the proportional 

increase in shoot growth from months one to three was most noticeable in the 

mycorrhizal plants growing within the 106 dilution. Stunting of the root growth by 

AMF was also apparent, but less marked in soils inoculated with the 106 soil dilution. 
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Root growth increased gradually over time in contrast to shoot biomass which did not 

increase after the third month. 

 

 
Figure 4.8: All treatments at the one month harvest. 

(Treatment codes LD and HD = 10
1
 and 10

6
 in a bare soil treatment; LDP and HDP = 10

1 
and 10

6 

dilution in a planted non-AMF treatment respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a 

planted AMF treatment). 
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Figure 4.9: Effect of treatment on dry shoot weight of P. lanceolata, measured at four 

harvest periods after inoculation and planting. 

Data are means (square root) of replicates ± standard error. (Treatment codes: LDP and 

HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, LDPF and HDPF = 10

1
 

and 10
6 
dilution in a planted AMF treatment). 

LD HD LDP HDP LDPF HDPF 
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Figure 4.10: Effect of treatment on dry root weight of P. lanceolata, measured at four 

harvest periods after inoculation and planting. 

Data are means (square root) of replicates ± standard error. (Treatment codes: LDP and 

HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, LDPF and HDPF = 10

1
 

and 10
6 
dilution in a planted AMF treatment). 

 

 

Table 4.1: Significant results from ANOVA of shoot and root biomass. 
Source of variation DF F P 

SHOOT    

Fungi (± AMF) 1 21.20 < 0.001 

Harvest 3 49.47 < 0.001 

Dilution x Fungi (± AMF) x Harvest 3 3.51 0.024 

Residual 38   

ROOT    

Fungi (± AMF) 1 30.75 < 0.001 

Harvest 3 159.17 < 0.001 

Dilution x Fungi (± AMF) x Harvest 3 3.49 0.025 

Residual 37   

 

4.3.3 ARBUSCULAR MYCORRHIZAL COLONISATION 

 

Percentage root length colonised was significantly greater in the fifth and seventh 

months compared to the first and third months (Figure 4.11; F3,16 = 7.24, P = 0.003). 

Presence of arbuscules and vesicles mirrored that of hyphal colonisation (Figure 4.12). 
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Figure 4.11: Colonisation by arbuscular mycorrhizal fungi of P. lanceolata, measured 

at four harvest periods after inoculation and planting. 
Data are means (arcsin transformed) of replicates ± standard errors. (Treatment codes 

LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment respectively). 
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Figure 4.12: Presence of arbuscular mycorrhizal fungi arbuscules and vesicles within 

P. lanceolata, measured at four harvest periods after inoculation and planting. 
Harvest effect for arbuscule presence (F3,16 = 9.19, P < 0.001); Harvest effect for vesicle 
presence (F3,16 = 18.47, P < 0.001). Data are means (arcsin transformed) of replicates ± 

standard errors. (Treatment codes LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF 

treatment respectively). 
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4.3.4 MYCORRHIZAL DEPENDENCY 

 
The negative values for mycorrhizal dependency (based on shoot biomass) indicate that 

AMF colonisation severely reduced plant biomass within the first month of growth. At 

no point did P. lanceolata exhibit any positive effect of being mycorrhizal with respect 

to the measure of dependency (Figure 4.13). 
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Figure 4.13: Mycorrhizal dependency of P. lanceolata over each of the four harvest 

periods and under both the low (10
1
) and high (10

6
) dilution levels. 

 
 

4.3.5 MICROBIAL BIOMASS 

 

Mean microbial biomass was 201.4 µg C g-1 soil within the 101 dilution and 165.0 µg C 

g-1 soil within the 106 dilution (dilution effect, F1,40 = 30.44, P < 0.001). In addition, 

macrocosm treatment had a significant effect on microbial biomass (F2,40 = 153.03, P < 

0.001) with biomass increasing from the bare soil treatment (112.0 µg C g-1 soil), to the 

planted treatment +AMF (174.6 µg C g-1 soil) and finally to the non-mycorrhizal 

planted macrocosms (268.1 µg C g-1 soil). Microbial biomass was highest after five 
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months with a mean value of 227.5 µg C g-1 soil compared to 120.4 µg C g-1 soil in the 

first harvest (harvest effect, F3,40 = 74.10, P < 0.001).  

 

Microbial biomass was lower in the planted (± AMF) treatments at the 106 dilution, 

compared to the 101 dilution (dilution x treatment interaction, F2, 40 = 11.65, P < 0.001; 

Figure 4.14). Furthermore after one month, biomass-C was higher at the 106 dilution 

than at the 101. This pattern then reversed in the third month and continued into the 

fifth month, after which biomass reached an equilibrium in the seventh month. 
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Figure 4.14: Soil microbial biomass-C within the macrocosms, measured at four 

harvest periods after inoculation and planting. 

Dilution x treatment x harvest effect (F6,40 = 11.46, P < 0.001) 
Data are means of replicates ± standard errors. (Treatment codes LD and HD = 10

1
 and 10

6
 in 

a bare soil treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment 

respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 

 

4.3.6 SOIL MICROBIAL COMMUNITY METABOLIC ANALYSIS 

 

Dilution level, treatment, harvest period and incubation time all had a significant effect 

on the total utilisation of carbon substrate present in Biolog microtitre plates. A greater 
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number of substrates were utilised by communities extracted from macrocosms given 

the 101 dilution than from soils amended with the 106 dilution (56.21 % and 48.99 % 

respectively) (F1,57 = 87.88, P < 0.001). The bare soil treatment had the lowest total 

utilisation (45.05 %), followed by the planted non-AMF (52.38 %) and the planted 

mycorrhizal treatment (60.36 %) (treatment effect, F2,57 = 132.54, P < 0.001). 

Furthermore total utilisation was significantly higher after seventh months (55.21 %) 

compared than at any other time (~ 52 %), (Figure 4.15a-d; F3,419 = 6.32, P < 0.001). 

 

In addition Biolog incubation time had a significant impact on the total utilisation 

(F4,240 = 6345.79, P < 0.001) with total utilisation increasing significantly from 24, 48, 

72 and 96 hours from 2.56, 50.63, 65.25, and 71.64 % respectively (Figure 4.15). Total 

utilisation after 120 hours (72.91 %) remained similar to that observed at 96 hours. 
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Figure 4.15: Total substrate utilisation for each treatment and dilution level after a) 

one month, b) three months, c) five months and d) seven months from macrocosms 

establishment. 

Biolog plates were incubated for 120 hours. Data are mean values of replicate 

macrocosms; vertical bars represent the standard error of the mean. 

 

 

Further assessment of substrate utilisation was undertaken by measuring the rate of 

change in total substrate utilisation over the 48-96 hour incubation period, since this 

was the incubation time period in which most colour development took place. Bacterial 

communities originating from soils amended with the 101 dilution exhibited a higher 
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rate of substrate utilisation than those from the 106 dilution (Table 4.2). Substrate 

utilisation rate change was lowest (5.68 %) in the bare soil treatment, and highest 

within the planted macrocosm with mycorrhizal fungi (15.75 %) compared to the 

planted non-AMF macrocosm (10.09 %). A dilution x treatment interaction showed the 

rate of substrate utilisation was lowest within the bare soil amended with the 106 

dilution and fastest by bacteria from the 106 dilution macrocosm containing 

mycorrhizal fungi and P. lanceolata (Table 4.3). 

 

Table 4.2: Results of an ANOVA of the rates of substrate utilisation within the 

macrocosms at all harvest periods. 
Source of Variation DF F P 

Dilution 1 46.03 < 0.001 

Treatment 2 92.48 < 0.001 

Harvest 3 2.56 0.064 

Dilution x Treatment 2 30.14 < 0.001 

Dilution x Harvest 3 2.44 0.074 

Treatment x Harvest 6 5.98 < 0.001 

Dilution x Treatment x Harvest 6 1.99 0.082 

Residual 57   

 

 
Table 4.3: Rates and rank order of substrate utilisation between 48-96 hours within 

the macrocosms at all harvest periods.  

Data are means of replicates ±standard error. Values in brackets represent the rank order 

of utilisation changes. 
Treatment 10

1
 dilution (%) 10

6
 dilution (%) 

Bare soil 9.85 ± 0.65 (4) 1.50 ± 0.89 (6) 

Planted – AMF 12.86 ± 0.86 (2) 7.33 ± 0.87 (5) 

Planted + AMF 14.66 ± 1.02 (2) 16.84 ±1.11 (1) 

 

Principal component analysis (PCA) of background-corrected AWCD values for all 95 

carbon sources on the Biolog GN2 microtitre plate was performed on data collected 
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after 24, 48, 72, 96 and 120 hours incubation. The first principal component (PC1) 

accounted for 78.61 % of the total variation, with the second component (PC2) 

accounting for 5.00 % of the variation (Table 4.4). PC1 and PC2 accounted for 83.61 % 

of the total variation, hence other PCs were negligible and were not incorporated into 

analysis.  

 

Table 4.4: Results of principal component analysis of background-corrected (ln +1 

transformed) AWDC values for all 95 carbon sources in Biolog GN2 microtitre plates 

for each treatment and background dilution level, at each harvest period. 

NB: Latent root or eigenvalues are the sum of the squared factor loads for any given factor 

and can be thought of as the amount of variance for that factor. 
 PC1 PC2 

Latent root 2.857 0.182 

% Variance 78.61 5.00 

Cumulative 78.61 83.61 

 

 

PC1 and PC2 loadings for each substrate are shown on separate axes (Figure 4.16). All 

PC1 loadings were negative; therefore the main axis of variation is one where the 

colour intensity of all substrates decreases or increases in unison. However, PC1 

loadings do seem to vary in magnitude with substrate type, with amino acids, 

carbohydrates, polymers and amines more negative than bromidated chemicals, 

phosphorylated chemicals and alcohols. Soil dilution, treatment and harvest period had 

no significant effect on PC1 loadings with substrate guilds, suggesting that variation 

within groups was greater than between each substrate group (ANOVA on PC1 

loadings; F10,84 = 1.86, P = 0.062). This was also true for PC2 loadings which showed 

greater variation within substrate groups than between (F10,84 = 1.80, P = 0.073). 

Differentiation occurred between substrates with positive PC2 scores that were utilised, 
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and substrates with negative PC2 scores that were not utilised. In terms of substrate 

guilds, carboxylic acids and amides were mainly positive, whereas aromatic chemicals, 

carbohydrates, esters, phosphorylated chemicals and polymers are negative. Hence, if 

carboxylic acids and amides were utilised, aromatic chemicals, carbohydrates, esters, 

phosphorylated chemicals and polymers are not. Amino acid substrates were positive 

and negative, showing certain individual C sources were preferred over others within 

guilds. 
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Figure 4.16: PC loadings for A) PC1 and B) PC2 of background-corrected AWCD 

(natural log transformed) data from the 95 carbon substrates in Biolog GN2 

microtitre plates incubated over 120 hours. 
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PC scores for the samples were analysed by ANOVA, with soil dilution level, 

treatment type and harvest period as factors (Table 4.5). Biolog substrate utilisation 

patterns were significantly influenced by treatment type (i.e. bare soil, planted with and 

without AMF), harvest period and incubation time of the Biolog microtitre plate 

(Figure 4.17). Bare soil treatment had a higher mean PC1 score (due to the mainly 

positive PC1 scores) compared to the planted macrocosms with and without AMF 

(treatment effect, F2,57 = 67.36, P < 0.001; Figure 4.17A). More negative PC1 scores 

account for greater colour development; therefore bacteria isolated from the planted 

AMF and non-AMF treatments produced less colour in the Biolog plates than bare soil 

communities. PC2 scores were significantly influenced by treatment with the planted 

non-AMF treatment having the highest PC2 score with the bare soil treatment having a 

mean of almost zero compared to the planted treatments with AMF which had a 

negative mean PC2 score (F2,57 = 58.18, P < 0.001). The planted non-AMF soil had 

positive PC2 scores, that accounted for preferential utilisation of carboxylic acids and 

amides (which had positive PC2 loadings) whereas the bare soil treatment which had 

PC2 scores close to zero; showed no bias towards any particular C source. The planted 

mycorrhizal treatment had negative PC2 scores suggesting preferential utilisation of 

aromatics, carbohydrates, esters, phosphorylated chemicals and polymers.  
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Figure 4.17: Ordination plot of PC scores produced from principal component 

analysis of transformed AWCD data from Biolog plates incubated for 120 hours for 

A) each treatment and B) each harvest period. 

Large symbols represent mean PC score centroids. 
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As mentioned above, harvest time had a significant impact on PC1 and PC2 scores 

(Table 4.5). Mean PC1 scores were highest in the first and fifth month harvest (i.e. 

mainly positive (Figure 4.18)), compared to the third month harvest that had a 

predominantly negative PC1 scores. This suggests that colour development was greater 

in the third month harvest compared to the first and fifth month. Mean negative PC2 

scores for the first and fifth month harvests suggest a bias towards utilisation of 

aromatics, carbohydrates, esters, phosphorylated chemicals and polymers. In 

comparison the third month harvest had the highest PC2 score reflecting the 

preferential use of amides and carboxylic acids. The final seventh month harvest had 

PC2 scores close to zero suggesting no bias towards any substrate guild. 

 

Incubation time of the Biolog microtitre plates also significantly influenced PC1 and 

PC2 scores (Table 4.5; Figure 4.18). As expected the mean PC1 score became more 

negative with incubation time, suggesting that colour intensity across the microtitre 

wells increased with incubation time. The change in mean PC2 scores had a less 

obvious pattern than the PC1 scores, with PC2 scores being highest at 48 hours 

incubation followed by 72 hours (both time periods being predominantly positive) 

suggesting preferred utilisation of amides and carboxylic acids. Mean PC2 scores were 

lowest (and negative) at 24 hours followed by 96 and 120 hours incubation, suggesting 

a shift in substrate utilisation with time, with negative PC2 scores highlighting a bias of 

substrate utilisation towards aromatics, carbohydrates, esters, phosphorylated 

chemicals and polymers. 
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Figure 4.18: Interaction between soil dilution and harvest period on A) PC1 and B) 

PC2 score and the interaction between treatment type and incubation time on C) PC1 

and D) PC2 scores.  
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Table 4.5: Significant results from an ANOVA of PC1 and PC2 scores against dilution 

level, treatment, harvest period and Biolog incubation time.  
Source of variation DF F  P 

PC1    

Dilution 1 28.61 < 0.001 

Treatment 2 67.36 < 0.001 

Harvest period 3 64.85 < 0.001 

Dilution x Treatment 2 11.94 < 0.001 

Treatment x Harvest period 6 5.02 < 0.001 

Residual 57   

Incubation time 4 1107.42 < 0.001 

Incubation time x Dilution 4 20.93 < 0.001 

Incubation time x Treatment 8 43.63 < 0.001 

Incubation time x Harvest 12 26.36 < 0.001 

Incubation time x Dilution x Treatment 8 10.96 < 0.001 

Incubation time x Treatment x Harvest period 24 5.14 < 0.001 

Residual 240   

PC2    

Treatment 2 58.18 < 0.001 

Harvest period 3 11.49 < 0.001 

Residual 57   

Incubation time 4 789.53 < 0.001 

Incubation time x Treatment 8 65.35 < 0.001 

Incubation time x Harvest period 12 53.06 < 0.001 

Incubation time x Dilution x Treatment 8 6.05 < 0.001 

Incubation time x Dilution x Harvest period 12 2.25 0.030 

Incubation time x Treatment x Harvest period 24 3.35 < 0.001 

Incubation time x Dilution x Treatment x Harvest period 24 1.74 0.049 

Residual 240   

 

Background soil dilution level had a significant effect on PC1 scores (Table 4.5), 

however no significant difference was observed for PC2 scores. Mean PC1 scores were 

lowest in the 101 dilution, having a predominantly negative score compared to the 106 

dilution which was positive. This suggested that the highest colour intensity was seen 

in the microtitre plates at the 101 dilution, since PC1 was negative.   
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4.3.7 TERMINAL-RESTRICTION FRAGMENT LENGTH POLYMORPHISM 

 
T-RFLP was carried out on DNA extracted from soil microbes under each dilution 

level and treatment at each harvest period. As mentioned in section 2.3.3.4 relative 

abundance of each peak occurring at a dye signal greater than 100 fluorescent units was 

assessed, with any shoulder peaks (associated with base pair addition through the use 

of PCR amplification) removed from analysis. 

 
 

4.3.7.1 Species richness based on T-RFLP 

 

The occurrence of peaks at certain fragment lengths determined from T-RFLP allowed 

determination of the species richness within each soil treatment at each harvest period. 

Fungal species richness within planted macrocosms with and without AMF had 

significantly more species with 14 recorded in both treatments compared to 10 species 

from the bare macrocosms (treatment as a single factor, F2,47 = 5.03, P = 0.010). Bare 

soil amended with the 101 dilution and the planted soils gave the most consistent results 

temporally after month one (dilution x treatment x harvest interaction, F6,47 = 4.63, P < 

0.001; Figure 4.19).  
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Figure 4.19: Fungal species richness for all macrocosms with each treatment and over 

each harvest period.  

Species richness refers to the number of TRFs Data are means ± standard errors. 
(Treatment codes LD and HD = 10

1
 and 10

6
 in a bare soil treatment; LDP and HDP = 10

1 
and 10

6 

dilution in a planted non-AMF treatment respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a 

planted AMF treatment). 

 

Bacterial species richness was significantly higher within the planted treatment without 

AMF (12 species) compared to that of the planted treatment + AMF which (9 species) 

and the bare soil treatments with 10 species (F2,50 = 4.95, P = 0.011). Species richness 

declined with time with 15 species recorded after one month but only 10 in months 

three, five and seven (F3,50 = 15.62, P < 0.001; Figure 4.20). 
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Figure 4.20: Bacterial species richness for all macrocosms with each treatment and 

over each harvest period. 
Species richness refers to the number of TRFs.Significant dilution x treatment x harvest 

period interaction (F6,50 = 3.72, P = 0.004) Data are ± standard errors. (Treatment codes LD 

and HD = 10
1
 and 10

6
 in a bare soil treatment; LDP and HDP = 10

1 
and 10

6 
dilution in a planted 

non-AMF treatment respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF 

treatment). 

 
 

4.3.7.2 Diversity index based on T-RFLP 

 
Determination of Simpson’s diversity index from T-RFLP relative abundance data 

provided an insight into the effect dilution level, treatment and harvest had on bacterial 

and fungal diversity. Fungal diversity was highest within the planted macrocosm 

containing AMF (0.84) compared to that of both the bare soil and planted non-AMF 

treatment (0.78 and 0.79 respectively) (F2,47 = 3.49, P = 0.038). Simpson’s diversity 

index was also influenced by harvest period with the highest diversity index of 0.85 

found at the final seventh month harvest (F3,47 = 3.94, P = 0.014). This was 

significantly higher than the third month harvest, when fungal diversity was at its 

lowest (0.75). Furthermore diversity within the 101 dilution planted soil was higher in 

the final seventh month harvest than in initial first month analysis, whereas the reverse 
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was true for the 106 dilution planted macrocosms, with the final month harvest having a 

high species richness than the first (dilution x treatment x harvest interaction, F6,47 = 

3.80, P = 0.004; Figure 4.21). In the planted macrocosms +AMF, species diversity was 

highest after three months within the 101 dilution amended soil, compared to the 106 

dilution soil where species diversity was highest in the initial first harvest. 
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Figure 4.21: Fungal diversity index calculated using Simpson's equation for all 

treatments and at each harvest period. 

Data are means ± standard errors. (Treatment codes LD and HD = 10
1
 and 10

6
 in a bare soil 

treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, 

LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 

The highest level of bacterial diversity was observed within the first month harvest 

(0.89) compared to the later harvest periods (F2,51 = 2.54, P = 0.002). Within the 

planted macrocosms +AMF, species diversity was highest within the 101 dilution 

compared to that of the 106 dilution (0.81 and 0.72 respectively) (dilution x treatment 

interaction, F2,51 = 4.04, P = 0.023). This effect was reversed however within the bare 

soil treatment (with a lower species diversity in the 101 dilution compared to the 106 

dilution treated macrocosms (0.75 and 0.84 respectively)). No effect of dilution level 

was observed within the planted non-AMF macrocosms. Closer examination shows at 
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month one, bacterial diversity is higher within the 101 dilution compared to the 106 

within both bare soil and planted non-AMF treatment (dilution x treatment x harvest 

interaction, F6,51 = 3.06, P = 0.012; Figure 4.22). 
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Figure 4.22: Bacterial diversity index calculated using Simpson's equation for all 

treatments and at each harvest period. 

Data are means ± standard errors. (Treatment codes LD and HD = 10
1
 and 10

6
 in a bare soil 

treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, 

LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 

 

 

4.3.7.3 Bacterial and fungal relative abundance 

 
Through analysis of the relative abundance of common fragment lengths within the 

samples, it is clear to see that fungal communities were influenced by treatment with 

fragment 103 bp dominating the macrocosms that contained bare soil and the planted 

non-AMF macrocosms (F2,47 = 14.57, P < 0.001; Figure 4.23). Furthermore dilution 

level had a differing effect on the presence of fragment 75 bp with treatment, since the 

bare soil and planted +AMF had a highest occurrence at the 101 dilution, whereas 

within the planted non-AMF occurrence was greatest in the 106 dilution.  
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Figure 4.23: Relative abundance of the most commonly found fungal fragments 

within T-RFLP profiles. 

No standard error bars are shown for clarity. (Treatment codes LD and HD = 10
1
 and 10

6
 in a 

bare soil treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment 

respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 

 

Bacterial fragments present were influenced across the differing dilution and treatments 

(Figure 4.24) with both fragments 340 and 369 bp highest in the 106 bare soil, whereas 

within the planted (±AMF) treatments their presence was highest within the 101 

dilution (F2,50 = 27.72, P < 0.001 and F2,50 = 19.58, P < 0.001 respectively). Such a 

pattern was also observed for fragment 405 bp, which was more abundance in the 106 

bare soil treatment, whereas in the planted +AMF treatment abundance was higher at 

the 101 dilution (F2,50 = 16.83, P < 0.001). Further effects of treatment and dilution 

were observed through PCA analysis as described in the following section. 
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Figure 4.24: Relative abundance of the most commonly found bacterial fragments 

within T-RFLP profiles. 

No standard error bars are shown for clarity. (Treatment codes LD and HD = 10
1
 and 10

6
 in a 

bare soil treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment 

respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 
 

4.3.7.4 PCA analysis of fungal T-RFLP  

 
Principal component analysis using the covariance matrix was carried out on the 

relative abundance of all T-RFLP fragment profiles, but analysing bacteria and fungi 

separately. For the fungal data set principal component 1 (PC1) accounted for 29.2 % 

of the total variation within the macrocosms, PC2 accounted for 16.88 % and PC3 

accounted for 12.35 % (Table 4.6). These first three principal components explained a 

total variation of 58.43 %.  

 

Table 4.6: Results of principal component analysis of fungal T-RFLP relative 

abundance for each treatment and at each harvest period for each macrocosm.  

 PC1 PC2 PC3 

Eigenvalues 464.5 268.5 196.5 

% Variance 29.2 16.88 12.35 

Cumulative 29.2 46.08 58.43 
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Factor loadings, describe which fragments contribute the most variation in the principal 

component analysis. Factor loading values were analysed for all fragments to ascertain 

which were making a significant contribution to PC1, PC2 and PC3 (Figure 4.25). The 

fragments with the highest loading values in each PC axis were identified and any 

fragments with PC loading values > ±0.25 were classed as significant (Pio et al., 1996). 

PC1 can therefore be described as the presence and absence of one fragment, PC2 is 

determined by three fragments and PC3 by four fragments. For example PC1 shows 

that when a sample profile contains a fragment of 103 bp, it would therefore have a 

negative PC1 score whereas if the PC1 score was positive fragment 103 bp would not 

be found.  

 

Figure 4.26 is an ordination plot of PC1 versus PC2 scores from each dilution 

amendment, treatment and harvest. An ANOVA of PC1 scores showed that treatment 

and harvest period had a significant effect on PC1 (Table 4.7). Microbial DNA profiles 

from the planted AMF treatment had a positive PC1 score (8.52), which suggests the 

absence of fragment 103 bp (this was also true for the planted non-AMF macrocosms 

but not to the same degree, since the PC1 score was less positive (1.18)). The bare soil 

treatment had a negative PC score (-8.67) reflecting the dominance of fragment 103 bp. 

As mentioned above, harvest period also had a significant effect on PC1 scores, with 

the first two harvest periods having negative scores (-14.07 for the first and -1.32 for 

the third) compared to that of the fifth and seventh month (1.32 and 10.34 respectively) 

suggesting the presence of the 103 bp fragment at the start of the experiment (Figure 

4.27). Additional interactions within the data set can be seen in Table 4.7. 
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Figure 4.25: PC loadings for the first three principal component (PC) from relative 

abundance data collected from T-RFLP analysis of fungal communities. 
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Figure 4.26: Ordination plot of PC1 versus PC2 scores for fungal fragments of 

various sizes from each treatment at each harvest. 

Large symbols represent mean PC score centroids. 

 

PC2 scores for each sample clustered with dilution level (Table 4.7). PC2 shows that 

when a sample profile contains fragment of 363 bp, it would therefore have a positive 

PC2 score whereas if the PC2 score was negative fragment lengths 102 and 448 bp 

would be found instead of 363 bp. Hence, in terms of dilution level, within the 101 

dilution level (whose PC2 score was 4.85) fragment 363 bp would be found instead of 

102 and 448 bp, whereas the reverse would be true within the 106 dilution macrocosms, 

whose PC2 score was -5.41. Additional interactions within the PC2 dataset can be seen 

in Table 4.7. 

 

Within the 101 dilution soil, PC3 scores were negative (-2.69) compared to those of the 

106 dilution added soil (2.96) (Table 4.7). With respect to the effect of treatment, the 

PC3 score was negative within the bare soil treatment (-8.69) compared to that of the 

101 dilution 

106 dilution 
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planted AMF and non-AMF treatments which had positive PC3 scores (5.63 and 3.86 

respectively; Table 4.7; Figure 4.27). Finally within the first and seventh month harvest 

negative PC3 scores (-0.81 and -4.19 respectively) compared to those of the third and 

fifth month harvest where PC3 scores were 0.16 and 4.72 respectively (Table 4.7; 

Figure 4.27). Assessment of the PC3 loadings given in Figure 4.25, therefore implies 

the occurrence of a negative PC3 score reflects the presence of fragment lengths 73 and 

320 bp and the absence of 102 and 363 bp, whereas a positive PC3 score reflects the 

reverse pattern.  

 

Additional interactions that had a significant impact on PC1, PC2 and PC3 scores was 

the interaction of dilution x treatment x time which can be seen in Figure 4.27 with 

other interactions observed in Table 4.7.  

 

Within the 101 dilution soil, PC3 scores were negative compared to those of the 106 

dilution amended soil (-1.50 and 2.03 respectively; Table 4.9). With respect to the 

effect of treatment, PC3 scores were negative within the bare soil treatment (-4.95) 

compared to those of the planted AMF and non-AMF treatments which had positive 

PC3 scores (1.89 and 3.78 respectively) (ANOVA of PC3 scores; Table 4.9; Figure 

4.30). Finally, within the first and third month harvest, PC3 scores were positive (9.18 

and 6.66 respectively) compared to those of the fifth and seventh month harvest where 

PC3 scores were -3.75 and -5.87 respectively (Table 4.9; Figure 4.30). Assessment of 

the PC3 loadings given in Figure 4.30, implies the occurrence of a negative PC3 score 

reflects the presence of fragment lengths 373, 374 and 406 bp with the absence of 371 
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bp, whereas a positive PC3 score reflects the reverse of this. Additional interactions 

within the PC3 dataset can be seen in Table 4.9. Table 4.10 show presumptive 

identification of T-RFLP fragments making significant contributions to the three PC 

axes. The similar size of fragments 371, 373, and 374 bp suggests a commonality of 

family or genus rather than distinct species. 

 

Table 4.10 show presumptive identification of T-RFLP fragments making 

significant contributions to the three PC axes. The similar size of fragments 102 and 

103 bp suggests a commonality of family or genus rather than distinct species. 
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Figure 4.27: Effect of treatment and harvest on PC1, PC2 and PC3 scores for fungal  

T-RFLP dataset. 
Data are means ± standard errors. (Treatment codes LD and HD = 10

1
 and 10

6
 in a bare soil 

treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, 

LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 
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Table 4.7: Results from ANOVA for PC1, PC2 and PC3 scores originating from 

fungal data from T-RFLP profiles. 
Source of variation DF F P 

PC1    
Treatment 2 16.47 < 0.001 

Harvest 3 11.28 < 0.001 

Dilution x Treatment 2 4.88 0.012 

Treatment x Harvest 6 3.69 0.004 

Dilution x Treatment x Harvest 6 5.79 < 0.001 

Residual 47   

PC2    

Dilution 2 14.33 < 0.001 

Treatment 3 3.00 0.060 

Harvest 3 2.71 0.056 

Dilution x Treatment 2 6.33 0.003 

Treatment x Harvest 6 4.73 < 0.001 

Dilution x Treatment x Harvest  6 6.87 < 0.001 

Residual 47   

PC3    

Dilution 1 11.83 0.001 

Treatment 2 17.62 < 0.001 

Harvest 3 4.17 0.011 

Dilution x Treatment 2 8.29 < 0.001 

Dilution x Harvest 3 8.91 < 0.001 

Diversity x Treatment x Harvest 6 3.69 0.004 

Residual 47   

 

4.3.7.5 PCA analysis of bacterial T-RFLP  

 
For the bacterial data set principal component 1 (PC1) accounted for 34.63 % of the 

total variation within the macrocosms, with PC2 accounting for 15.93 % and PC3 

11.03 % (Table 4.8). These first three principal components explained a total variation 

of 61.59 %.  
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Table 4.8: Results of principal component analysis of bacterial T-RFLP relative 

abundance for each treatment and at each harvest period for each macrocosm.  

 PC1 PC2 PC3 

Eigenvalues 454.4 209.1 144.7 

% Variance 34.63 15.93 11.03 

Cumulative 34.63 50.56 61.59 
 

 

As previously, factor loading values were analysed for all fragments (with any T-RFs 

with PC loading values > ±0.25 deemed as significant (Pio et al., 1996)) to ascertain 

which were making a noteworthy contribution to PC1, PC2 and PC3 (Figure 4.28). 

PC1 can therefore be described as the presence and absence of two fragments, PC2 is 

determined by four fragments and PC3 by four fragments. For example PC1 shows that 

when a sample profile contains fragment of 374 bp, it would therefore have a positive 

PC1 score whereas if the PC1 score was negative fragment 373 bp would be found 

instead of 374 bp.  
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Figure 4.28: PC loadings for the first three principal components (PC) from relative 

abundance data collected from T-RFLP analysis of bacterial communities. 

 
 
Figure 4.29 is an ordination plot of PC1 versus PC2 scores from each dilution 

amendment, treatment and harvest. PC1 scores were significantly influenced by 
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dilution, treatment and harvest period (ANOVA of PC1 scores; Table 4.9; Figure 4.30). 

Microbial DNA profiles from the 106 dilution macrocosms had a positive PC1 score 

(5.50) which suggests the presence of fragment 374 bp and the absence of 373 bp, 

whereas in the 101 dilution macrocosms the reverse would be true (with a PC1 score of 

-5.45). Such patterns can be clearly observed in an ordination plot shown in Figure 

4.29. As mentioned above, treatment also influenced PC1 scores, with planted AMF 

treatments having a positive PC1 score (8.60), reflecting the presence of fragment 374 

bp and the absence of fragment 373 bp. Whereas, the planted non-AMF treatment 

whose PC score was negative (-8.67) reflected the dominance of fragment 373 bp and 

absence of 374 bp (this was also true for the bare soil macrocosms but not to the same 

degree, since the PC1 score was less negative (-0.37)). Furthermore, harvest period had 

a significant effect on PC1 scores, with the first, third and fifth harvest periods all 

having negative scores (-4.66, -4.32 and -6.32 respectively) compared to that of the 

seventh month (11.09) suggesting the presence of the 373 fragment, until the final 

harvest when 373 bp becomes absent and 374 bp dominates. Additional interactions 

within the PC2 dataset can be seen in Table 4.9. 
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Figure 4.29: Ordination plot of PC1 versus PC2 scores for bacterial fragments of 

various sizes from each treatment at each harvest time. 

 

PC2 scores clustered with treatment and harvest period (Table 4.9; Figure 4.30). PC2 

showed that when a sample profile contains fragment length 406 bp, it would have a 

positive PC2 score whereas if the PC2 score was negative fragment lengths 371, 373 

and 374 bp would be found instead of 406 bp. Hence, in terms of treatment, within the 

bare soil and also the planted non-AMF macrocosms (which have PC2 scores of 4.78 

and 0.745) fragment 406 bp would be found instead of 371, 373 and 374 bp, whereas 

the reverse would be true within the planted AMF macrocosms, with a PC2 score of -

6.31. In terms of harvest period PC2 score was only positive (10.86) in the first harvest 

suggesting fragment 406 bp would be found instead of 371, 373 and 374 bp, whereas 

the reverse would be true within the third, fifth and seventh harvest (whose PC2 scores 

were -7.12, -2.73 and -1.80 respectively). Additional interactions within the PC2 

dataset can be seen in Table 4.9. 

101 dilution 

106 dilution 
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Figure 4.30: Effect of treatment and harvest on PC1, PC2 and PC3 scores for 

bacterial T-RFLP dataset. 

Data are means ± standard errors. (Treatment codes LD and HD = 10
1
 and 10

6
 in a bare soil 

treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, 

LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 
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Table 4.9: Results from ANOVA of PC1, PC2 and PC3 of bacterial data from T-

RFLP profiles. 
Source of variation DF F P 

PC1    

Dilution 1 12.07 0.001 

Treatment 2 6.43 0.003 

Harvest 3 4.85 0.005 

Dilution x Harvest 3 3.64 0.019 

Treatment x Harvest 6 2.47 0.036 

Residual 50   

PC2    

Treatment 2 9.58 < 0.001 

Harvest 3 9.45 < 0.001 

Dilution x Harvest 3 2.88 0.045 

Treatment x Harvest 6 2.40  0.041 

Dilution x Treatment x Harvest  6 4.66 < 0.001 

Residual 50   

PC3    

Dilution 1 5.33 0.025 

Treatment 2 7.03 0.002 

Harvest 3 14.70 < 0.001 

Dilution x Treatment 2 3.51 0.037 

Diversity x Treatment x Harvest 6 2.45 0.037 

Residual 50   

 

 

Within the 101 dilution soil, PC3 scores were negative compared to those of the 106 

dilution amended soil (-1.50 and 2.03 respectively; Table 4.9). With respect to the 

effect of treatment, PC3 scores were negative within the bare soil treatment (-4.95) 

compared to those of the planted AMF and non-AMF treatments which had positive 

PC3 scores (1.89 and 3.78 respectively) (ANOVA of PC3 scores; Table 4.9; Figure 

4.30). Finally, within the first and third month harvest, PC3 scores were positive (9.18 

and 6.66 respectively) compared to those of the fifth and seventh month harvest where 

PC3 scores were -3.75 and -5.87 respectively (Table 4.9; Figure 4.30). Assessment of 
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the PC3 loadings given in Figure 4.30, implies the occurrence of a negative PC3 score 

reflects the presence of fragment lengths 373, 374 and 406 bp with the absence of 371 

bp, whereas a positive PC3 score reflects the reverse of this. Additional interactions 

within the PC3 dataset can be seen in Table 4.9. Table 4.10 show presumptive 

identification of T-RFLP fragments making significant contributions to the three PC 

axes. The similar size of fragments 371, 373, and 374 bp suggests a commonality of 

family or genus rather than distinct species. 

 

Table 4.10: Presumptive identification of T-RFLP fragments for fungi and bacteria 

that made significant contributions to the first three PC values of soil microbial 

communities from macrocosms. 
Note: Not all fragments have presumptive identification as the current databases is 

incomplete and hence are listed as unknown.  

Identification from database (Dickinson, pers. comm., 2009). 

Fragment Species Genus Order Class 

      Fungal (ITS)    

73 Fusarium culmorum Fusarium Hypocreales Sordariomycetes 

102 Unknown A - - - 

103 Rhizoctonia solani Thanatephorus Cantharellales Agaricomycetes 

320 Unknown B - - - 

363 Unknown C - - - 

448 Unknown D - - - 
     Bacterial (23S) 

        

371 ?  Burkholderia Burkholderiales Betaproteobacteria 

373 Unknown E - - - 

374 Unknown F - - - 

406 Clostridium novyi  Clostridium Clostridiales Clostridia 
 

4.3.8 AGGREGATE SIZE DISTRIBUTION 

 
Few differences in the aggregate size distribution (ASD) were observed over harvest 

period in Figure 4.31A-D. ASD at the first harvest was very similar regardless of 
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treatment and dilution. Differences between the treatments were observed at the third 

month, where the planted non-AMF treatment had a greater number of larger 

aggregates than the planted with AMF and bare soil treatments. The treatment 

containing the smallest number of aggregates at this time period was the 101 dilution 

amended bare soil macrocosm. In comparison at the fifth month harvest the planted 

AMF treatment at the 106 dilution had the largest quantity of aggregates present, 

whereas the 101 planted AMF treatment contained the lowest. At the final harvest, 

greater numbers of larger aggregates were present in the 106 planted non-AMF 

treatment, however this was closely followed by the 101 dilution. Dilution level 

appeared to have an effect on the ASD of the bare soil and planted AMF treatments, 

with fewer larger aggregates measured in the 106 dilution compared to the 101.  

 

The bare soil treatment had a significantly higher ASDCU (section 2.2.3) than the 

planted AMF treatment regardless of dilution level (treatment effect, F2,57 = 3.96, P = 

0.025). In comparison, no difference was found between the bare soil and planted AMF 

macrocosms. In addition to treatment, harvest also had an influence on ASDCU, with 

the first month harvest having a higher value than the third. An increase in ASDCU took 

place between the fifth and third harvest, with no differences observed from the fifth to 

the final month. 

 

Within the bare soil treatment the ASDCU was higher at the 106 dilution compared to 

the 101 (dilution x treatment, F2,57 = 5.33, P = 0.008; Figure 4.32). Despite the ASDCU 

being lower within the 106 than 101 dilution, no significant dilution x treatment 
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interaction was evident for planted AMF and non-AMF macrocosms. It is worth noting 

however that the ASDCU was highest in the 106 bare soil treatment, followed by the 

planted non-AMF fungi at the 101 dilution and with the lowest ASDCU found within the 

planted AMF macrocosm at the 106 dilution. At months five and seven the ASDCU in 

the bare soil treatment was higher than that of the planted treatments (treatment x 

harvest interaction, F6,57 = 2.85, P = 0.017). 
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Figure 4.31: Aggregate size distribution for all treatments and dilutions at the A) 

first; B) third; C) fifth and D) seventh month harvest. 

Standard errors are not shown for clarity.(Treatment codes HB and LB = 10
1
 and 10

6
 in a bare 

soil treatment; HBP and LBP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, 

HBPF and LBPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 
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Figure 4.32: Coefficient of uniformity value for aggregate size distribution of the soil 

within the macrocosms at four harvest periods after inoculation and planting. 

Dilution x treatment x harvest effect (F6,57 = 2.68, P = 0.023). Data are means ± standard 

errors. (Treatment codes LD and HD = 10
1
 and 10

6
 in a bare soil treatment; LDP and HDP = 10

1 

and 10
6 
dilution in a planted non-AMF treatment respectively, LDPF and HDPF = 10

1
 and 10

6 

dilution in a planted AMF treatment). 

 

 

4.3.9 AGGREGATE STABILITY 

 

Macrocosms treated with the 106 dilution had a mean weight diameter (MWD) of 1.35 

mm compared to that of 1.24 mm for soil amended with the 101 dilution (dilution 

effect, F1,56 = 12.16, P < 0.001). Aggregate stability significantly increased from the 

first to the third month, where the mean MWD was at its highest (1.90 mm). This value 

is just below the classification of a very stable aggregate (harvest effect, F3,56 = 459.24, 

P < 0.001). Thereafter, aggregate stability significantly declined at five months to the 

lowest MWD value of 0.89 mm after which a slight increase was observed. On 

inspection of the individual aggregates, there appeared to be little physical difference 

between the aggregates, apart from some slight surface morphological differences 
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(Figure 4.34). Such differences would not have been sufficient to cause such large 

changes in aggregate stability over time. 

 

Aggregate stability was greatest in macrocosms containing plants +AMF relative to the 

planted -AMF and bare soil treatments (treatment effect, F2,56 = 4.58, P = 0.014), 

particularly in soils amended with the 101 dilution (dilution x treatment interaction, 

F2,56 = 4.82, P = 0.012). Planted macrocosms (-AMF) and bare soil treatments exhibited 

greater aggregate stability when amended with the 106 dilution (Table 4.11). There was 

a general trend across all treatments with a reduction in aggregate stability after three 

months although the plant mediated enhancement between one and three months gives 

rise to a treatment x harvest interaction (F6,56 = 3.76, P = 0.003; Figure 4.34). 

 

 

Figure 4.33: Example of aggregates taken from the 10
1
 dilution, planted but non 

mycorrhizal macrocosm at one, three, five and seven months harvest. 

 
 
 
 
 
 

1 3 5 7 
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Table 4.11: Mean aggregate stability under the two different dilution levels within the 

bare soil and planted macrocosms with and without AMF. 

Data are means of replicates ±standard error 
 Treatment 

Dilution 
Bare soil 

(mm) 

Planted without AMF 

(mm) 

Planted with AMF 

(mm) 

10
1
 (Low) 1.19 ± 0.12 1.20 ± 0.13 1.34 ± 0.14 

10
6
 (High) 1.36 ± 0.10 1.31 ± 0.12 1.36 ± 0.14 
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Figure 4.34: Aggregate stability of the soil within the macrocosms measured by MWD 

at four harvest periods after inoculation and planting. 

Treatment x harvest effect (F6,56 = 3.76, P = 0.003). Data are means ± standard errors. 
(Treatment codes LD and HD = 10

1
 and 10

6
 in a bare soil treatment; LDP and HDP = 10

1 
and 10

6 

dilution in a planted non-AMF treatment respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a 

planted AMF treatment). 

 

 

4.3.10 AGGREGATE WATER REPELLENCY 

 

The first and third harvest had similar repellency values (2.01 and 1.96 respectively). 

Aggregates taken from the fifth month harvest had the highest R index value (2.39) 
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although this was reduced by month seven (2.14) (harvest as a single factor, F3,55 = 

5.60, P = 0.002; Figure 4.35). 
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Figure 4.35: Aggregate water repellency of the soil within the macrocosms measured 

by the R index at four harvest periods after inoculation and planting. 

Data are means ± standard errors. (Treatment codes LD and HD = 10
1
 and 10

6
 in a bare soil 

treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, 

LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 

 

4.3.11 MESOSCALE VISUAL EVALUATION OF SOIL STRUCTURE 

 
Figures 4.36-4.39 show images used for pore size and morphological determination. 

Visual assessment of these images allows the changes of pore space (such as size and 

distribution) within the soil macrocosms to be observed. Images obtained from the bare 

soil treatment at the third month harvest show the effect soil settling had on pore spaces 

within the bulk soil over time (particularly within the 101 dilution) which contained 

fewer pores. In comparison at one and seven months there was more pore space in the 
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bulk soil, and visualisation of individual aggregates within the macrocosms can be 

made.  

 

Figure 4.36: Representative images of soil structure at the first month harvest within 

all treatments. 
Note: White represents pore space and black represents the soil matrix.  

One pixel = 65.4 µm. 
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Figure 4.37: Representative images of soil structure at the third month harvest within 

all treatments. 
Note: White represents pore space and black represents the soil matrix.  

One pixel = 65.4 µm. 
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Figure 4.38: Representative images of soil structure at the fifth month harvest within 

all treatments. 

Note: White represents pore space and black represents the soil matrix.  

One pixel = 65.4 µm. 
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Figure 4.39: Representative images of soil structure at the fifth month harvest within 

all treatments. 
Note: White represents pore space and black represents the soil matrix.  

One pixel = 65.4 µm. 

 

Within the planted macrocosms (across all harvest except the first) the impact of P. 

lanceolata roots on porosity can clearly be observed by the large area of pore space in 

Planted soil with AMF at 101 dilution 

10 mm 

Planted soil without AMF at 101 dilution 

Bare soil at 101 dilution Bare soil at 106 dilution 

Planted soil without AMF at 106 dilution 

Planted soil with AMF at 106 dilution 
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the centre of the images. This entire area represents pore space (and to some extent root 

material due to the similarity in density of these objects determined from X-ray CT). 

Within the third month harvest, planted +AMF treatment (with the 106 dilution), 

individual roots can clearly be observed within this rhizospheric region. 

 

4.3.12 TOTAL POROSITY 

 

Quantitative assessment from X-ray CT images (where the smallest measurable pore 

was 65 µm in size), showed that various factors had an significant impact on total 

porosity throughout the macrocosms (Figure 4.40). Porosity was significantly lower 

(F2,35 = 19.31, P < 0.001) within the planted +AMF treatment (12.5 %) and highest 

within the planted -AMF treatment (21.3 %). The bare soil treatment had a total 

porosity value of 18.1 %. Porosity was highest after one month (23 %) and dropped 

thereafter to 12, 18 and 16 % in months three, five and seven respectively (harvest 

effect, F3,72 = 86.41, P < 0.001).  
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Figure 4.40: Total porosity of the soil within the macrocosms measured by X-ray CT 

at four harvest periods after inoculation and planting.  

Data are means ± standard errors. (Treatment codes LD and HD = 10
1
 and 10

6
 in a bare soil 

treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, 

LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 
 

Total porosity was also influenced by a dilution x treatment interaction, (F2,35 = 6.93, P 

= 0.003) but only within the bare soil treatment where the 101 dilution had a higher 

total porosity compared to the 106  (21.7 % and 14.5 % respectively) (Table 4.12). No 

effect of dilution on total porosity was observed within the planted non-AMF 

treatment. Porosity within the planted AMF treatment was the lowest of all treatments 

and whilst the 106 soil dilution appeared to increase porosity in the later months 

(relative to the 101 treatment), this was not significant (Table 4.12). 

 

Increases in porosity of up to 59 % were observed within the 101 dilution planted 

macrocosms, with different rates of increase observed within each treatment (Table 

4.13). 
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Table 4.12: Mean total porosity under the two different dilution levels within the bare 

soil and planted macrocosms with and without AMF. 

Data are means ± standard errors. 

  Treatment  

Dilution level 

Bare soil 

treatment 

Planted treatment with no 

AMF 

Planted treatment with 

AMF 

10
1
 (Low dilution) 21.7 ± 1.99 21.2 ± 1.77 10.6 ± 0.99 

10
6
 (High dilution) 14.5 ± 1.28 21.4 ± 1.83 14.4 ± 1.16 

 

 

Table 4.13: Percentage change in porosity (calculated from mean values) after the 

initial soil settling period to the fifth and seventh month harvest periods (as measured 

from X-ray CT). 

Data are means ± standard errors. 
 % change in porosity 

Treatment 3-5 Months 3-7 Months 

Bare soil (101) 61.61 0.24 

Bare soil (106) 67.37 77.56 

Planted -AMF (101) 73.92 59.13 

Planted -AMF (106) 36.36 40.38 

Planted +AMF (101) 28.82 11.08 

Planted +AMF (106) 48.62 45.39 

 

Porosity decreased with soil depth (F5,35 = 21.25, P < 0.001), with a significant 

interaction of soil depth x treatment (i.e. the absence or presence of P. lanceolata with 

and without AMF) influencing total porosity within the macrocosms (F10,35 = 3.30, P = 

0.004; Table 4.14). Soil dilution amendment had no affect on the depth related 

reduction in total porosity.  
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Table 4.14: Total porosity (%) results for the soil macrocosms over each of the four 

harvest periods and with depth down the macrocosms. 

Data are means ± standard errors. 

  Depth from the top of soil surface (mm) 

Treatment 35 55 75 95 115 135 

Bare soil 22.4 ± 
3.28 

28.6 ± 
3.14 

18.7 ± 
1.79 

19.2 ± 
3.26 

13.3 ± 
1.72 

6.7 ± 
1.82 

Planted without AMF 20.5 ± 
1.30 

39.0 ± 
2.40 

25.8 ± 
1.31 

25.4 ± 
3.46 

12.7 ± 
1.98 

8.9 ± 
0.85 

Planted with AMF 
18.8 ± 
1.33 

15.4 ± 
1.57 

12.4 ± 
1.74 

10.1 ± 
0.83 

7.3 ±   
0.70 

9.8 ± 
2.97 

 

 

4.3.13 MEAN PORE SIZE 

 

The smallest mean pore size (0.55 mm2) was observed in the plants +AMF treatment 

compared to that of the bare soil (0.74 mm2) and planted non-AMF (0.80 mm2) 

treatments (F2,35 = 27.55, P < 0.001), suggesting that fungi reduced macropores. Mean 

pore size was highest at the first month, after which it generally decreased (harvest 

effect, F2,72 = 13.96, P < 0.001). The smallest pores were observed in the planted 

+AMF treatment in soils amended with the 101 dilution. This effect was lost in the 106 

treated soils. A similar trend was observed in the planted -AMF treatment, although not 

as pronounced. A significant difference in pore size resulting from dilution amendment 

was observed in the bare soils (Figure 4.41; Table 4.15). 
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Figure 4.41: Mean pore size of the soil within the macrocosms measured by X-ray CT 

at four harvest periods after inoculation and planting. 
Data are mean vales (log10+1) ± standard error bars. (Treatment codes LD and HD = 10

1
 and 

10
6
 in a bare soil treatment; LDP and HDP = 10

1 
and 10

6 
dilution in a planted non-AMF treatment 

respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 

 

Table 4.15: Mean pore size (log10 +1) under the two different dilution levels within the 

bare soil and planted macrocosms with and without AMF (F2,35 = 44.41, P < 0.001). 

Data are means ± standard errors. 

Dilution level 

Bare soil 

treatment 

(mm
2
) 

Planted 

treatment with 

no AMF (mm
2
) 

Planted 

treatment with 

AMF (mm
2
) 

10
1
 (Low) 0.90 ± 0.05 0.74 ± 0.03 0.42 ± 0.05 

10
6
 (High) 0.58 ± 0.04 0.85 ± 0.03 0.69 ± 0.07 

 

Pore size was reduced with increasing depth through the macrocosms. The smallest 

pores were observed in the mycorrhizal planted treatment from 55 mm downward 

(Table 4.16). 
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Table 4.16: Mean pore size (log10 +1) for each soil macrocosms treatment with depth 

down the macrocosms (F10,35 = 4.71, P = 0.001). 

Data are means ± standard errors. 

  Depth from top of soil surface within macrocosm (mm) 

Treatment 35 55 75 95 115 135 

Bare soil 1.01 ± 
0.09 

0.76 ± 
0.08 

0.71 ± 
0.06 

0.66 ± 
0.08 

0.64 ± 
0.06 

0.52 ± 
0.06 

Planted without 

AMF 
0.78 ± 
0.04 

0.91 ± 
0.05 

0.94 ± 
0.05 

0.90 ± 
0.04 

0.68 ± 
0.05 

0.57 ± 
0.04 

Planted with AMF 0.99 ± 
0.12 

0.43 ± 
0.05 

0.50 ± 
0.07 

0.46 ± 
0.03 

0.40 ± 
0.04 

0.30 ± 
0.05 

 

4.3.14 PORE SIZE DISTRIBUTION 

 

AMF inoculation generally resulted in an equal distribution of pore sizes in months one 

to three. After month five, differences in pore size distributions (PSD) were observed in 

AMF treated macrocosms (with more pores 1-3.16 mm2 and 100-1000 mm2 in size), 

whereas near normal distributions observed in other treatments (highlighting the 

dominance of pores 0.316-3.16 mm2 in size). This is in contrast to the planted (but non-

mycorrhizal) soils which show an almost normal pore size distribution (with total 

dominance of pores 1-10 mm2 in size) in months five and seven with the 101 soil 

dilution, whereas distributions were skewed by the 106 dilution with more larger pores 

(100-1000 mm2 in size). PSDs in bare soil generally followed similar patterns to those 

in the planted non-AMF macrocosms, particularly in soils amended with the 101 

dilution. In bare soil, the PSD in both 101 and 106 amended soils was similar after 

seven months, but there are clear differences leading up to that point (Figure 4.42-

4.46). 
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Figure 4.42: Pore size distribution for all treatments at the first (one month harvest) 

expressed as percentage of total image area. 
Values are means ± standard error. 
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Figure 4.43: Pore size distribution for all treatments at the third month harvest 

expressed as percentage of total image area. 
Values are means ± standard error. 
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Figure 4.44: Pore size distribution for all treatments at the third month harvest 

expressed as percentage of total image area. 
Values are means ± standard error. 
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Figure 4.45: Pore size distribution for all treatments at the third month harvest 

expressed as percentage of total image area. 

Values are means ± standard error. 
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4.3.15 PORE PERIMETER 

 
Pore perimeter was significantly influenced by treatment, depth within the macrocosm 

(Figure 4.46) and harvest period (Table 4.17). Pore perimeter was highest within the 

planted non-AMF treatment (0.50 mm) compared to that of the bare soil (0.44 mm) and 

the planted AMF treatment, where pore perimeter was at its lowest (0.33 mm). Pore 

perimeter was highest at the first month harvest (0.53 mm) before significantly 

declining at 3 months (0.40 mm). 
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Figure 4.46: Effect of depth within the macrocosm on pore perimeter (log10 +1) and 

sphericity for all treatment and at all harvests. 

Data are mean values ± standard error. 

 
 
Within the bare soil treatment, pore perimeter had a higher value in the 101 dilution 

macrocosms (0.54 mm) compared to the 106 dilution (0.35 mm). The reverse however 

was true within the planted AMF macrocosms where pore perimeter was significantly 

lower (0.26 mm) in the 101 dilution macrocosms compared to the 106 dilution 

macrocosms (0.40 mm) (dilution x treatment interaction, F2,35 = 35.52, P < 0.001; 
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Figure 4.47). No significant difference in perimeter was observed in the planted non-

AMF macrocosms despite the 101 dilution macrocosms having a smaller perimeter 

(0.48 mm) than at the 106 dilution level (0.52 mm). Furthermore there was a dilution x 

harvest interaction (Table 4.17) where the first and fifth month harvests had higher 

perimeter values within the 101 dilution macrocosms than the 106 dilution. See Table 

4.17 for ANOVA results.  

 
Table 4.17: Significant results from repeated measurement ANOVA for pore 

perimeter. 
Source of variation DF F P 

Treatment 2 33.34 < 0.001 

Depth 5 13.06 < 0.001 

Dilution x Treatment 2 35.52 < 0.001 

Treatment x Depth 10 3.70 0.002 

Residual 35   

Harvest 3 23.73 < 0.001 

Harvest x Dilution 3 5.02 < 0.019 

Harvest x Treatment  6 4.56 0.008 

Harvest x Depth 9 2.99 0.027 

Harvest x Diversity x Treatment  6 2.63 0.065 

Residual 72   
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Figure 4.47: Pore perimeter determined from X-ray CT images for all treatments at 

each harvest period. 

Data are means (log10+1) ± standard error. (Treatment codes LD and HD = 10
1
 and 10

6
 in a 

bare soil treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment 

respectively, LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 
 

4.3.16 PORE SPHERICITY 

 
Pore sphericity decreased with increasing soil depth although this trend was reversed at 

depths greater than 95 mm from the surface (depth as single factor, Figure 4.46; a value 

of 1 signifies maximum circularity).  

 

A treatment x dilution x harvest interaction was evident with the most noticeable 

differences being between mycorrhizal and non-mycorrhizal (planted) treatments. Pore 

spaces were more spherical in soils from planted mycorrhizal columns which had been 

amended with the 101 dilution compared to the 106 dilution. In contrast, soil dilution 

had no effect on pore sphericity in the non-mycorrhizal (planted) macrocosms. In the 

unplanted (bare) treatments, sphericity was more pronounced in columns amended with 

the 106 dilution than in those with the 101 dilution. Sphericity increased over the 
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duration of the experiment in the bare soil amended with the 101 dilution whilst it 

remained more constant over time in the other treatments, most notably within the 

planted mycorrhizal (planted) soils (Figure 4.48). See Table 4.18 for details of 

significant interactions.  
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Figure 4.48: Pore sphericity determined from image analysis of X-ray CT images 

from each treatment at each harvest period. 
Data are mean values ± standard errors. (Treatment codes LD and HD = 10

1
 and 10

6
 in a bare 

soil treatment; LDP and HDP = 10
1 
and 10

6 
dilution in a planted non-AMF treatment respectively, 

LDPF and HDPF = 10
1
 and 10

6 
dilution in a planted AMF treatment). 

 
 

 
Table 4.18: Results from repeated measurement ANOVA for pore sphericity. 

Source of variation DF F P 

Treatment 2 25.12 < 0.001 

Depth 5 6.80 < 0.001 

Dilution x Treatment 2 5.77 0.007 

Residual 35   

Harvest 3 17.23 < 0.001 

Harvest x Treatment 6 4.08 0.002 

Harvest x Dilution x Treatment 6 2.48 0.038 

Residual 72   

 
 



 

Chapter 4: The effect of arbuscular mycorrhizal fungi and roots on the  

development of soil structure.                                                                                        Page 196 

 

4.3.17 NEAREST NEIGHBOUR DISTANCE 

 

The distance between pores (nearest neighbour distance) became greater with 

increasing depth down the column. For example at a depth of 55 and 135 mm, nearest 

neighbour distances were 0.97 and 1.08 mm (log10+1 transformed) respectively (F5,35 = 

6.51, P < 0.01). From the first to the third month harvest the near neighbour distance 

between pores increased from 1.02 to 1.08 mm (log10+1 transformed) respectively. 

Thereafter, distances were reduced to 1.04 and 1.02 mm at the fifth and seventh month 

(harvest effect, F3,72 = 7.65, P = 0.008).  

 

In planted soils, pores were nearer to each other than in bare (unplanted) soil when the 

treatments had been amended with the 101 dilution (Figure 4.51). This effect was not 

apparent in soils amended with the 106 dilution (treatment x dilution interaction, F2,35 = 

7.32, P = 0.002). Mycorrhizal status had no effect on nearest neighbour distances.  
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Figure 4.49: Nearest neighbour distance between pores located within each dilution 

and treatment at all harvest periods. 

Data are mean values (log10 +1) ± standard errors.  
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4.3.18 LINKING SOIL PHYSICAL PROPERTIES WITH SOIL MICROBIAL 

MEASUREMENTS. 

 
A Pearson’s product moment correlation was undertaken to identify correlations within 

the data set generated over the course of this experiment. Several significant 

correlations were observed (Table 4.19) and regression analyses performed on the more 

important relationships (described below). 

 

A significant positive relationship was observed between percentage root length 

colonised by AM fungi and total substrate utilisation within Biolog microtitre plates 

after 72 hours incubation (Figure 4.50) and after 96 hours (data not shown). Within the 

planted macrocosms (both dilutions combined) microbial biomass-C increased in 

tandem with root biomass (Figure 4.51). 
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Figure 4.50: Relationship between per cent root length colonised by AM fungi and 

total substrate utilisation within Biolog plates measured after 72 hours incubation for 

all soil macrocosms containing AMF; all harvest periods combined (Regression, P = 

0.046). AMF data are arcsin square root transformed. 
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Figure 4.51: Relationship between microbial-C and root biomass for each planted soil 

treatment; all harvest periods combined (Regression, P < 0.001). 

 
 

Moreover soil microbial measurements were also significantly correlated with soil 

structure properties. Microbial biomass had a significant negative impact on aggregate 

stability; as microbial biomass increased, aggregate stability declined (Figure 4.52A). 
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Aggregate stability was also negatively affected by increasing root biomass (Figure 

4.52B); however, aggregate stability increased with increasing soil organic matter 

(Figure 4.53). 
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Figure 4.52: Relationship between A) aggregate stability and microbial biomass 

(Regression; P = 0.003) and B) aggregate stability and root biomass (square root 

transformed) (Regression, P < 0.001). All treatments and harvest periods were 

combined for analysis, but individual harvest periods are identified.  
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Figure 4.53: Relationship between aggregate stability and organic matter. Soil 

treatments and harvest periods combined for analysis (Regression, P = 0.005). 
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A significant relationship between bacterial species richness and porosity within all the 

soil macrocosms regardless of planting treatment was observed (Figure 4.54). Thus as 

bacterial species richness increased there was a corresponding increase in porosity.  
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Figure 4.54: Relationship between bacterial species richness and total soil porosity for 

each soil treatment; all harvest periods combined (Regression, P = 0.003). 
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Figure 4.55: Relationship between water repellency index and root biomass (square 

root transformed); all treatments and harvests combined (Regression, P = 0.005). 

 



 

Chapter 4: The effect of arbuscular mycorrhizal fungi and roots on the  

development of soil structure                                                                                        Page 202 

 

An important correlation between root biomass and aggregate water repellency was 

also observed (Figure 4.55). As root biomass increased, water repellency (expressed as 

the repellency index) also increased.  

 

Additional significant correlations (P < 0.05) were observed with measurements taken 

from image data (Figure 4.56). A significant relationship was observed between mean 

pore area and sphericity. As mean pore size increases the sphericity of the pore declines 

(Figure 4.56B). This suggests that as a pore become larger its shape changes, becoming 

more elongated than circular. However this relationship may not be wholly causal since 

pixel number influences sphericity. Smaller pores appear more rounded because fewer 

pixels make a pore within an image; compared to a larger pore, that comprises of more 

pixels. A similar relationship was also observed between pore perimeter and pore 

sphericity (Figure 4.56A). Other relationships such as the link between pore perimeter 

with mean pore area (Kampichler and Haser, 1993; Pachepsky et al., 1996; Figure 

4.57) (and also total porosity), in addition to increase in distance between pores as pore 

area increases, were further observed (Table 4.19). 
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Figure 4.56: Relationship between pore sphericity and A) pore perimeter (log10 +1 

transformed) (Regression, P < 0.001) and B) mean pore size (log10+1) (Regression, P < 

0.001). All treatments and harvests combined.  
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Figure 4.57: Relationship between pore perimeter and mean pore size (log10 +1) 

(Regression, P < 0.001). All treatments and harvests combined. 

 
 
 

4.4 DISCUSSION 

 

4.4.1 EFFECT OF MACROCOSM TREATMENT ON BIOLOGICAL PROPERTIES AND 

SOIL STRUCTURE 

 

Total shoot and root biomass was influenced by treatment, particularly mycorrhizal 

fungal presence, with shoot and root dry weights highest within the planted non-AMF 

treatment. At the first month harvest in particular, shoot and root biomass was 

significantly lower in the mycorrhizal treated P. lanceolata. Such relationships were 

reported by van der Heijden et al. (2006), where shoot biomass of grassland species 

was lower in mycorrhizal plants after a second growing season with root biomass 26 % 

higher in non-AMF soil. After one month incubation P. lanceolata roots were highly 

colonised (~ 30 %), agreeing with previous research by Staddon, Graves and Fitter 

(1998) and Šmilauerová and Šmilauer, (2002) who found colonisation rates, of around 

50 % within P. lanceolata. These relatively high colonisation rates, particularly after 

the one month harvest, were likely to be too high, resulting in the AMF becoming 
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parasitic in nature and being a drain on the plant’s photosynthates (Johnson, Graham 

and Smith, 1997). This hypothesis was substantiated by mycorrhizal dependency 

values, which highlighted the reduced growth of P. lanceolata at the first harvest.  

 

Furthermore, it is widely acknowledged that there is a tendency for plant species with 

thick coarsely branched roots to be more heavily mycorrhizal than species with thin 

roots (Baylis, 1975) which in turn have a lower mycorrhizal dependency (Eisssenstat, 

1992). This is because thin roots have a larger surface area to volume ratio, allowing 

improved nutrient absorption and hence reducing the need for symbiosis with 

mycorrhizal fungi. Thus another explanation for the reduced shoot and root biomass 

within the AMF treatments could be due to P. lanceolata having thin roots, which 

meant the plant did not need to invest a large quantity of carbon to AMF. However, 

since the AMF inoculum was so efficient in colonising the roots it caused a drain in the 

seedling/young plant’s carbon resources, reducing root and shoot growth (Collier, 

Yarnes and Herman, 2003). 

 

The reduced quantity of root material within the AMF treated soil columns (yet similar 

shoot biomass) after three months, suggests that the mycorrhiza became mutualistic 

and P. lanceolata maintained itself despite a smaller root system. Alternatively, P. 

lanceolata had insufficient photosynthates to generate new root material (Eissenstat et 

al., 1993), which energetically is more costly than maintaining the AMF. The current 

data corroborate other studies which showed root biomass to be lower within 

mycorrhizal systems (Schubert and Lubraco, 2000); however results vary with plant 
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species and soil type studied, with evidence in some cases of AMF-induced increases 

in root biomass (van der Heijden et al., 1998a; Cruz et al., 2004; Copetta, Lingua and 

Berta, 2006). Changes in root morphology also occur in response to mycorrhizal 

colonisation with root diameter decreasing (Yao, Wang and Chen, 2009). This in turn 

could influence root exudate release, the stresses on soil by root movement and thus 

soil structure. The effects of root morphology on root exudation was discussed by Filho 

et al. (2004) who suggested that thin roots release more exudates from their extremities 

than thicker roots. 

 

In the current investigation, soil biomass, total substrate utilisation and fungal species 

richness were all lowest within the bare soil environment, highlighting the importance 

of root activity on microbial properties within the soil (Grayston et al., 1998). With the 

presence of AMF within the macrocosm, total substrate utilisation was highest. In the 

planted non-AMF treatment, soil biomass and species richness of bacteria were 

significantly higher than in other treatments. Interestingly, fungal species richness was 

similar in planted non-mycorrhizal and mycorrhizal treatments. These results highlight 

the importance of roots and their exudates on microbial properties and numbers within 

the soil (Jaeger et al., 1999; Walker et al., 2003; Nappipieri et al., 2008). Whilst fungal 

species richness may have been similar irrespective of mycorrhizal status of the plants, 

total community DNA extracts showed that treatment influenced microbial community 

composition within the soil macrocosms. Three unique bacterial TRFs were found in 

the AMF-inoculated columns and just one unique fungal TRF. There were particular 

differences between the bare soil and planted macrocosms corroborating work by 
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Baudoin, Benizri and Guckert (2002), Marschner and Baumann (2003) and Remenant, 

Grundmann and Jocteur-Monrozier (2009).  

 

It might be expected that mycorrhizal roots should enhance species richness to a greater 

extent than non-mycorrhizal roots since it is accepted that AMF exert selective 

pressures on microbial communities and increase root exudation (Fracchia et al., 1998; 

Johansson, Paul and Finlay, 2004). This was not the case here for fungi and it might be 

concluded that root biomass is of greater importance in this context than AMF per se. 

However, carbon substrate utilisation measured by Biolog GN2 technology (an 

indication of bacterial metabolic potential) was enhanced in mycorrhizal treatments 

compared to planted non-mycorrhizal soils. Grayston et al. (2001) stated that Biolog 

profiles may reflect carbon source availability, thus providing indirect evidence that 

AMF colonisation altered patterns of root exudation, possibly by changing carbon 

allocation in the plant. Alternatively, the three unique bacterial TRFs may have 

contributed to this finding.  

 

With regard to the soil structure, the bare soil system, contained larger aggregates 

(hence a larger ASDCU) than the planted non-AMF treatment and planted AMF 

treatment (that contained the smallest aggregates). The same pattern was also observed 

for mean pore area, where pores within the bare soil were larger than those in the 

planted-AMF macrocosm. This was due to roots within the planted macrocosms 

utilising pore space (particularly > 10 µm in diameter; that were introduced by 

packing) and compressing the surrounding soil (Dexter, 1987; Braunack and Freebairn, 
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1988) reducing pore area, total porosity (Brund et al., 1996) and fragmenting micro-

aggregates that would ultimately form macro-aggregates (Tisdall and Oades, 1982; 

Angers and Coran, 1998). 

 

Generally total porosity and pore perimeter (regardless of dilution level) was 

significantly higher in the planted non-AMF treatment which correlates with higher 

root biomass. This highlights the significance roots have on soil structure. The 

importance of roots on pore development was highlighted by White (2006) who 

suggested pores from 0.2-5000 µm in size are formed by root hairs, fine lateral roots 

and main roots. This relationship between porosity and root biomass was not observed 

within the planted +AMF macrocosms, where AMF colonisation may have decreased 

root thickness (Yao, Wang and Chen, 2009) and influenced microbial populations and 

their functioning within the rhizosphere. The mycorrhizal plants produced less root 

biomass than non-mycorrhizal plants which may have directly affect porosity. These 

findings contradict hypothesis three (section 1.5) and form the basis of a more detailed 

investigation in Chapter five. 

 

4.4.2 EFFECT OF HARVEST PERIOD ON BIOLOGICAL PROPERTIES AND SOIL 

STRUCTURE 

 

Root biomass and AMF colonisation, increased over the first five months. As the roots 

and mycorrhizal fungi, (where present) utilised nutrients closest to the root these 

reserves were depleted, forcing the root system to expand in search of new reserves and 

eventually causing the macrocosms to become root bound by the seventh month.  
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At the start of the investigation biomass and total substrate utilisation was at its lowest, 

suggesting that insufficient time was allowed for the added soil dilutions to reach 

equilibrium within the macrocosms, despite the highest bacterial species richness and 

diversity observed. Once root development and stabilisation of microbial communities 

had taken place within the macrocosm, soil biomass and total utilisation reached a peak 

in the fifth and seventh month respectively. Fungal and bacterial T-RFLP profiles of 

soil microbial communities differed over the harvest periods, with different unique 

fungal and bacterial fragments present at each of the different harvest periods. A 

possible explanation for this change in microbial community over time maybe because 

despite macrocosms being watered with sterilised water, they were not maintained in a 

sterile environment, so as Griffiths et al. (2001) highlighted there was a possibility of 

contamination from the surrounding environment over time, influencing the microbial 

populations present. In addition, as the microbial communities reached an equilibrium 

over time, species shifts would occur since some species would replace others as the 

most dominant in the system (and therefore most likely to be isolated).  

 
In addition to biological changes taking place within the macrocosms over time 

porosity, mean pore area, pore perimeter and nearest neighbour distance were also 

influenced by harvest period. At the first harvest, porosity, mean pore size and pore 

perimeter was highest (and the distance between individual pores was lowest). A 

significant decrease was observed at the third month harvest with porosity, pore area, 

pore perimeter and ASDCU declining to their lowest point (and the distance between 

pore spaces being significantly greater). These observations were due to settling of the 

soil particles (Leij, Ghezzehei and Or, 2002) after soil packing due to gravity and the 
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watering regime causing compaction. Porosity, mean pore size, pore perimeter and 

ASDCU then increased (with a decline in distance between individual pore spaces also 

observed) in the fifth month suggesting signs of soil structure development. A decline 

in mean pore size and total porosity at the seventh month harvest was due to soil 

macrocosms becoming root bound, causing the roots to compact the available pore 

space as they grew and spread through the soil (Brund et al., 1996). Braunack and 

Freebairn (1988) discovered using radiograph techniques that root elongation resulted 

in a 36 % increase in soil density at the root edge; with such density changes, 

significant compaction of the soil within the macrocosms analysed here would explain 

the decline in porosity and mean pore size. Reduction in ASDCU at the final harvest 

also reflected the physical impact roots have on aggregates, with root activity known to 

cause aggregate breakdown (Caron, Kay and Perfect, 1992; Reid and Goss, 2006). 

 

Patterns in aggregate stability by the third month were as expected, with aggregate 

stability highest within the planted +AMF treatment possibly because of the actions 

glomalin and other related substances (Wright and Upadhyaya 1996, 1998; Rillig, 

Wright and Eviner, 2002; Rillig, 2004); followed by aggregates stabilised by 

rhizospheric microbes (Czarnes et al., 2000) and root exudates (Morel et al., 1991; 

Czarnes et al., 2000) and then least stable within the bare soil environment. This 

pattern was then lost when aggregate stability drastically decreased at the fifth month 

(coinciding with the highest level of water repellency seen within the aggregates). The 

peak in repellency took place when root biomass, AMF colonisation and soil biomass 

was significantly higher than in the previous harvest periods. Previous work by Hallett, 
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Gordon and Bengough (2003), also found water repellency higher within rhizosphere 

soil. This perhaps suggests that the chemicals, such as glomalin released by AMF and 

exudates released from microbe functioning, increased the water repellency of soils 

(Wallis and Horne, 1992; Hallett and Young, 1999; Czarnes et al., 2000; De Bano, 

2000). 

 

The decline in aggregate stability (described above) at the fifth month harvest may 

have been due to the macrocosms becoming root bound and the physical activity of the 

roots, eventually breaking down aggregates. However, this alone could not be the main 

reason, since the reduction in aggregate stability was also observed in the bare soil 

treatment. The decline in stability therefore, could be the result of the watering 

schedule over the course of the experiment. Macrocosms may have become too dry or 

wet over the course of the hotter summer months, causing more extreme wet-drying 

cycles which are known to influence aggregate formation and destruction (Lynch and 

Bragg, 1985; Amézketa, 1999; Denef et al., 2002). There is much debate over the 

effect wet-drying cycles can have on aggregates. Some authors (e.g. Dexter, 1988; 

Singer et al., 1992; Oades 1993) have suggested that wet-dry cycles improve aggregate 

formation and stability whereas others (e.g. Tisdall, Cockroft and Uren, 1978; Mulla, 

Huyck and Reganold, 1992) found that wetting and drying cycles decreased macro-

aggregation. More recent work by Denef et al. (2001) suggested that initial wet-dry 

cycles may improve aggregate formation/stability, without further effects after two 

wet-dry cycles. Furthermore the disruptive effect of re-wetting aggregates can be 

related to the speed of wetting. Kemper and Rosenau (1986) and Amézketa, Singer and 
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Le Bissonnais (1996) found that slow wetted aggregates maintain their structure, 

whereas fast wetting (e.g. during watering at the surface to prevent cracking, as 

undertaken here) has disruptive effects on aggregates (Cosentino, Chenu and Le 

Bissonnais, 2006). Therefore, the change in aggregate stability in this experiment could 

have been a result of fast wetting taking place within the macrocosm during fast 

watering events particularly at the soil surface.  

 

4.4.3 EFFECT OF DEPTH ON SOIL STRUCTURE 

 
As expected, total porosity decreased with depth within the macrocosm and was 

lowest at 135 mm from the top of the soil surface, where the weight of the 

overlying soil compacted this area. These data also correspond with mean pore size, 

pore perimeter, nearest neighbour distance and pore sphericity values, where larger 

pores (with larger pore perimeters and which were closer together and elongated) 

were found as one moved up through the soil macrocosm to areas under less 

pressure from surrounding soil (i.e. 35 mm from the soil surface). At this highest 

measured point within the macrocosm (35 mm from the soil surface), total porosity 

decreased (despite the mean pore size being the largest). Assumptions can be made 

that this may be due to surface watering slightly compacting the soil while trying to 

reduce the chance of cracking on the macrocosm soil surface. 
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4.4.4 IMPACT OF DILUTION LEVEL AND TREATMENT ON SOIL STRUCTURE AND 

BIOLOGICAL PROPERTIES 

 

Organic matter content was highest within the macrocosms containing P. lanceolata 

and AMF, possibly due to roots and mycorrhizal fungi limiting the decomposition of 

organic matter (by sequestration), in addition to enhancing organic matter 

accumulation, e.g. by root production and turnover, and mycelial networks (Tisdall and 

Oades, 1982). The requirement for organic substrates within the soil macrocosms may 

be lower in soils amended with the 106 dilution in comparison to the 101, where 

microbial soil biomass was higher. This is supported by the greater proportion of 

Biolog C-substrates utilised by communities originating from the 101 dilution-treated 

soils. In general, organic matter content was correlated with aggregate stability and 

aggregate size distributions (measured by ASDCU) to a greater extent than dilution level 

(and thus microbial diversity). Thus larger and more stable aggregates were observed in 

soils amended with the 106 dilution, where organic matter content was highest. This 

was particularly pronounced within the bare soil treatment at the 106 dilution where 

organic matter, ASDCU and aggregate stability were all high. The impact of organic 

matter on aggregate stability followed a close relationship (Figure 4.53) that is widely 

acknowledged particularly from research by Tisdall and Oades, (1982); Chaney and 

Swift, (1984); Haynes and Beare, (1996) and Milne and Haynes (2004).  

 

Within the bare soil at the 101 dilution, the rate of total substrate utilisation (Biolog 

data) was higher, but bacterial diversity was lower, than that of the 106 amended soil. 

This suggests one of several possible reasons; namely, there was a high degree of 
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metabolic (functional) redundancy within the bacterial community, that species present 

in the 106 amended soils were more ‘Biolog active’ than species from the other dilution 

treatment, or that increased C-utilisation reflected the C-source availability in the 

organic matter. Lower bacterial diversity resulted partly from a reduced abundance of 

TRFs 340, 369 and 405 bp from soils originating from the 101 dilution. Increased total 

porosity and larger mean pore sizes, pore perimeters and nearest neighbour distance 

were observed in the 101 diluted soils suggesting that in this case reduced diversity 

enhanced pore size, but limited pore occurrence. Moreover at the lower diversity, pore 

sphericity was reduced. 

  

In the planted macrocosms with AMF, the opposite effects of dilution level on bacterial 

diversity were observed, with the macrocosms at the 101 dilution having a higher 

bacterial diversity (and greater abundances of fragments 340, 369 and 405 bp). 

Furthermore the rate of carbon substrate utilisation was lower than that observed in the 

the 106 amended soils. Despite the opposite effect of dilution level on bacterial 

diversity within the soil, similar effects of diversity on soil structure measurements 

were observed (compared to the bare soil) with mean pore size, pore perimeter and 

nearest neighbour distance all higher at a lower diversity (i.e. the 106 dilution) and 

sphericity highest within the more diverse soil (i.e. the 101 dilution). 

 

In the planted macrocosms without AMF the influence of dilution level on soil 

microorganisms and soil structural measurements were more inconsistent, especially 

since no significant affect on diversity was observed between the two dilution levels. In 



 

Chapter 4: The effect of arbuscular mycorrhizal fungi and roots on the  

development of soil structure                                                                                        Page 214 

 

terms of the microbial measurements, soil biomass was highest in the 101 soil dilution 

than the 106 dilution, suggesting more living (or even dead microbes) were present 

within these macrocosms that may improve nuturient availability of vital nutrients that 

may otherwise limit plant and root development. In comparison to the bare soil 

treatment the relative abundance of fungal fragment length 75 bp was opposite with a 

higher abundance at the 106 than 101 dilution. In terms of soil structure measurements 

only nearest neighbour distance was influenced by dilution with, NND lower at the 101 

dilution.  

 

Generally therefore within this experimental system, a less diverse soil led to 

improvements in soil structure (in contrast to hypothesis two (section 1.5)). In this 

context soil structure may be defined as an ‘ecosystem process’. Intuitively one may 

expect the opposite to occur, i.e. greater diversity results in improved soil structure. 

However, a study conducted by Wardle et al. (1997) on the influence of island area on 

ecosystem properties, concluded that on the small islands studied, plant species 

diversity was highest, but ecosystem process rates were lowest. These authors stated 

that in communities (islands) with the greatest diversity, dominance of species was 

prevented, but the species present had traits that retarded ecosystem processes. Certain 

parallels may be drawn with the current investigation although it should be 

remembered that only structural traits of soil are under consideration, i.e. just one 

functional role.  

 



 

Chapter 4: The effect of arbuscular mycorrhizal fungi and roots on the  

development of soil structure                                                                                        Page 215 

 

The effect of species diversity loss on functioning (such as soil structure development) 

will depend on the degree of loss the ecosystem undergoes. Chaplin et al. (2000) 

highlighted that extinction is a natural process, but when it occurs at an unnaturally 

rapid rate as is the case today, impacts on the functioning of ecosystems will occur. 

Furthermore Hunt and Wall (2002) investigated small scale losses of 15 functional 

groups, and found that soil still maintained itself despite a small decline in ecosystem 

service, provided that the loss of these species is compensated for by surviving groups. 

As microbial communities within soil are involved in numerous complex interactions, 

the soil should not be studied as a black box (Kennedy and Smith, 1995) and all 

communities and their processes need to be examined in relation to the entire 

ecosystem. 

 

4.4.5 LINKING SOIL PHYSICAL PROPERTIES WITH SOIL MICROBIAL 

MEASUREMENTS 

 
Within the soil macrocosms root activity appeared to have a dramatic impact. An initial 

relationship between root- and microbial-biomass highlighted the importance roots 

have on biomass-C, similar to that observed by Filho et al. (2004). As root biomass 

increases, the root surface area exposed to the soil increases, providing a larger area for 

exudates to be released, and these act as substrates for microbes within the soil, thus 

increasing biomass-C. The importance of roots within the soil environment on 

microorganisms has been highlighted by Lynch and Whipps (1990) and Bardgett 

(2005). Both root- and microbial-biomass had a negative impact on aggregate stability 

with more stable aggregates associated with lower levels of root- and microbial-

biomass. This suggests that aggregate stability would increase when there is less 
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microbial activity with fewer competitive or synergistic interactions occurring, or with 

less demand on root exudates that improve the binding ability of a soil (Czarnes et al., 

2000). Root biomass also influenced water repellency of aggregates with aggregates 

becoming more repellent with an increase in root material. This relationship would be 

as expected since roots are known to release polysaccharides and other exudates that 

act as binding agents to soil particles, but are known for their water repellency 

properties too (Czarnes et al., 2000; Hallett, Gordon and Bengough, 2003; Read et al., 

2003). 

 

Total porosity increased significantly with enhanced bacterial species richness (as 

proposed in hypothesis two in section 1.5). As bacterial numbers within the soil 

macrocosm increase, there would be an increase in exudates released, leading to 

increased binding of soil particles within the soil and thus increasing porosity within 

the soil environment. However, since the soil system is such a dynamic environment, 

the reverse could also be true with the soil porous network influencing microbial 

populations. As porosity increases within a soil environment, this would in turn suggest 

an increase in water, air and substrate flow throughout the environment, hence leading 

to an improvement in soil condition (i.e. those well aerated with improved substrate 

fluxes) which would be ideal for soil microbes (i.e. bacteria) and allow more species to 

survive in this environment. As seen in the biologically stained images from section 

3.4.1, soil microbes tend to be located within regions of pore space, an observation in 

agreement with others (e.g. Foster, 1988), hence as these pore environments increase, 

the number of bacterial species inhabiting these areas would also increase. Despite 
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these assumptions no real conclusions can be made from these results as to whether 

pore size is an important property in controlling microbial population as stated in 

hypothesis 1 (section 1.5). 

 

4.5 CONCLUSION / SUMMARY 

 

• In the bare soil and planted AMF macrocosms the impact of dilution had 

differing effects on microbial communities. Nevertheless, within both 

treatments low bacterial diversity resulted in a larger mean pore size, pore 

perimeter and nearest neighbour distance, with pore sphericity decreasing. Such 

effects of diversity on soil structure were not observed in the planted non-AMF 

macrocosms. Therefore it appears the impact biodiversity losses have on soil 

structure are idiosyncratic since the impact of biodiversity loss depends on the 

soil conditions and structural features measured. 

 

• As number of bacterial species (i.e. richness) increased, soil porosity increased; 

this however could also be observed in the reverse light, with porosity 

influencing bacterial richness. 

 

• Mycorrhizal fungi inhibited root growth at the start of the investigation, but to a 

lesser degree at the later harvest periods. The presence of AM fungi within the 

macrocosm also increased aggregate stability, despite decreased aggregate and 

mean pore size. In contrast, total porosity and pore perimeter were highest 

within the planted non-AMF treatment, highlighting the dominance roots have 
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on soil structure. Furthermore, in the absence of plants, microbial biomass, 

carbon substrate utilisation and fungal species richness were lowest, but these 

parameters increased organic matter content within the soil.  

 

• Generally it appeared that the physical and biochemical changes roots induce in 

the soil had the greatest impact on soil structural development within the soil 

macrocosms.  

 
• Aggregate stability was controlled by the organic matter content within the 

macrocosms that was generated by the presence of roots and AMF within the 

soil ecosystem.  

 
• Soil structure development took place within all macrocosm (regardless of 

treatment) after an initial settling period where the soil compacted due to 

gravity, with increases in porosity of up to 59 % after 4 months, illustrating that 

soil microbes, roots and AMF are vital in developing, stabilising and 

maintaining a soil’s function.  
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5 EXPERIMENT 3: IMPACT OF MYCORRHIZAL FUNGI ON SOIL 

STRUCTURE DEVELOPMENT 

 

5.1 INTRODUCTION 

 

It is widely acknowledged that arbuscular mycorrhizal fungi (AMF) are a major factor 

which influence aggregate formation and pore size distribution within soil (section 

1.3.3). Although there has been an increasing quantity of research taking place on AMF 

and on soil structure in particular, there appears to be little focus on the mechanisms 

and how their interactions lead to the observed changes in soil structure. Andrade et al. 

(1998) investigated the relationship between AMF, groups of rhizobacteria and soil 

aggregation, and described the changes through the activity of AMF, but not the 

reasons behind these changes. Andrade et al. (1998) concluded that mycorrhizal fungi 

increased the number of water stable aggregates and that indirectly influenced the 

microbial populations, through the alteration and creation of pore spaces. In addition, 

Bearden (2001) also suggested mycorrhizal activity within soil caused significant 

changes in pore size and distribution; however how these changes took place was not 

investigated. The recent literature has focused on assessing the effect AMF have within 

the soil environment. However, it is vital that exploration now focuses more on the role 

mycorrhizas have on soil aggregation and in particular isolation of individual factors 

that are involved in aggregate formation and stability. As Rillig and Mummey (2006) 

reported, given the importance of mycorrhizal fungi to the functioning of the soil 

ecosystem, relatively little work has been focused to this area. From a search in Web of 

Science, only ~ 8 % of all articles dealing with mycorrhizal fungi had soil structure in 
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the title, abstract or key words, whereas only ~ 0.9 % had aggregate, thus illustrating 

how little work has been dedicated to this area.   

 

Studies have been undertaken to determine the effect that different mycorrhizal fungi 

have on plant and root systems. Generally, different species of AMF lead to different 

colonisation rates within the same plant species (Oliveira et al., 2006). Furthermore, 

mycorrhizal fungal diversity has been found to influence plant productivity and 

community composition (van der Heijden et al., 1998a, Harnett and Wilson, 1999). It 

has been acknowledged that plant species diversity decreases with the presence of 

mycorrhizal fungi (Harnett and Wilson, 1999; Klironomos et al., 2000) despite 

increased plant productivity (Klironomos et al., 2000). The reverse of these findings 

have also been discovered with plant community composition influenced by the 

presence of differing mycorrhizal diversities (Johnson et al., 2003). However, Oliveira 

et al. (2006) suggests the species of AMF within a root system will determine how 

plant species coexist and the degree of plant growth according to the mycorrhizal 

species present. 

  

Different AMF species, within the rhizosphere, have also caused differing affects on 

plant biomass with individual plant species (van der Heijden et al., 1998b; Oliveira et 

al., 2006), in addition to changes in root morphology (van der Heijden et al., 1998b; 

Copetta, Lingua and Berta, 2006), phosphorous concentrations in leaves (Oliveira et 

al., 2006) and seed spikes (Oliveira et al., 2006). Different AMF species within root 

systems have also been observed to have different amounts of extraradical mycelium 

(ERM), that can have different efficiencies in the uptake of phosphate from soil 

(Jakobsen, Abbott and Robson, 1992; Helgason et al., 2002; Munkvold et al., 2004; 
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Jansa, Mozafar and Frossard, 2005; Avio et al., 2006 and Oliveira et al., 2006) that 

could ultimately contribute to differential growth of plants. Furthermore, van der 

Heijden et al. (1998b) also found that as the number of AMF taxa within the plant root 

increased, the quantity of shoot and root biomass increased until a certain point where 

biomass started to decline. These authors therefore suggested that with a loss of AMF 

diversity, plant biodiversity and ecosystem productivity decreases while the ecosystem 

becomes unstable. Such results indicated that AMF diversity does have an effect on 

plant and root biomass, ERM and seed production but what has not been studied in any 

great detail is the effect AMF diversity has on soil structure. Fitter (2005) suggested 

soil aggregation to roots required ERM that were located closer to the roots, hence 

species like G. geosporum which produce small amounts of ERM (Green et al., 1994; 

Oliveira et al., 2006) may influence soil structure more readily (particularly near the 

root) than species which have larger ERM (normally associated with phosphate 

acquisition in phosphate low soils (Bago et al., 2004)) such as Glomus fasciculatum 

(Abbott, Robson and de Boer, 1984). This suggests the effect of AMF species on soil 

structure within the rhizosphere may be influenced by external soil properties such as 

the phosphorus content and hence highlights the dynamic nature of this environment. 

Moreover Piotrowski et al. (2004) found that the presence of both Glomus intraradices 

and G. etunicatium within Plantago lanceolata roots caused increases in water stable 

aggregates (WSA) within the soil, however these effects were found to be significantly 

lower than that of other mycorrhizal species. This therefore suggests that the effect of 

AMF on aggregate stability is dependent on mycorrhizal species.  
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The aim of this investigation was to determine the effect on soil structure, as measured 

by image analysis and aggregate stability, of differing levels of microbial diversity, in 

soil macrocosms containing P. lanceolata and differing mycorrhizal fungi species. 

Although roots and AM fungi have been shown to influence soil structure through their 

activity, the relative importance of this has not, to date, been properly assessed. 

Through the use of split column systems within this investigation, the importance of 

both hyphae and root material on soil structure was assessed. Furthermore the effect of 

mycorrhizal fungi species on the development and maintenance of soil structure was 

monitored, in relation to the effect differing background biodiversity levels have on the 

soil structural development. This investigation therefore, aims to provide some 

evidence of the effect AMF colonisation of P. lanceolata has on soil structure 

development, by separating hyphal activity from that of roots using split macrocosms.  

 

Soil structural development was examined by using X-ray CT scanning, combined with 

traditional techniques such as aggregate stability and aggregate size distribution. 

Microbial analysis was undertaken using the novel technique of T-RFLP in addition to 

microbial biomass measurements. Experimental macrocosms were inoculated using the 

dilution technique (Griffiths et al., 2001) to give two levels (+/-) of indigenous 

microorganisms. These ‘background’ levels of microorganisms, together with addition 

(or not) of arbuscular mycorrhizal fungi (AMF) created an experimental regime in 

which the effects of soil biodiversity on soil structure development could be 

determined. 

 

The aim of this chapter is to test hypothesis two, three and four (section 1.5).  
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5.2 MATERIALS AND METHODS 

 

5.2.1 MACROCOSM CONSTRUCTION 

 

Air dried sterile Dunnington Heath (sandy loam) was packed into split plastic columns 

(19.7 cm length x 10.8 cm internal diameter) to a bulk density of 1 g cm-3. Mesh of 20 

µm (Cadisch Precision Meshes Ltd, London, UK) was glued to the edges of one half of 

the column and pulled tight across the column to act as a barrier through the middle of 

the column (Figure 5.1). This mesh was trimmed flush to the top of the column and cut 

with an additional 2.5 cm from the base of the column, which was glued to the base 

mesh to prevent contamination across the column sides. In addition, 400 µm mesh 

(Cadisch Precision Meshes Ltd, London, UK) was glued to the column base to allow 

capillary rise of water from base trays to prevent cross contamination of soil columns 

through watering. These columns were secured together using Duck® tape. These split 

columns allowed separation of the effects that roots plus hyphae (rhizosphere) have on 

soil structure in comparison to just hyphae (hydrosphere). 

 

 

 

 

 

 

 

 

Figure 5.1: Split macrocosm design.  

20 µm mesh splitting 
the columns that 
restricts roots passing 
to the other side of the 
column. 20 µm mesh extended 1-2 cm 

over the base of the 400 µm 
mesh to prevent contamination 
from cross over roots. 

400 µm mesh acting as a base 
to the column. This will allow 
water to enter the column. 

P. lanceolata grown in one 
half of the split column. 

AMF inoculum. 
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The constructed macrocosms (Figure 5.1) were packed loosely and uniformly with soil, 

by pouring equal quantities of sterile soil into each side of the mesh. At a depth of 14 

cm (from the base of the column) a layer of AM fungal inoculum (PlantWorks Ltd, 

Sittingbourne, Kent, UK) was placed into one side of the column. The AMF inoculum 

used in this investigation consisted of three different AMF species: Glomus geosporum 

(species A), G. mosseae (species B) and G. intraradices (species C). Inoculum was 

allocated to one half of the split macrocosms individually and in every combination of 

the species to give the following species groupings, A, B, C, AB, AC, BC and ABC. 

Non-mycorrhizal treatments were given sterilised inoculum. A total of 12 g of 

inoculum was used within each half of the macrocosm where the seeds were to be later 

sown. This was split appropriately according to treatment: The control received 12 g 

sterilised inoculum; the one species inoculum consisted of 6 g of the appropriate 

species and 6 g of sterilised inoculum; the two species mix consisted of 3 g of each 

species and 6 g of sterilised inoculum; the three species mix consisted of 2 g of each 

individual AMF inoculum and 6 g of sterilised inoculum.  

 

5.2.2 BACKGROUND MICROBIAL INOCULATION  

 

Half of the soil macrocosms were inoculated with indigenous microbes using a soil 

slurry solution, made from field fresh soil by diluting it in sterile ¼ strength Ringers 

solution. Fresh soil was taken from the field site (section 2.1.2) on the day it was 

required. The soil slurry solution was made to a dilution of 101
. At inoculation half the 

soil macrocosms were left to saturated in the 101 soil slurry solution and the other half 

saturated in sterilised ¼ strength Ringers solution overnight to create two different 
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microbial diversities (Salonius, 1981; Griffiths et al., 2001). Once the cores were 

saturated, they were removed from the solution and left to drain for 2 days to reach 

field capacity and weighed. At the start of the experiment, three unsterilised seeds of P. 

lanceolata were sown into the top of the macrocosms. Once seedlings had reached the 

one true leaf stage of growth, seedlings were thinned to leave one seedling remaining in 

the split macrocosm (Figure 5.2).  

 

Macrocosms were maintained in a glasshouse at 20-30 oC with a 16 hour daylength 

supplemented by lights. Soil macrocosms were maintained at field capacity 

(determined by weight) by watering with sterile (autoclaved at 121 oC and 15 PSI) 

deionised water. 

 

    

Figure 5.2: Example of A) split soil column with P. lanceolata and B) glasshouse 

containing the macrocosms. 

 
 
 
 
 
 

A B 
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5.2.3 TREATMENTS AND REPLICATION 

 

The soil macrocosms were allocated to one of sixteen different treatments; all 

macrocosms were sown with P. lanceolata and were amended with either a 101 dilution 

of soil slurry or sterile ¼ strength Ringers solution. In addition, the columns contained 

one of the following: (1) Sterilised AMF inoculum, (2) G. geosporum (3) G. mosseae 

(4) G. intraradices, (5) G. geosporum plus G. mosseae (6) G. geosporum plus G. 

intraradices, (7) G. mosseae plus G. intraradices, (8) G. geosporum, G. mosseae plus 

G intraradices. Three replicate columns per treatment were destructively harvested 

after 7 weeks to assess plant biomass, mycorrhizal colonisation, soil microbial 

communities and soil structure. An additional (fourth) replicate from each treatment 

was scanned using X-ray CT at the beginning and end of the experiment to allow 

changes in porosity and mean pore size to be accessed over time. For logistical reasons 

these columns were not destructively harvested. A total of 48 columns were harvested 

during the experiment. 

 

5.2.4 HARVEST REGIME AND MEASUREMENTS 

 
Soil macrocosms were destructively harvested seven weeks after germination and 

microbial and structural assessments carried out as described in sections 2.1.3, 2.2 and 

2.3. Additional measurements specific to this experiment are described below. 

 

 

 

 



Chapter 5: Impact of mycorrhizal fungi on soil structure development                     Page 227 
 

5.2.5 HYPHAL PENETRATION 

 

In order to determine whether AM hyphae had penetrated the dividing mesh, a 

modification of the method described by Jakobsen, Abbott and Robson (1992) was 

used. 

 

5.2.5.1 Experimental procedure 

 

Two grams of soil were added to 250 ml of de-ionised water and shaken vigorously by 

hand. Samples from the planted size of macrocosms (containing root material) were 

poured through a 710 µm sieve into a Waring Blender before blending at high speed, 

whereas samples from the unplanted side of the macrocosms were directly poured into 

the Waring Blender before blending at high speed. The blended solution was 

transferred into an Erlenmeyer flask before adding a 10 ml aliquot of 0.1 % 

lactoglycerol-typhan blue solution (1:1:1 v:v:v ratio of 80 % lactic acid, glycerol and 

de-ionised water to typhan blue powder). The solution was agitated vigorously at high 

speed before leaving for 10 minutes to stain and settle. Triplicate 7.5 ml aliquots were 

pipette onto 25 mm Millipore glass fibre filters (1.2 µm pore size (Fisher Scientific, 

Leicestershire, UK)) in a filtration manifold holding. Once filtered the Millipore filters 

were transferred to microscope slides and viewed. Presence of blue stained hyphae 

across each Millipore filter was determined by scoring each Millipore filter by the 

presence or absence of hyphae within a field of view at 10X magnification, to calculate 

percentage occurrence. 

 



Chapter 5: Impact of mycorrhizal fungi on soil structure development                     Page 228 
 

5.2.6 X-RAY CT ASSESSMENT  

 
Soil columns were scanned non-destructively using a Venlo H series, high resolution 

X-ray CT Scanner (H 350/225 CT; X-TEK, Tring, Hertfordshire, UK). Each column 

was scanned at 296 kV and 2.3 mA with an exposure time of 220 mS. Prior to 

scanning, the sample was placed onto a movable sample stand, 145 mm away from the 

detector (Figure 2.5). A 2 mm primary copper filter was placed near the X-ray source 

to eliminate X-ray scatter in addition to a 4 mm secondary copper filter placed at the 

detector to prevent detector saturation (i.e. when the input to the detector exceeds the 

total capacity) and beam hardening. Soil columns were scanned at various depths 

throughout the macrocosms to allow assessment of the soil pore system at various 

depths. Macrocosms were scanned at a depth of 60, 80, 100, 120, 140 and 160 mm 

from the top of the soil surface. A marker was placed to one side of the macorcoms to 

identify the planted side of the split macrocosm in X-ray CT images. 

 

5.2.7 IMAGE ANALYSIS 

 

Images obtained using the CT scanner were initially processed in Image J®, to allow 

image rotation prior to further image processing and assessment using AnalySIS® (Soft 

Imaging Systems (SIS), Münster, Germany) to isolate pore spaces. The image 

resolution was 64 µm pixel -1. Since split columns were used in the experiment, the 

initial image was cropped either side of the central mesh to a box size of 2688 by   

7168 µm. This allowed assessment on the soil structure at both sides of the split 

column and removed boundary effects on the structural assessment (Figure 5.3). 
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Figure 5.3: Selection of image area from split macrocosms for image analysis. 
Note: Black indicates pore space, in addition to the black line within the centre of the 

column indicating mesh. 

 
 

 
Filtering was performed using: 1) A Median filter which smoothed the image; 2) a 

SharpenII filter, that emphasised detail; 3) a Lowpass filter, that acted as a noise 

reduction filter to reduce the influence of artefacts; 4) image conversion to greyscale. 

Binarisation of the images was undertaken using a modified auto-threshold (where the 

overflow value was set as 32.7 %), since default settings did not produce satisfactory 

results separating solid from the pore phase. Finally an erosion morphological filter 

was applied with a hexagon lattice setting of size three pixels and two iterations (Figure 

5.4). 
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Figure 5.4: Image analysis sequence using Analysis
®
. 

NB: Pore space is indicated in black within the image. 

 

During the post experimental image assessment, it was noticed that ring artefacts had 

an important influence on pore size and shape within these X-ray CT scans (Figure 

5.5). To reduce the influence of ring artefacts, a polar transformation was applied to the 
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image (prior to the image sequence stated above) using polar co-ordination. After 

transformations, three convolve filters were applied before the image was reverted back 

to cartesian co-ordination. Since polar transformation is useful to unwrap images of 

rounded objects, it is an ideal method to remove ring artefacts prior to ‘bending’ of the 

image using the Cartesian transformation. For most images polar transformations 

removed all evidence of ring artefacts, however within some images these artefacts 

were too great to completely remove. 

 

Morphological analysis was performed on all images using AnalySIS®, this included the 

following pore measurements; porosity (total percentage pore area of the sample); mean 

pore area (average pore size of the pores within the sample); sphericity (described as the 

circularity of pores calculated by central moments (while also being a function of pore 

size), with sphericity increasing with smaller pore size, defined as 1 = circular and 0 = 

elongated and flat) and nearest neighbour distance (an assessment of the average distance 

between pores from centre to centre, providing a sign of structural development). 

        10 mm 

Figure 5.5: Example of image with a) a ring artefact taken directly after CT scanning 

and b) after image transformation using a polar transformation and convolve 

function in Image J. 
 

A B 
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5.2.8 STATISTICAL ANALYSIS 

 

Data were subject to analysis of variance (ANOVA) using Genstat version 11.1. 

Factors included supplemented indigenous microbes, AMF species mix and location 

within the split macrocosm (i.e. planted or unplanted side of the central barrier). Data 

for percentage root length colonised by mycorrhizal hyphae, arbuscules and vesicles in 

addition to hyphal penetration data were arcsin square root transformed. Mean pore 

area and sphericity measurements from image analysis were transformed using log10+2 

and log10+1 respectively to normalise the data and satisfy the requirements of ANOVA. 

For T-RFLP data PCA analysis was undertaken using Genstat 11.1 and Minitab 15.  

 

5.3 RESULTS 

 

5.3.1 ARBUSCULAR MYCORRHIZAL COLONISATION 

 
Percentage root length colonised by mycorrhizal fungi ranged from 5-40 % depending 

on the species combinations. No colonisation was observed in the non-mycorrhizal 

treatments. The greatest percentage colonisation was observed in treatments containing 

G. geosporum (singly or in combination) (F7,32 = 7.66, P < 0.001). Addition of 

background indigenous microbes (soil slurry amendment) resulted in reduced AMF 

colonisation relative to that of the non-amended treatments, but only when AMF were 

present in combinations of species (Figure 5.6). When cultured as single species, slurry 

amendment had no effect on percentage root length colonised (AMF x slurry 

amendment interaction, F7,47 = 2.58, P < 0.032).  
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Arbuscules were observed in most of the mycorrhizal treatments, but to a lesser degree 

than hyphal colonisation (Figure 5.6). Soil slurry amendment reduced the number of 

arbuscules present, in tandem with reducing hyphal colonisation. 

 

 

0

10

20

30

40

50

SP NP
SPA

NPA
SPB

NPB
SPC

NPC

SPAB

NPAB
SPAC

NPAC
SPBC

NPBC

SPABC

NPABC

Treatment

%
 r

o
o

t 
le

n
g

th
 c

o
lo

n
is

a
ti

o
n Hyphae

Arbuscules

 

Figure 5.6: Mycorrhizal colonisation of roots by hyphae and arbuscules. 
Data are means (arcsin square root transformed) ± standard error. (Treatment codes: SP 

represents soil slurry amendment, NP represents no slurry amendment. Codes containing A, B and 

C relate to AMF species with A = G. geosporum; B = G. mosseae and C = G. intraradices). 
 
 

5.3.2 SHOOT AND ROOT BIOMASS 

 

Neither addition of soil slurry (indigenous microbes) nor AMF inoculation significantly 

affected shoot dry weight, although there was a slight trend towards increased biomass 

in the treatments containing G. mosseae and G. intraradices in combination (Figure 

5.7). A similar trend was significant (F7,30 = 4.57, P = 0.001) for root biomass when the 

two AMF species were combined and when the soil had been amended with indigenous 

microbes (Figure 5.8). The most interesting observation for both root and shoot 

biomass was that in the presence of indigenous microbes, any increase in biomass 

resulting from the 3-AMF species combination was lost when soil was amended with 
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slurry. Overall there appeared to be some benefit to the plant when at least two AMF 

species were present (Figure 5.9).  
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Figure 5.7: Dry shoot matter from each fungal treatment. 
Data are means ± standard error. (Treatment codes: SP represents soil slurry amendment, NP 

represents no slurry amendment. Codes containing A, B and C relate to AMF species with A = G. 
geosporum; B = G. mosseae and C = G. intraradices). 
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Figure 5.8: Dry root matter from each fungal treatment. 

Data are means ± standard error. Treatment codes are as in Fig. 5.7. 
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Figure 5.9: Effect of number of AMF species on root biomass within all treatments. 

Data are means ± standard errors.  
 
 

5.3.3 MYCORRHIZAL DEPENDENCY 

 
When biomass is expressed as mycorrhizal dependency, the negative effect of adding 

soil slurry is highlighted in certain AMF species combinations, although this trend was 

not significant (Figure 5.10). Generally however, P. lanceolata benefited from 

inoculation with mycorrhizal fungi. 
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Figure 5.10: Mycorrhizal dependency of P. lanceolata with inoculation of G. 

geosporum, G. mosseae and G. intraradices. 
(Treatment codes: Codes containing A, B and C relate to AMF species with A = G. geosporum; B = 

G. mosseae and C = G. intraradices). 
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5.3.4 HYPHAL PRESENCE IN BULK SOIL 

 
Hyphal presence is expressed as percentage occurrence within the soil sample. 

Location within the macrocosm influenced hyphal presence in the bulk soil, with more 

hyphae located in the planted side (14.6 %) compared to the unplanted side (12.9 %) 

(F1,62 = 4.56, P < 0.037). Furthermore, fungal species mix also influenced hyphal 

occurrence, with all AMF mixtures resulting in a greater hyphal presence than that 

observed in non-mycorrhizal treatments (AMF as a single factor, F7,62 = 11.90, P < 

0.001). Hyphal presence was highest within the 3-species mix (16.3 %) (Figure 5.11). 
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Figure 5.11: Effect of the number of AMF species within both sides of the macrocosms 

on hyphal presence within the bulk soil within the macrocosms (F3,90 = 24.91, P < 

0.001). 

Data are means (arcsin square root transformed) ± standard error. 

 

Within the sterilised AMF treatment, hyphal occurrences were highest in the amended 

soil (7.7 %) compared to the unamended macrocosms (1.1 %) suggesting that 

amendment with the 101 dilution introduced hyphae into the soil (slurry x AMF 

interaction, F7,95 = 2.27, P = 0.04) (Figure 5.12). It was not possible to determine 

whether the hyphae introduced with the soil slurry were saprophytic or mycorrhizal, 

but most likely the former. Nevertheless, all mycorrhizal additions (with the possible 

exception of G. mosseae as a single species inoculum) resulted in increased hyphal 
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observations relative to those of the slurry-only treatment on the unplanted side, 

indicating that AMF hyphae penetrated the central mesh barrier and accessed the 

unplanted side of the column.  
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Figure 5.12: Percentage occurrence of hyphae within the bulk soil within the 

macrocosm either side of the mesh. 
Data are means (arcsin transformed) ± standard error. (Treatment codes: SP represents soil 

slurry amendment, NP represents no slurry amendment. Codes containing A, B and C relate to AMF 

species with A = G. geosporum, B – G. mosseae and C = G. intraradices). 
 

5.3.5 ORGANIC MATTER 

 
No significant differences in soil organic matter (OM) were observed in any of the 

treatments. The overall average percentage OM was 3.83 %.  

 

5.3.6 MICROBIAL BIOMASS 

 

Fungal species mix influenced microbial biomass-C within the split macrocosms. Soil 

within the macrocosms inoculated with G. geosporum plus G. intraradices had the 

highest microbial biomass of all fungal mixes (183 µg C g-1 soil). This was 

significantly higher than in those macrocosms containing all three AMF species (108.5 
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µg C g-1 soil) or G. intraradices (78.3 µg C g-1) individually. A relatively high soil 

biomass was associated with G. geosporum individually (136.7 µg C g-1) (species mix, 

F7,54 = 3.75, P = 0.002; both side of macrocosms combined).  

 

Microbial biomass was also significantly influenced by location within the macrocosm 

(F1,54 = 10.18, P = 0.002), with soil from the planted side having a higher microbial 

biomass (134.3 µg C g-1) than soil from the unplanted side (95.5 µg C g-1). 

 

Soil slurry amendment did not affect biomass-C in the absence of AMF on the planted 

sides of the columns, but did increase biomass-C within the unplanted sides of non-

mycorrhizal columns. Slurry amendment had little effect on biomass-C in planted sides 

when P. lanceolata was mycorrhizal, with the notable exception of the G. geosporum 

inoculated treatment in which slurry markedly enhanced biomass-C (slurry x AMF 

interaction F7,54 = 2.84, P = 0.014; Figure 5.13).  
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Figure 5.13: Microbial biomass C of the soil within the macrocosm either side of the 

mesh. 
Data are means ± standard error. (Treatment codes: SP represents soil slurry amendment, NP 

represents no slurry amendment. Codes containing A, B and C relate to AMF species with A = G. 
geosporum; B = G. mosseae and C = G. intraradices). 
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5.3.7 TERMINAL RESTRICTION FRAGMENT LENGTH POLYMORPHISM 

 

Terminal - Restriction Fragment Length Polymorphism (T-RFLP) was carried out on 

DNA extracted from soil microbes under each treatment at the end of the experiment. 

As mentioned in section 2.3.3.4 relative abundance of each peak occurring at a dye 

signal greater than 100 units was included, with any shoulder peaks (associated with 

base pair addition through the use of PCR amplification) removed from analysis. 

Principal component analysis (PCA) using the covariance matrix was carried out on all 

T-RFLP fragment profiles by using relative abundance results. PCA was performed on 

bacterial and fungal datasets separately and then by location within the macrocosm. 

 

5.3.7.1 Species richness based on T-RFLP 

 
Microbial species richness was determined from T-RFLP (section 2.3.3). Neither soil 

slurry amendment nor AMF inoculum affected bacterial species richness. More 

bacterial TRFs were recorded from the planted side of the columns than from the 

unplanted (9 versus 7; F1,61 = 8.26, P = 0.006).  

 

Adding soil slurry decreased fungal species richness in the absence of AMF inoculum 

on the planted and unplanted sides of the columns, with the unplanted sides containing 

more species than the planted sides. Slurry amendment increased species richness on 

the unplanted side of the column in the presence of G. mosseae as a single species, but 

had little effect on species richness in the planted side. In contrast, slurry amendment 

increased fungal species richness on the planted side of columns containing G. 
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geosporum plus G. mosseae and G. geosporum plus G. intraradices (Figure 5.14; AMF 

x slurry x location interaction, F7,58 = 2.99, P = 0.009).  
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Figure 5.14: Fungal species richness for each side of the macrocosm for each 

treatment. 

Species richness refers to the number of TRFs. Data are means ± standard error. 
(Treatment codes: SP represents soil slurry amendment, NP represents no slurry amendment Codes 

containing A, B and C relate to AMF species with A = G. geosporum; B = G. mosseae and C = G. 
intraradices). 

 
 
Fungal species diversity decreased to a minimum when two AMF species were present 

in the inoculum in the unplanted macrocosms, whereas in the planted side species 

diversity increased with AMF species number (Figure 5.15). 
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Figure 5.15: Effect of the number of AMF species within the macrocosms on fungal 

species richness on A) the unplanted (F3,38 = 2.85, P = 0.05) and B) the planted side of 

the macrocosm (F3,38 = 7.97, P < 0.001)). 
Species richness refers to the number of TRFs. Data are means ± standard error. 

 

 

5.3.7.2 Species diversity based on T-RFLP 

 
TRF number and corresponding relative abundance data were used to calculate 

Simpson’s diversity index. The greatest contrast in fungal species diversity resulting 

from slurry amendment relative to unamended treatments was observed in columns 

containing G. geosporum plus G. mosseae and G. geosporum plus G. intraradices. 

Here, amending with slurry increased soil fungal diversity. In the non-mycorrhizal 

columns and those containing G. geosporum as a single species, slurry amendment 

slightly reduced fungal biodiversity (slurry amendment x AMF interaction, F7,55 = 2.53, 

P = 0.025; Table 5.1).  

 

Bacterial species diversity increased to a maximum when two AMF species were 

present in the inoculum, but declined when all three AMF species were present (Figure 

5.16). 

 

A B 
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Table 5.1: Simpson's fungal diversity index for whole macrocosms under each fungal 

mix and with the impact of slurry addition. 

Fungal mix Slurry amended soil Unamended soil 

Sterile 0.62 ± 0.060 0.78 ± 0.054 

A 0.67 ± 0.098 0.76 ±c0.046 

B 0.86 ± 0.019 0.75 ± 0.070 

C 0.74 ± 0.053 0.69 ± 0.052 

AB 0.76 ± 0.076 0.57 ± 0.12 

AC 0.87 ± 0.023 0.59 ± 0.07 

BC 0.72 ± 0.12 0.78 ± 0.045 

ABC 0.83 ± 0.021 0.75 ± 0.081 
Data are means ± standard error. Codes containing A, B and C relate to AMF species with A = 

G. geosporum; B = G. mosseae and C = G. intraradices. 
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Figure 5.16: Effect of number of AMF species on bacterial species diversity within the 

planted side of the macrocosm. 
Data are means ± standard error. ANOVA of data shows a significant difference (F3,38 = 

3.15, P = 0.036). 

 

Location as a single factor was weakly significant for bacterial species, with greater 

diversity observed in the planted than the unplanted side of the macrocosm (F1,55 = 

3.78, P = 0.057). Fungal diversity was unaffected by location.  
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5.3.7.3 Relative abundance determined from T-RFLP 

 
Through analysis of the relative abundance of common fragment lengths within the 

sample, it is clear that fungal communities were influenced by AMF species mix. 

Fragment 260 bp was only detected when G. geosporum was present individually or 

when mixed (F7,55 = 17.63, P < 0.001; Figure 5.17), suggesting that this T-RF was 

actually G. geosporum that was present within the macrocosm soil. Fragment length 83 

bp was also influenced by the presence of G. geosporum (individually and mixed)  

(F7,55 = 2.81, P = 0.014), whereas fragment 326 bp was dominant in the non-AMF 

treatment (F7,55 = 9.97, P < 0.001).  
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Figure 5.17: Relative abundance of most common fungal fragments from T-RFLP 

profiles. 

No standard errors are shown for clarity. (Codes containing A, B and C relate to AMF species 

with A = G. geosporum; B = G. mosseae and C = G. intraradices). 
 
 
Furthermore, bacterial fragments present were influenced by AMF species mix, with 

fragment 371 bp occurring least in the macrocosms containing G. intraradices        
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(F761 = 3.66, P = 0.002). Generally however, bacterial fragment 372 bp appeared to 

dominate the profile (Figure 5.18). This fragment was influenced by slurry amendment 

(F1,61 = 9.27, P = 0.003) and fungal mix (F7,61 = 3.66, P = 0.002) as single factors, with 

the fragment more likely to be present in a non-amended soil and one which had either 

no addition of AMF or in the G. mosseae plus G. intraradices mix. Further effects of 

treatment and dilution were observed through PCA analysis as described below. 
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Figure 5.18: Relative abundance of most common bacterial fragments from T-RFLP 

profiles. 
No standard errors are shown for clarity. (Codes containing A, B and C relate to AMF species 

with A = G. geosporum; B = G. mosseae and C = G. intraradices). 
 
 

5.3.7.4 Fungal T-RFLP  

 
Principal component 1 (PC1) accounted for 23.29 % of the total variation within the 

unplanted side of the macrocosm, with PC2 accounting for 18.29 % and PC3 for 11.22 

% (Table 5.2). These first three principal components explained a total variation of 

52.80 %. For the planted side of the macrocosm however, PC1 accounted for 33.57 %, 



Chapter 5: Impact of mycorrhizal fungi on soil structure development                     Page 245 
 

PC2 accounted for 11.86 % with PC3 accounting for 10.3 %. Hence for the planted 

side of the macrocosm the first three principal components accounted for 55.73 % for 

the total variation. Analysis of variance was carried out on PC scores, with amendment 

and fungal species as factors. 

 
 
Table 5.2: Results of principal component analysis of fungal TRF relative abundance. 

Data are for each treatment within the unplanted and planted sides of the macrocosms at 

the end of the investigation. 

  PC1 PC2 PC3 

Unplanted side 

Eigenvalues 558.7 438.7 269.2 

% Variance 23.29 18.29 11.22 

Cumulative 23.29 41.58 52.8 

Planted side 

Eigenvalues 623.3 220.2 191.2 

% Variance 33.57 11.86 10.3 

Cumulative 33.57 45.43 55.73 

 

 

Factor loadings describe which fragments contribute the most variation in the principal 

component analysis. Factor loading values were analysed for all fragments to ascertain 

which were making a significant contribution to PC1, PC2 and PC3 for both the 

unplanted and planted sides of the macrocosms. The fragments with the highest loading 

values in each PC axis were identified and any fragments with PC loading values > ± 

0.25 were deemed significant (Pio et al., 1996).  

 

For the unplanted side of the macrocosm (Figure 5.19) PC1 was influenced by the 

presence or absence of two fragments, PC2 determined by three fragments and PC3 by 

three fragments. For example PC1 shows that when a sample profile contains a 

fragment of length 103 bp, it does not contain one of 260 bp. The sample would 
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therefore have a positive PC1 score; if the PC1 score was negative, fragment length 

260 bp would be present and 103 bp would not be found. 
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Figure 5.19: PC loadings for the first three principal components (PC) from relative 

abundance data collected from fungal T-RFLP analysis of soil from the unplanted 

side of the macrocosms. 
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Figure 5.20: Ordination plot of PC1 scores versus PC2 scores for fungal T-RFLP 

fragments for each fungal species mixture within the unplanted side of the 

macrocosms. 

Large symbols indicate centroids of mean PC scores. (Codes containing A, B and C relate to 

AMF species with A = G. geosporum; B = G. mosseae and C = G. intraradices). 
 

 
 
Figure 5.20 is an ordination plot of PC1 versus PC2 scores for all fungal species 

mixtures and for macrocosms amended or not, with the soil slurry (within the 

unplanted side). Microbial DNA profiles from the macrocosms containing G. mosseae 

and G. intraradices individually, when combined and also within the non-mycorrhizal 

planted treatment had positive PC1 scores (ANOVA of PC1 scores; fungal species mix, 

F7,25 = 5.27, P < 0.001), which was due to the presence of fragment 103 bp. In contrast 

macrocosms containing G. geosporum individually, G. geosporum plus G. mosseae and 

G. geosporum plus G. intraradices all had an extremely negative PC score reflecting 

the dominance of fragment 260 bp (this was also true for the three-species mix but not 

to the same degree, since the PC1 score was less negative).  
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Assessment of the PC2 scores suggested that soil slurry amendment had a significant 

effect on two AMF treatments (i.e. the macrocosms containing G. mosseae plus G. 

intraradices and G. intraradices individually) with the slurry supplemented 

macrocosms having a positive PC2 score compared to the unamended macrocosms. All 

remaining macrocosms had positive PC2 scores except non-mycorrhizal treatments (± 

soil slurry) and the amended macrocosms containing G. geosporum plus G. mosseae 

and G. mosseae individually (slurry x AMF interaction, F7,25 = 2.58, P = 0.038). The 

results suggest that within the supplemented macrocosm containing G. intraradices 

individually and when combined with G. mosseae, fragments of size 103 and 260 bp 

would be present with fragment 364 bp absent, whereas the reverse would be true when 

the PC2 scores are negative. 

 
Ttreatments containing G. intraradices individually and G. mosseae in mixture, had 

significantly higher (and positive) PC3 scores in the unamended macrocosm compared 

to the amended (ANOVA of PC3 scores; slurry x AMF interaction, F7,25 = 2.87, P = 

0.024). This suggests that these macrocosms are associated with the presence of 

fragments 260 and 364 bp and absence of fragment 363 bp (Table 5.3).  
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Table 5.3: Impact of soil slurry amendment (±) and AMF species mix on PC3 scores 

(F7,25 = 2.87, P = 0.024)  

AMF species Slurry amended soil Unamended soil 

Sterilised -ve (-20.82) -ve (-16.36) 

A +ve (1.54) -ve (-7.40) 

AB -ve (-7.84) +ve (0.64) 

ABC +ve (12.05) -ve (-5.16) 

AC +ve (7.25) +ve (6.65) 

B -ve (-11.32) -ve (-9.06) 

BC -ve (-4.20) +ve (20.93) 

C +ve (6.09) +ve (31.65) 

Data are PC3 means. +ve PC3 scores reflect absence of fragment 363 bp and presence of 

260 and 364 bp, with negative scores reflecting the reverse. (Codes containing A, B and C 

relate to AMF species with A = G. geosporum; B = G. mosseae and C = G. intraradices). 
 

 
For the planted side of the macrocosm, PC1 was influenced by the presence or absence 

of one fragment, PC2 by three fragments and PC3 by five fragments (Figure 5.21).  
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Figure 5.21: PC loadings for the first three principal components (PC) from relative 

abundance data collected from fungal T-RFLP analysis of soil from the planted side 

of the macrocosms. 
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Figure 5.22: Ordination plot of PC1 scores versus PC2 scores for fungal T-RFLP 

fragments for each AMF species mixture within the planted side of the macrocosm. 
Large symbols indicate centroids of mean PC scores. (Codes containing A, B and C relate to 

AMF species with A = G. geosporum; B = G. mosseae and C = G. intraradices).  
 
 

Figure 5.22 is an ordination plot of PC1 versus PC2 scores from all AMF species 

mixtures and soil amendments. Microbial DNA profiles from the planted side of all 

macrocosms containing G. geosporum (individually and in combination) had a negative 

PC1 score, due to the presence of fragment 260 bp (ANOVA of PC1 scores from the 

planted side of the macrocosm; AMF species mix, F7,28 = 14.91, P < 0.001). All 

remaining macrocosms had positive PC1 scores reflecting the absence of fragment 260 

bp. All treatments containing G. geosporum except for the slurry amended macrocosms 

containing G. geosporum plus G. intraradices had a negative PC1 score. Macrocosms 

containing G. geosporum plus G. mosseae (-1.0), G. geosporum plus G. intraradices 

(1.07) and the non-mycorrhizal treatments (25.84) all had significantly higher PC1 

scores in the slurry amended macrocosms than in the unamended ones. In macrocosms 



Chapter 5: Impact of mycorrhizal fungi on soil structure development                     Page 252 
 

without soil slurry, only those containing G. geosporum plus G. intraradices contained 

TRF 260 bp.  

 

PC2 is based on the presence of TRF 364 bp and absence of TRFs 326, 364 and 367 bp 

in amended macrocosms inoculated with G. geosporum, G. mosseae, G. geosporum 

plus G. mosseae and sterilised inoculum. The remaining AMF mixes contained TRFs 

326, 364 and 367 bp whilst 364 bp was absent (AMF single factor, F7,28 = 5.50, P < 

0.001).  

 
PC3 scores were affected by a slurry x AMF interaction (F7,28 = 11.39, P < 0.001; Table 

5.4). Generally however all slurry supplemented macrocosms had a positive PC3 score 

(3.26), compared to those without amendment (-2.06) (F1,28 = 5.41, P < 0.001). PC3 

was negative in columns without slurry amendment when with G. intraradices and G. 

mosseae individually and also in combination, in addition to the 3-species mix, 

reflecting the presence of fragments 363 and 365 bp as well as the absence of 

fragments 326, 364 and 367 bp. Within slurry amended macrocosms, fragments 326, 

364 and 367 bp were present but 363 and 365 bp absent. Due to the limited 

identification database for fungal TRFs no presumptive identification of the fragments 

observed here could be made with the exception of fragment 103 bp that may have 

belonged to the Thanatephorus genus (Table 4.10; Dickinson, pers. comm., 2009).  
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Table 5.4: PC3 scores for fungal TRFs within the planted side of the macrocosms 

(P7,28 = 11.39, P < 0.001). 

AMF species  Slurry amended soil Unamended soil 

Sterilised +ve (36.88) -ve (-18.44) 

A +ve (4.43) -ve (-7.07) 

AB -ve (-7.11) -ve (-4.00) 

ABC +ve (1.98) -ve (-2.83) 

AC -ve (-1.08) +ve (11.22) 

B -ve (5.10) -ve (-12.03) 

BC -ve (-1.54) +ve (3.76) 

C -ve (-2.40) -ve (11.86) 

Data are PC3 means. +ve PC3 scores reflect absence of fragment 363 and 365 bp and the 

presence of 326, 364 and 367 bp, with negative scores reflecting the reverse. (Codes 

containing A, B and C relate to AMF species with A = G. geosporum; B = G. mosseae and C = G. 
intraradices) 

 
 

5.3.7.5 Bacterial T-RFLP 

 
For the bacterial data set PC1 accounted for 64.22 % of the total variation within the 

unplanted side of the macrocosm, with PC2 accounted for 11.22 % and PC3 accounted 

for 8.8 % (Table 5.5). These first three principal components explained a total variation 

of 84.24 %. For the planted side of the macrocosm however, PC1 accounted for 58.71 

%, PC2 accounted for 14.62 % with PC3 accounting for 6.03 %. Hence for the planted 

side of the macrocosm the first three principal components accounted for 79.36 % for 

the total variation. 
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Table 5.5: Results of principal component analysis of bacterial TRF relative 

abundance for each treatment within the unplanted and planted sides of the 

macrocosms at the end of the investigation. 

  PC1 PC2 PC3 

Unplanted side 

Eigenvalues 1056.2 184.6 144.8 

% Variance 64.22 11.22 8.8 

Cumulative 64.22 75.44 84.24 

Planted side 

Eigenvalues 629.8 156.9 64.7 

% Variance 58.71 14.62 6.03 

Cumulative 58.71 73.33 79.36 

 

 

Factor loading values were analysed for all bacterial fragments to ascertain which were 

making a significant contribution to PC1, PC2 and PC3 for both the unplanted and 

planted sides of the macrocosms. As described previously, any fragments with PC 

loading values > ± 0.25 were deemed significant (Pio et al., 1996). For the unplanted 

side of the macrocosm (Figure 5.23) PC1 can be described as the presence and absence 

of two fragments, PC2 is determined by three fragments and PC3 by four fragments.  
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Figure 5.23: PC loadings for the first three principal component (PC) from relative 

abundance data collected from bacterial T-RFLP analysis of soil from the unplanted 

macrocosm side. 
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Figure 5.24: Ordination plot of PC1 versus PC2 scores for bacterial T-RFLP 

fragments for each fungal species mixture within the unplanted macrocosm side. 
Large symbols indicate centroids of mean PC scores. (Codes containing A, B and C relate to 

AMF species with A = G. geosporum; B = G. mosseae and C = G. intraradices). 
 
 

Figure 5.24 is an ordination plot of PC1 versus PC2 scores from all AMF species 

mixtures and soil amendments. PC1 scores were positive (12.84) and negative (-12.84) 

in the slurry amended and unamended macrocosms respectively (F1,30 = 13.95, P < 

0.001), suggesting the presence of TRF 371 bp in the amended columns and the 

absence of TRF 372 bp in the unamended soils. Microbial DNA profiles from non-

mycorrhizal macrocosms and those containing G. geosporum plus G. mosseae and G. 

mosseae plus G. intraradices had negative PC1 scores (-26.0, -15.46 and -21.94 

respectively) (F7,30 = 3.49, P = 0.007), which was due to the presence of fragment 372 

bp and absence of fragment 371 bp. In the remaining macrocosms PC1 scores were all 

positive, reflecting the presence of fragment 371 bp and absence of 372 bp.  
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In slurry amended macrocosms containing the 3-AMF species mix, PC2 scores were 

negative (-18.97) but positive inthe unamended soils (12.89). The reverse was observed 

in the G. geosporum plus G. intraradices mix (with a PC2 score of 14.89 in the 

supplemented and -8.64 in the unamended macrocosms) (slurry x AMF interaction, 

F7,30 = 2.83, P = 0.022). Other supplemented macrocosms (those with G. geosporum 

plus G. mosseae, G. mosseae plus G. intraradices, G. intraradices individually and 

those with sterilised AMF inoculum) had negative PC2 scores reflecting the presence 

of fragment 373 bp, instead of TRFs 371 and 372 bp that would otherwise be 

associated with positive PC2 scores.  

 

PC3 scores were not effected by added soil slurry or AMF species mix. 

 

For the planted side of the macrocosm, PC1 and PC2 can be described as the presence 

or absence of three fragments, 371, 372 and 373 bp. PC3 is influenced by an additional 

fragment, 374 bp (Figure 5.25). For example PC1 shows that when a profile contains 

fragment of length 372 bp, it would have a negative PC1 score whereas if the PC1 

score was positive fragment 372 bp would not be found and instead fragments 371 and 

373 bp in length would be observed.  
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Figure 5.25: PC loadings for the first three principal components (PC) from relative 

abundance data collected from bacterial T-RFLP analysis of soil from the planted 

side of the macrocosms. 
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Figure 5.26: Ordination plot of PC1 scores versus PC2 scores for bacterial T-RFLP 

fragments for each AMF species mixture within the planted sides of the macrocosms. 

Large symbols indicate centroids of mean PC scores. (Codes containing A, B and C relate to 

AMF species with A = G. geosporum; B = G. mosseae and C = G. intraradices). 
 

 
 
Figure 5.26 is an ordination plot of PC1 versus PC2 scores for all treatments. Neither 

AMF species mix nor slurry amendment significantly affected PC1 and PC2 scores 

derived from the planted side of the columns. However, slurry amended macrocosms 

had positive PC3 scores (1.55), compared to unamended columns which had negative 

scores (-2.18) (F1,29 = 5.66, P < 0.0241). Fungal species mixture also influenced PC3 

scores within non-mycorrhizal macrocosms and within those containing G. mosseae 

plus G. intraradices and the 3-species mix; all having positive PC3 scores (F7,29 = 4.45, 

P < 0.002). This suggests the presence of TRFs 371 and 372 bp and absence of TRF 

374 bp in the slurry amended soils. No slurry x AMF interaction was observed in the 

planted side of the macrocosms. Due to the limited identification database for bacterial 

TRFs using 23S rDNA, only fragment 371 bp could be presumptively identified as 

being from the Burkholderia genus (Table 4.10; Dickinson, pers. comm., 2009). Since 
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the close proximity of fragments 371, 372, 373 and 374 bp to each other, this suggests 

the fragments reflect the occurrence of a similar genus of bacteria. 

 

5.3.8 AGGREGATE SIZE DISTRIBUTION 

 

Aggregate size distribution (ASD) was unaffected by soil slurry amendment but 

differences between the planted and unplanted sides of the macrocosms were observed 

(Figure 5.27). Presence of roots resulted in a greater number of microaggregates 

(between 53 – 300 µm).  

 

The planted side of the macrocosms had higher ASDCU values (4.87) than the 

unplanted sides (4.03) (Figure 5.28; F1,62 = 16.74, P < 0.001). ASDCU decreased with 

increasing number of AMF species present (Figure 5.29). 
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Figure 5.27: Aggregate size distribution for all each side of the macrocosm at each 

level of soil slurry amendment.  
(Treatment codes: UPS = unplanted side of macrocosms, PS = planted side of macrocosm) 
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Figure 5.28: Coefficient of uniformity measurement from soil assessed either side of 

the split macrocosm under each treatment. 
Data are means ± standard error. (Treatment codes: SP represents soil slurry amendment, NP 

represents no slurry amendment. Codes containing A, B and C relate to AMF species with A = G. 
geosporum; B = G. mosseae and C = G. intraradices). 

 

 

3

3.5

4

4.5

5

5.5

6

0 1 2 3

Number of AMF species

A
S

D
C

U

 
Figure 5.29: Effect of number of AMF species within the macrocosm on the coefficient 

of uniformity value of aggregate size data. 

Data are means ± standard error. ANOVA of data shows a significant difference (F3,90 
= 2.72, P = 0.049). 

 

 

5.3.9 AGGREGATE STABILITY 

 

Aggregate stability was highest (classed as very stable) within the planted side of the 

macrocosm with a MWD of 2.23 mm compared to that of 1.61 mm within the 
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unplanted side (classed as stable) (F1,62 = 47.40, P < 0.001; Figure 5.30). The 

amendment with soil slurry at the start of the investigation had a significant impact on 

aggregate stability, regardless of the side of the macrocosm analysed (F1,62 = 4.29, P = 

0.042). Amended soil macrocosms had a higher MWD value of 2.01 mm, compared to 

1.82 mm for the unamended macrocosms. Neither AMF species combinations nor 

number of AMF species present affected aggregate stability.  
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Figure 5.30: Aggregate stability given as mean weight diameter (in mm) within each 

macrocosm. 
Data are means ± standard error. (Treatment codes: SP represents soil slurry amendment, NP 

represents no slurry amendment. Codes containing A, B and C relate to AMF species with A = G. 
geosporum; B = G. mosseae and C = G. intraradices). 

 

 

5.3.10 MESOSCALE VISUAL EVALUATION OF SOIL STRUCTURE 

 

Figure 5.31 show images used for pore size and morphological determination. Visual 

assessment of these images allows the changes in pore space (such as size and 

distribution) within the soil macrocosms to be observed. Porosity appeared to be higher 

within the planted side of the macrocosms at the start of the investigation (i.e. at seed 
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sowing) for all treatments within the supplemented macrocosms except for the 

treatment containing G. mosseae individually (where porosity was similar across both 

sides of the macrocosm) and the G. geosporum plus G. intraradices mix where porosity 

was highest within the unplanted side (Figure 5.31). Within the unamended (slurry) 

treatments containing each of the three Glomus species individually, a higher porosity 

within the planted side of the macrocosm compared to the unplanted side was 

observed. Within all other unamended treatments, porosity was higher within the 

unplanted side of the macrocosm. 

 

After seven weeks incubation, porosity was generally highest within the planted side of 

the macrocosm for three of the treatments containing the 101 soil dilution (namely 

macrocosms containing G. mosseae individually, G. geosporum plus G. mosseae and 

the 3-species mix). Within the unamended soil macrocosm, all treatments except G. 

mosseae individually and the sterilised AMF inoculum, had lower porosity within the 

planted side of the macrocosm than the unplanted.  

 

Within 5 treatments: i) Sterilised AMF inoculum; ii) G. geosporum, iii) the 3-species 

mix, all plus slurry amendment; iv) G. geosporum and v) G. mosseae, both minus 

amendment, porosity increased over the seven week period within the unplanted soils. 

The remaining treatments generally exhibited decreases in total porosity due to soil 

settling after packing, apart from amended macrocosms containing G. intraradices 

where porosity remained constant. Porosity decreased over time within the planted side 

of the macrocosm, within treatments containing the sterilised inoculum, G. geosporum 

individually, G. geosporum plus G. mosseae, the 3-species mixture, G. intraradices 
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individually (within the supplemented macrocosms) and within G. geosporum plus G. 

intraradices in the unamended soils. The remaining macrocosms, except the 

supplemented macrocosms containing G. geosporum plus G. intraradices and the 

unamended macrocosms with sterilised AMF inoculum, all showed an increase in 

porosity over time within the planted side of the macrocosm. 
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Figure 5.31: Continued 
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Figure 5.31: Continued 
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 Figure 5.31: Continued 
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Figure 5.31: Continued 
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Figure 5.31: Continued 
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PS 11.0 %

UPS 3.88 %

10 mm
 

Figure 5.31: Example of processed images taken from X-ray CT for all treatments at 

both the start and end of the investigation. 

Note: Pore space in images is represented in white. All figures given beside images reflect 

porosity values of that image. The same slice for each treatment (i.e. plant side (PS) and 

unplanted side (UPS) at each time period) is used that is representative of the mean total 

porosity of the treatment in question. Slurry amended and unamended refers to addition or 

omission of the soil dilution treatment. Start of investigation refers to the seedling stage. 

 

 

5.3.11 TOTAL POROSITY 

 

Total porosity was highest (12.92 %) within the supplemented macrocosms compared 

to the unamended macrocosms (10.03 %) (slurry amendment as a single factor, F1,155 = 

9.40, P = 0.003). Porosity was also highest within the planted side of the macrocosm 

(12.73 %) compared to that of the unplanted side (10.21 %) (split macrocosm effect; 

F1,155 = 7.22, P = 0.008). An AMF x time interaction (Table 5.6) was observed in which 

the G. geosporum plus G. intraradices mix and the 3-species mix, had greater porosity 

at the start of the experiment compared to at the end (Figure 5.32). In contrast, porosity 

increased from 8.4 % to 14.4 % in the soils containing G. mosseae over the 

experimental period. As AMF species number increased within the soil macrocosms, 

porosity development decreases at the final harvest (Figure 5.33). 
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Figure 5.32: Total porosity with treatment and side within the split macrocosm at the 

A) start of the investigation and B) end of the investigation. 

Data are means ± standard error. (Treatment codes: SP represents soil slurry amendment, NP 

represents no slurry amendment. Codes containing A, B and C relate to AMF species with A = G. 
geosporum; B = G. mosseae and C = G. intraradices). 

 

 

 
Table 5.6: Results from repeated measurement ANOVA for total porosity. 

Source of variation DF F P 

Slurry amendment 1 9.40 0.003 

Split macrocosms side (planted or unplanted) 1 7.22 0.008 

Residual 155   

Time x AMF species 7 2.61 0.014 

Time x slurry amendment x split macrocosm side 1 4.65 0.033 

Residual 160   

A – Start of investigation 

B – End of investigation 
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Figure 5.33: Effect of number of AMF species within the macrocosms on the total 

porosity. 

Data are means ± standard error. ANOVA of data taken from the final harvest shows a 

significant difference (F3,183 = 4.30, P = 0.006). 

 

5.3.12 MEAN PORE SIZE 

 
Mean pore size was greater within the slurry amended soils than in those without 

amendment (1.63 mm2 and 1.52 mm2 [log10+2] respectively) (slurry amended as a 

single factor; Table 5.7). In addition, location within the split macrocosm influenced 

mean pore size, with larger pores observed in the plant side of the macrocosm 

compared to the unplanted (1.61 mm2 and 1.55 mm2 [log10 +2] respectively) (F1,155 = 

3.93, P = 0.049). 

 

Mean pore size was greatest within amended soils G. intraradices (1.80 mm2 [log10+2]) 

and G. geosporum (1.75 mm2 [log10+2]) individually and in combination (1.76 mm2 

[log10+2]); in addition to within the G. mosseae plus G. intraradices mix (1.68 mm2 

[log10+2]). The lowest mean pore space was found within the macrocosms containing 

G. mosseae (1.30 mm2 [log10+2]) (AMF x slurry interaction (Table 5.7). Despite this, 

no impact of the number of AMF species and mean pore area was observed.  
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Table 5.7: Results from repeated measurement ANOVA for mean pore area. 
Source of variation DF F P 

Slurry amendment 1 14.01 < 0.001 

AMF species 7 7.01 < 0.001 

Split macrocosms side (planted or unplanted) 1 3.93 0.049 

Slurry amendment x AMF species 7 2.89 0.007 

Residual 155   

Time 1 236.33 < 0.001 

Time x AMF species 7 4.32 < 0.001 

Time x slurry amendment x split macrocosm side 7 5.77 < 0.001 

Residual 160   

 

Time of sampling also had a significant effect on mean pore area (Table 5.7) with 

pores larger at the end of the investigation than at the start (1.77 mm2 and 1.63 mm2 

[log10+2] respectively), highlighting an increase in mean pore size over time (Figure 

5.34). 
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Figure 5.34: Mean pore area determined from image analysis of X-ray CT images at 

A) the start and B) the end of the investigation. 

Data are means (log10+2) ± standard error. (Treatment codes: SP represents soil slurry 

amendment, NP represents no slurry amendment. Codes containing A, B and C relate to AMF 

species with A = G. geosporum; B = G. mosseae and C = G. intraradices). 
 

5.3.13 PORE SIZE DISTRIBUTION 

 
Pore > 64 µm were quantified; pore size distributions were location dependent (Figure 

5.35). In the slurry amended non-mycorrhizal treatment there was an increase in larger 

pores (31.6 – 100 mm2 in size) within the planted side of the column in comparison to 

the unplanted side. This was not however the case in the unamended non-mycorrhizal 

macrocosms. 

B – End of investigation 

A – Start of investigation 
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PSD was similar in both sides of the macrocosm in amended soil containing               

G. mosseae plus G. intraradices, and within the unamended macrocosms containing  

G. intraradices and the 3-species mix. In slurry amended treatments containing          

G. mosseae, G. intraradices and G. geosporum individually and G. geosporum plus   

G. intraradices, an increase in the number of large pores was observed in the planted 

side of the macrocosm. Within the unamended slurry treatments containing                 

G. geosporum and G. mosseae individually, G. geosporum plus G. mosseae and         

G. geosporum plus G. intraradices the number of pores of 31.6 – 100 mm2 in size 

increased.  

 

At the initial analysis a higher percentage of pores within each pore size grouping were 

observed relative to the unamended macrocosms. Within the slurry amended treatments 

containing G. geosporum plus G. intraradices and the 3-species mix, there were 

significantly higher percentages of pores between 100-1000 mm2 in size, suggesting 

areas of high pore connectivity within the macrocosms. 
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Figure 5.35: Continued 

 

Slurry amended soil with sterile AMF inoculum 

Slurry amended soil with G. geosporum 

Slurry amended soil with G. geosporum plus G.mosseae 
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Figure 5.35: Continued 
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Figure 5.35: Continued 

Unamended soil with sterilised AMF 

Unamended soil with G. geosporum 
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Figure 5.35: Pore size distributions from A) unplanted and B) planted sides of the 

macrocosms at the start of the investigation (at the seedling stage). 
Data are means ± standard errors. 
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PSD was significantly influenced by location within the macrocosm, particularly after 

the seven week growth period (Figure 5.36. Within the slurry amended treatments 

containing G. mosseae and G. intraradices both individually and in combination, either 

a high percentage of pores or the presence of larger pores (> 1000 mm2) was observed 

in the planted side of the column. Within the unamended treatments, location had a 

dramatic effect on PSD. In the treatments containing G. mosseae, G. geosporum, G. 

intraradices, G. geosporum plus G. mosseae and the 3-species mix, the presence of 

larger pores (>100-1000 mm2) suggested an increase in pore connectivity. It was 

therefore apparent that the effect of location within the macrocosm (i.e. the presence of 

roots) was more important within the unamended macrocosms with respect to PSD.  

 

Interestingly in both slurry amended and unamended soils, G. geosporum plus G. 

intraradices resulted in a low occurrence of larger pores suggesting the two species had 

a negative effect on PSD. Slurry amendment in non-mycorrhizal columns resulted in 

more pores of 3.16–100 mm2 than in unamended soil. In the mycorrhizal soils, slurry 

amendment increased the percentage of pores within all pore size classes in the 

unplanted side of the columns; this effect was lost in the planted side.  
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Figure 5.36: Continued 
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Figure 5.36: Continued 
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Figure 5.36: Continued 

 

Unamended soil with sterilised AMF inoculum 
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Figure 5.36: Pore size distributions from A) unplanted and B) planted sides of the 

macrocosms after 7 weeks of incubation. 
Data are means ± standard errors. 
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5.3.14 PORE SPHERICITY 

 
Pores at the start of the investigation were more circular (0.341) than those at the end of 

the experiment (0.308), which was expected since sphericity is a function of pore size, 

with a smaller pore size generally resulting in a more rounded pore (time effect; Table 

5.8). At the start of the investigation, sphericity was highest within the slurry-amended 

compared to the unamended soil (0.343 and 0.338 respectively); by the end of the 

investigation pore sphericity was highest in the unamended compared to the amended 

macrocosms (0.313 and 0.303) despite a general decline in sphericity values overall 

(dilution x time interaction; Table 5.8). Furthermore at the start of the investigation 

there was no significant difference in sphericity between the unplanted (0.341) and 

planted (0.340) (time x location interaction; Table 5.8). However, at the end of the 

experiment, pore sphericity was highest within the planted side of the macrocosm 

(0.312) compared to the unplanted side (0.304). Whilst differences in sphericity are 

statistically significant, they are nevertheless very small. 

 

Pores within the 3-species AMF mix were significantly more elongated than those 

within other treatments (AMF species as single factor; Table 5.8). Pores were more 

rounded within the treatments containing G. geosporum and G. mosseae individually 

and also in combination. Pores within the control (i.e. macrocosm with sterile AMF 

inoculum) had a sphericity value higher than that of the 3-species mix, similar to that of 

the G. geosporum plus G. intraradices mix and G. mosseae plus G. intraradices mix, 

but was significantly lower than G. intraradices individually. Patterns in sphericity, did 

not directly reflect a relationship with mean pore size, particularly within the treatments 

containing G. geosporum and G. intraradices individually, the 3-species mix and the 
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control, suggesting plant roots and/or mycorrhizal fungal species influenced pore 

shape.  

 

Sphericity was affected by the number of AMF species present at the final harvest 

(Figure 5.37). 

 
Table 5.8: Results from repeated measures ANOVA for pore sphericity. 

Source of variation DF F P 

AMF species 7 11.44 < 0.001 

Slurry amendment x AMF species 7 6.61 < 0.001 

AMF species x split macrocosm side 7 2.53 0.017 

Slurry amendment x AMF species x split macrocosm 
side 

7 7.14 < 0.001 

Residual 155   

Time 1 302.42 < 0.001 

Time x slurry amendment 1 16.12 < 0.001 

Time x AMF species 7 7.06 < 0.001 

Time x split macrocosm side 1 6.61 0.011 

Time x slurry amendment x AMF species 7 7.44 < 0.001 

Time x AMF species x split macrocosm side 7 2.47 0.020 

Time x slurry amendment x AMF species x split 
macrocosm side 

7 8.35 < 0.001 

Residual 160   
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Figure 5.37: Effect of number of AMF species within the macrocosms on the 

sphericity value of pores determined from image analysis. 

Data are means (log10+1) ± standard error. ANOVA of data taken from the final harvest 

shows a significant difference (F3,183 = 9.42, P < 0.001). 
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The outcomes of treatment are complicated as evidenced by the time x slurry x AMF 

species x location interaction (Table 5.8; Figure 5.38). Generally, sphericity within the 

split macrocosms was highest within the initial time zero (seedling stage) scan in 

comparison to the final scan, despite the values being relatively low suggesting the 

dominance of more elongated pores. At the initial scanning period there was some 

variation between treatments, with macrocosms containing G. intraradices individually 

and G. geosporum plus G. intraradices having a higher sphericity within the unplanted 

side of the column in unamended soil, sphericity was higher in the planted side of the 

macrocosm within the treatments containing G. geosporum individually, when mixed 

with G. intraradices and also within the G. mosseae plus G. intraradices mix. These 

responses may be regarded as trivial and not unexpected at that stage in the experiment. 

 

After 7 weeks, treatment responses were more apparent. Within the amended soils, 

sphericity was lowest in the unplanted side of the macrocosms containing G. 

intraradices individually and when mixed with G. mosseae and also within the G. 

geosporum plus G. mosseae combination. However, within the non-mycorrhizal 

columns the pattern was the opposite, with pore sphericity highest in the unplanted side 

of the macrocosm. Within the unamended macrocosms, sphericity was lower in the 

unplanted side within treatments containing sterile AMF inoculum, G. geosporum plus 

G. intraradices and also the 3-species mix. The opposite was true however for G. 

intraradices, where sphericity was highest within the unplanted side of the macrocosm. 

Interpretation of these data should be carried out with caution given the small values 

involved. 
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Figure 5.38: Pore sphericity determined from analysis of X-ray CT images at A) the 

start and B) end of the investigation (F7,160 = 8.35, P < 0.001). 

Data are means (log10+1) ± standard error. (Treatment codes: SP represents soil slurry 

amendment, NP represents no slurry amendment. Codes containing A, B and C relate to AMF 

species with A = G. geosporum; B = G. mosseae and C = G. intraradices). 
 

 

5.3.15 NEAREST NEIGHBOUR DISTANCE 

 
Macrocosms containing all three AMF species (1.12 mm) and the G. geosporum plus 

G. intraradices mix (1.11 mm) had significantly greater distance between pores within 

the macrocosm (F7,155 = 14.50, P < 0.001). The smallest distance between pore spaces 

was observed within the macrocosm containing G. mosseae individually (0.95 mm). 

A – Start of investigation 

B – End of investigation 
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Furthermore, Figure 5.39 illustrates that with increasing mycorrhizal species number, 

distance between pore spaces tends to increase. 
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Figure 5.39: Effect of number of AMF species within the macrocosms on nearest 

neighbour distance determined from image analysis. 
Data are means ± standard error. ANOVA of data taken from the final harvest shows a 

significant difference (F3,183 = 11.895, P < 0.001). 

 

 
Slurry amendment of macrocosms containing G. geosporum individually and when 

combined with G. mosseae resulted in an increase in the nearest neighbour diameter 

between pores. In the remaining two macrocosms containing G. geosporum (i.e. the 3-

species mix and when combined with G. intraradices) a similar (but not significant) 

increase in nearest neighbour diameter was observed within the slurry amended 

macrocosms. In the remaining macrocosms there was a decrease in nearest neighbour 

pore distance with the addition of the soil slurry, however this was only significant with 

the macrocosm containing G. mosseae individually (slurry x AMF interaction, F7,155 = 

4.81, P < 0.001). 

 
The distance between pores increased from 0.97 mm to 1.16 mm (F1,160 = 325.91, P < 

0.001) from the starting point (seedling emergence) to the final 7 week harvest. The 

one exception was the G. mosseae treatment which showed a reduction in nearest 
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neighbour distance over time (AMF x time interaction, F=7,160 = 17.13, P < 0.001; 

Figure 5.40).   
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Figure 5.40: Average nearest neighbour distance determined from analysis of X-ray 

CT images at the start and end of the investigation for each macrocosm  

Data are means ± standard error. (Treatment codes: SP represents soil slurry amendment, NP 

represents no slurry amendment. Codes containing A, B and C relate to AMF species with A = G. 
geosporum; B = G. mosseae and C = G. intraradices). 

 

 

5.3.16 LINKING SOIL PHYSICAL MEASUREMENTS WITH MICROBIAL 

MEASUREMENTS. 

 

A significant relationship was observed, between Simpson’s bacterial diversity index 

and (i) pore sphericity and (ii) the coefficient of uniformity calculated from aggregate 

size distributions from the unplanted side of the macrocosm. Figure 5.41A and B show 

that as bacterial species diversity declines, both pore sphericity and aggregate size 

increase. Further correlations were observed within the data from the unplanted side of 

the macrocosm (Table 5.9). 
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Figure 5.41: Regression between bacterial species diversity and A) the coefficient of 

uniformity value for aggregate size distribution data (P = 0.016) and B) pore 

sphericity (P = 0.04). Data for AMF mixes and slurry amendment are combined.  

 
 

 

Table 5.9: Selected correlation matrix of significant (P < 0.05) relationships on the 

unplanted side of the macrocosm. Data for AMF mixes and slurry amendment are 

combined.  

NB: Shaded boxes are not significant relationships. Critical value 0.468. 

Aggregate stability 
+ 

 0.4822         

Simpson's diversity index (Fungal)  0.2939  0.0366  
+  

0.688    

Simpson's diversity index (Bacterial) 
-  

-0.6135 
- 

-0.525 
-  

-0.4816 
+ 

 0.5077   

Soil Biomass -0.0982  0.2022 -0.2668  - 0.0811 
+ 

0.4895  

Log mean pore area 0.1657  
-

0.4786  -0.2852   0.2207 -0.1939 
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Structural measurements correlated strongly with plant and microbial analyses 

particularly when assessing measurements made on the planted side of the 

macrocosms. A strong relationship was observed between fungal species richness and 

the coefficient of uniformity of aggregate size distribution data (Figure 5.42), in 

addition to a significant correlation (P < 0.05) between fungal species diversity with 

A B 
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ASDCU (data not shown). The results show as fungal richness decreases, the coefficient 

of uniformity value increases (suggesting a greater number of larger soil aggregates). In 

addition, a strong relationship between fungal diversity and aggregate stability was 

evident. As fungal species diversity decreases aggregate stability increases (Figure 

5.43). There was a strong correlation (P < 0.05) between fungal species richness and 

aggregate stability. These results therefore highlight the importance of fungal diversity 

within the planted side of the macrocosm and bacterial diversity within the unplanted 

side on aggregate size distributions. 
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Figure 5.42: Regression between fungal species richness and the coefficient of 

uniformity of aggregate size distribution data from the planted side of the macrocosm. 

Data for AMF mixes and slurry amendment are combined, (P < 0.016). 
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Figure 5.43: Regression between Simpson’s diversity index for fungi and aggregate 

stability for each fungal species mix and in planted macrocosms with and without soil 

slurry added, (P < 0.01). 

 
 
 

5.4 DISCUSSION 

 

5.4.1 IMPACT OF SOIL SLURRY ADDITION 

 
No differences in bacterial diversity (Simpson’s index) between the slurry amended 

and unamended soils were observed but interestingly, effects of slurry amendment on 

fungal diversity depended on the AMF species present. Nevertheless, amendment 

generally increased soil fungal diversity in mycorrhizal columns relative to the non-

mycorrhizal treatments. This may be due to direct synergistic interactions, or to indirect 

effects mediated by mycorrhizal-induced alterations in quality or quantity of root 

exudates (Bansal and Mukerji, 1994; Filion et al., 1999; Marschner and Baumann, 

2003; Vierheilig, Lerat and Piché, 2003). It is worth noting that the bulk soil was 

analysed here and further effects would be expected within the mycorrhizosphere 

(Johansson, Paul and Finlay, 2004), although Marschner and Baumann (2003) reported 
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mycorrhizal-induced alterations in bacterial communities in non-rhizosphere soil. 

Mycorrhizal colonisation of P. lanceolata roots was unaffected by soil amendment 

when a single species of AM fungus was present, but negatively affected when in 

combination. It is known that AM fungi are influenced by rhizobacteria (Fitter and 

Garbaye, 1994) and that plant host can play a role in regulating AMF colonisation 

(Eom, Hartnett and Wilson, 2000). The findings of this investigation suggest that either 

factor, and/or direct AMF competition regulate root colonisation.  

 

Although soil bacterial diversity appeared unchanged following slurry amendment, 

there were differences in the T-RFLP profiles suggesting that community composition 

was altered. For bacteria, slurry amendment influenced PC1 within the unplanted side 

of the macrocosms, and PC3 within the planted side, with soils from amended and 

unamended macrocosms each containing unique fragments. Unique fungal T-RFs were 

observed in the planted side of the columns. Thus soil amendment influenced microbial 

community composition within the macrocosms, but only with regard to 2-5 T-RFs. 

 

The similarity in bulk soil microbial profiles is interesting considering one set of 

columns was inoculated with soil slurry and the other with sterile water. It would be 

expected, that over the course of the experiment the unamended soils would develop a 

significant microbial community resulting from aerial introductions, bacteria within the 

AMF inoculum, non-sterile plant seed, and development within the soil if not fully 

sterilised at the start. Nevertheless, greater differences should be expected between the 

two treatments than were detected by T-RFLP analysis. Although the number of T-RFs 

detected were broadly in the region of others (e.g. Kennedy et al., 2004), the method is 
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limited because many species share the same fragment length (Dahllöf, 2002). 

Therefore, rather than one fragment representing one species, it is more likely here to 

represent a genus or other grouping, such as the bacterium identified in this study that 

belonged to the Burkholderia genus, a bacterium associated within AMF spores 

(Bianciotto et al., 1996; Andrade et al., 1997). Despite these criticisms of the method, 

T-RFLP analysis allows for differentiation of relative diversity.  

 

Nevertheless, slurry amendment led to an increase in biomass-C in unplanted sides of 

the columns and visual assessments of hyphal presence verified that amendment 

introduced fungi to the system. This is reflected by measurements of aggregate 

stability, total porosity and mean pore size which all increased with the addition of soil 

slurry. These results highlight that despite the limited evidence in a change of diversity, 

increased microbial biomass (and even total bacteria numbers (Wertz et al., 2006)) 

have a significant impact on soil structure (Drury, Stone and Findlay, 1991; Edgerton et 

al., 1995).  

 

Griffiths et al. (2001) recommended that after inoculation using a soil dilution, soil 

should be incubated at 15 oC, for 9 months, with soil mixed every two weeks to allow 

an even development of microbial communities. Since the columns here were 

inoculated prior to seed germination (at the start of the investigation), no time was 

given to allow the soil communities to develop and reach evenness before the start of 

the investigation. This was essential if soil structural development was to be measured 

over time. Nevertheless, this would not explain the apparent lack of difference in 

species richness based on T-RFLP data. 
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5.4.2 IMPACT OF LOCATION WITHIN THE SOIL MACROCOSM 

 
Location within the soil macrocosm had a significant impact on both biological and soil 

structural properties. With regard to both bacteria and fungi, presence within the 

planted side of the macrocosm, resulted in an increase in richness and diversity. This is 

due to the biochemical impacts that plants and mycorrhizal colonisation have on the 

planted soil compared to that of the unplanted where mycorrhizal hyphae (but not 

roots) had penetrated. Plant roots and mycorrhizal fungi release polysaccharides and 

other exudates that act as substrates to microbes, hence allowing an increase in species 

richness and diversity. In addition, soil biomass was also noticeably higher within the 

planted side of the macrocosm due to stimulation by the roots (Denef et al., 2002), that 

further synthesise polymers into binding agents (Jastrow, Miller and Lussenhop, 1998).  

 

The exudates released by roots and mycorrhizal fungi in addition to acting as microbial 

substrates, also act as binding agents to soil particles (Tisdall and Oades, 1982) 

resulting in aggregation in addition to increased stability. Indeed, increased aggregate 

size and stability within the planted side of the macrocosms was observed in this 

investigation. The impact of root exudates appeared to be far more important than that 

of mycorrhizal exudates, whose presence within the unplanted side of the macrocosms 

had little impact on aggregates compared to that of the roots within the planted side. 

Hallett et al. (2009) who also used split macrocosms, discussed that wet-dry cycles 

mediated by plants, lead to an increase in water stable aggregates, since drying causes 

the cohesion of soil particles, in addition to an increase in microbial respiration (Magid 

et al., 1999; Cosentino, Chenu and Le Bissonnias, 2006). However, previous studies by 

Denef et al. (2002) suggested that after short growing periods (i.e. 42 days) root growth 
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may stimulate macro-aggregate breakdown more than increasing their stability, since 

there would be insufficient production of stabilising agents to increase stable macro-

aggregation. Furthermore root morphology is also vital in the distribution of organic 

matter that stabilises the soil. Since P. lanceolata roots are fine in nature, Degens 

(1997) suggests that organic material inputs would be more evenly distributed 

compared to that of coarse root systems. 

 

In the current study, other structural analyses such as total porosity and mean pore area 

were all higher within the planted side of the macrocosms. The increase in total 

porosity and mean pore size would be expected since the biophysical action of roots 

results in the movement of soil particles, binding them together creating additional pore 

space and also pore enlargement. Moreover the presence of root material within the soil 

is not always differentiated by image analysis, due to the poor contrast between air 

filled pore space and root material within the bulk soil, thus overestimation of total 

porosity and mean pore area within the planted side of the macrocosms may have also 

occurred. 

 

Such development of soil structure within the planted side of the macrocosms 

highlights that the driving force behind aggregate formation, in addition to the 

development of porous spaces within the soil was due to root activity, both direct and 

indirect (mediated via exudates and increased microbial activity). This is in agreement 

with previous work by Hallett et al. (2009) whose work with split column systems also 

found roots to be the main emphasis on formation and stabilisation of soil structure.  
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5.4.3 IMPACT OF AM FUNGAL SPECIES OF SOIL STRUCTURE AND SOIL 

MICROBES 

 
Unfortunately the inoculum used in this experiment was not as effective as that 

previously used in chapter 4, with colonisation rates of 0-34 % observed after 7 weeks. 

This may have been due to the ineffectiveness of the chlorazol black E stain used in the 

assessment, since Klironomos, McCune and Moutoglis (2004) highlighted that some 

AMF species are not detected as well using some staining methods. Furthermore, 

Endlweber and Scheu (2006) highlighted that after inoculating sterilised soil, re-

colonisation of AMF is hampered by higher nutrient contents such as that of nitrogen 

as measured by Blanke et al. (2005). Nevertheless, AMF colonisation was significantly 

higher in the AMF species mix of G. geosporum plus G. mosseae, in addition to the 

three species mix. Relatively high colonisation rates were observed in macrocosms 

containing G. geosporum individually and in combination with G. intraradices, with 

lowest rates observed in treatments containing G. mosseae and G. intraradices 

individually and when mixed. Such variation in colonisation rates associated with 

different AMF species has been previous observed by van der Heijden et al. (1998a). 

Moreover Garbaye (1994) proposed that some rhizobacteria increased the ability of a 

root to establish symbiotic relationships with mycorrhizal fungi, a process termed as 

‘mycorrhization help bacteria’. He suggested that such helper bacteria aided 

stimulation of root development and enhanced susceptibility and recognition of roots to 

mycorrhizal colonisation, a process that may well have taken place within this 

investigation with some mycorrhizal species. Andrade et al. (1997) also highlighted 

that different bacterial populations establish themselves under the influence of different 

AMF species and hypothetically influence the number of helper bacteria present within 

the rhizosphere and hydrosphere. In addition, the interaction of plant growth-promoting 
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rhizobacteria (PGPR) (bacteria which increase plant yield through numerous 

mechanisms as described in the review of Artursson, Finlay and Jansson, (2006)) can 

also behave similar to ‘mycorrhization helper bacteria’ (Garbaye, 1994) by optimising 

the formation and functioning of mycorrhizal symbiosis (Azcόn, 1987; Linderman, 

1997 and Artursson, Finlay and Jansson, 2006). 

 

Dry root biomass was influenced by fungal species and it can be clearly seen that in the 

macrocosms with low colonisation rates such as those of G. mosseae plus G. 

intraradices, root biomass was highest, whereas within the macrocosm of G. 

geosporum plus G. intraradices where colonisation rate was among the highest, root 

biomass was the lowest. This reflects the results in section 4.3.2 where root biomass 

was lowest in macrocosms containing mycorrhizal fungi. It must be noted different 

AMF species not only have different colonisation rates (Hart and Reader, 2002), 

growth rates and methods of colonisation within individual plants (Hart, Reader and 

Klironomos 2001; Hart and Reader, 2002), but interact differently with host plant 

(Klironomos, 2003) leading to a differing need for plant carbon (Staddon, 1998; 

Saikkonen et al., 1999). However AMF species not only control the host plant and its 

productivity, but it has also been found that AMF morphology is dependent on the 

plant type (Smith and Smith 1997; Cavagnaro et al., 2001). 

 

There was a trend towards increased root (and shoot) biomass with increasing number 

of AMF species within the macrocosms, similar to that observed by others (e.g. van der 

Heijden et al., 1998b; Klironomos, McCune and Moutoglis, 2004; van der Heijden et 

al., 2006). Furthermore, increasing number of AMF species led to decreased ASDCU, 
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total porosity and pore sphericity due to increased quantity of root material, with 

nearest neighbouring pore distance increasing because of compaction of the 

rhizospheric soil by root activity. The AMF-induced reduction in ASDCU is interesting 

because this parameter was greater in planted than in unplanted soil. Increasing the 

number of AMF species clearly had a negative affect, either in terms of increasing root 

growth over a threshold value, or by hyphal action (contradicting hypothesis four, 

section 1.5). AMF hyphae are normally associated with increased aggregation by 

physical binding and production of glomalin (Tisdall and Oades, 1982; Bearden and 

Petersen, 2000; Rillig, Wright and Eviner, 2002; Piotrowski et al., 2004). 

 

In terms of other soil biological measurements, AMF species mix had a significant 

effect on soil biomass. Macrocosms with high colonisation levels tended to have 

increased soil biomass. Also, bacterial species diversity was influenced by the number 

of AMF fungi present within the soil, increasing from none to two AMF species, before 

declining when all three AMF species were present. Furthermore fungal species 

richness increased on the planted side of the macrocosm with increasing number of 

AMF species as would be expected, but the reverse effects on species richness were 

observed on the unplanted side. Fungal richness and diversity were influenced by AMF 

species combination in addition to the number of species. Decreasing fungal richness 

on the unplanted sides of the columns is interesting and is likely to reflect changes in 

saprophytic populations. Fracchia et al. (1998) demonstrated that G. mosseae reacts to 

a range of saprophytes antagonistically, synergistically or neutrally and it is likely that 

any of the Glomus species used here could behave in a similar way. Therefore, 

extraradical growth through the central mesh may have affected other microbes present 
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on the unplanted side of the columns. The results in general are in agreement with the 

widely acknowledged belief that AMF influence microbial populations (Andrade et al., 

1998; Artursson and Jansson, 2003) and that different AMF species have different 

impacts on soil microbial composition (Rillig et al., 2006). The effect of AMF species 

on soil bacterial abundance and activity was further highlighted by Filion, St-Arnaud 

and Fortin (1999) with further suggestions by Ravnskov, Nybroe and Jakobsen (1999) 

that changes in bacterial and fungal composition within soil containing AMF may be 

due to the release of bacteriostatic or fungistatic agents from the hyphae. Schreiner et 

al. (1997) also illustrated differences in Gram negative and Gram positive bacteria with 

different AMF species colonising soybean plants. 

 

Soil structural properties were influenced by AM fungal species with significant effects 

on all pore characteristics. However, AMF did not effect other soil structural properties 

relative to the planted non-mycorrhizal treatments which is contrary to hypothesis three 

(section 1.5). Mean pore size was lowest within the macrocosms containing G. mosseae 

which is a reflection of the low colonisation rates observed. No significant effect of 

AMF species on aggregate stability was observed perhaps due to the shortness of the 

investigation despite work from Schreiner et al. (1997) and Piotrowski et al. (2004) 

highlighting that different AMF species lead to different levels of water stabile 

aggregates. However, Piotrowski et al. (2004) found the lowest percentages of water 

stable aggregates in the presence of Glomus species in P. lanceolata, thus suggesting 

the AMF genus selected for this investigation generally had a small effect on the 

stability of aggregates.  
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5.4.4 INTERACTIONS BETWEEN MICROBIAL AND SOIL PHYSICAL PROPERTIES 

 

The results suggest that aggregate stability and development increase when species 

richness and diversity is lower, hence suggesting that as interactions between different 

fungal species decline or are reduced, the impact of fungi on aggregate development 

and stability increases. The soil biota (particularly the presence of AMF) has been 

found to alter plant exudation (Graham, Leonard and Menge, 1981) which could 

ultimately affect aggregation. With regard to the effect soil bacteria can indirectly have 

on soil structure, some strains have been found to have stimulatory or inhibitory effects 

on mycorrhizal colonisation (Fitter and Garbaye, 1994), thus ultimately influencing the 

impact mycorrhizal hyphae have on soil structure such as the release of glomalin and 

related soil proteins (GRSP) that are known to improve soil aggregation and stability to 

a greater extent than AM hyphal activity per se (Rillig, Wright and Eviner, 2002).  

 

5.5 CONCLUSION / SUMMARY 

 

• Within the planted side of the macrocosm, bacterial species diversity and 

species richness of bacteria and fungi were higher. This was most likely due to 

the biochemical impact roots have by providing polysaccharides and other 

substrates for biota to utilise.  

 

• The presence of roots within the planted side of the macrocosms appear to be 

the driving force behind soil structure development, particularly aggregate 

stabilisation and the increase in pores. 
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• Mycorrhizal colonisation of P. lanceolata varied according to AMF species 

mix applied to the soil macrocosms. Generally colonisation rates were low 

throughout the investigation, either due to changes in soil nutrient content after 

sterilisation limiting mycorrhizal colonisation, ineffective inocula or due to 

limitations associated with the staining method used.  

 
• The 3-species mix of AMF species increased shoot and root biomass relative to 

when the species were found individually and in pairs.  

 
• Bacterial community composition (assessed by T-RFLP) and soil biomass were 

also influenced by mycorrhizal species mix, with soil biomass generally highest 

in macrocosms with high rates of AMF colonisation. 

 

• Soil properties were influenced by mycorrhizal species mix, with mean pore 

size lowest in the macrocosms containing G. mosseae, whose colonisation rate 

were lowest. Generally however soil structure development was greatest under 

the influence of plant roots.  

 

• Bacterial species richness influenced aggregate size distribution within the 

unplanted macrocosms, with an increase in larger aggregates associated within 

soil containing low bacterial richness. Fungal diversity and richness had a 

significant and similar relationship on soil structural measurement of aggregate 

stability and ASDCU. Hence this investigation suggests that as fungal diversity 

decreases, aggregate stability increases and as fungal and bacterial species 

diversity decline, aggregates become larger. These results also highlight that 
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within the planted side of the macrocosms (where pores were larger) it appears 

as if fungi had more impact on soil structure (after that of roots), whereas 

within the unplanted side of the macrocosms bacteria had more impact. 

  

• A general conclusion therefore is that changes in soil structure observed here 

was predominantly due to direct effects on roots and their biochemical release, 

rather than to the mycorrhizal fungi. 
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6 GENERAL DISCUSSION 

 

6.1 APPROACH AND GENERAL FINDINGS 

 

 
The main objective of this work was to evaluate the role of soil biodiversity on the 

development of soil structure. Different experimental approaches were used throughout 

this study with macrocosms being most widely employed, either whole (Chapter 4) or 

split, in order to assess the impact plant roots and mycorrhizal hyphae have separately 

on soil structure (Chapter 5). Smaller microcosms were used within the first (trial) 

experiment (Chapter 3) for micro-scale assessment of changes taking place in soil 

structure. Different background microbial communities were applied to different 

experiments using a modification of the dilution technique described by Griffiths et al. 

(2001), with soil conditions varying from bare soil (Chapter 3) to planted ± 

mycorrhizal fungi (Chapter 4). Mycorrhizal diversity ranged from a complete five 

species mix, where the effect of mycorrhizal and non-mycorrhizal roots on soil 

structure was assessed (Chapter 4), to variations in species mixtures and individual 

species to assess the effect of mycorrhizal fungi species diversity on soil structure 

(Chapter 5). A summary of the key findings follows: 

• Soil texture influenced soil structure and subsequently microbial communities 

within the soil. 

• Increased levels of organic matter increased aggregate stability. 

• Soil structure development measured through porosity, took place within 

columns after an initial settling period. 
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• Soil microbial communities influenced soil structure, even though these 

observed changes were smaller and slower than those observed under planted 

systems. 

• As soil microbial numbers increase, soil structural properties such as total 

porosity and mean pore size increase. 

• Mycorrhizal roots influenced aggregate stability more than roots or mycorrhizal 

fungi individually. Furthermore the effects of roots individually were greater 

than those of mycorrhizal hyphae when alone in bulk soil.  

• The presence of mycorrhizal fungi and combination(s) of AMF species 

influenced the bacterial community.  

 

6.1.1 INFLUENCE OF SOIL TEXTURE ON SOIL STRUCTURE AND MICROBIAL 

COMMUNITIES 

 
Chapter 3 highlighted that soil structural properties and the development of soil 

structure (measured through the assessment of aggregates and the associated pore 

characteristics) were significantly modified by microbial communities within the 

microcosms, with the effect dependant on the soil texture over the course of the 

investigation. Loamy sand had the highest porosity and mean pore size compared to the 

other soil textures, namely sandy loam and clay loam. This is because the loamy sand 

soil contains a relatively high percentage of sand, i.e. large particle sizes resulting in 

larger pore space than that of clay soils, which have fine particles, that can lead to 

clogging of pores and pore throats (Mooney, 2002). However, this may also partly be a 

function of the overall resolution, since the bigger pores will be more readily 
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determined by image analysis, compared to the smaller pores of the clay loam, which 

could be incorrectly assumed to be noise thus underestimating the porosity within this 

soil type. Soil texture also had a significant effect on culturable microbial communities 

within the microcosms with clay loam soil having the highest culturable fungal 

numbers (and second highest bacterial numbers) due to the higher organic matter 

content (Barros, Feijoo and Balsa, 1997). 

 

It is widely acknowledged that for a soil to maintain a good soil structure, aggregates 

need to be stable. Chapter 4 highlighted the importance of soil organic matter on 

aggregate stability, with soils that had a low microbial biomass (hence lower demand 

for organic substrates resulting in a higher soil organic matter content) having 

aggregates more stable than those in treatments containing a higher microbial biomass 

and lower organic matter content. This agrees with the general consensus that soil 

organic matter is important in aggregate formation and particularly stabilisation in 

micro-aggregates leading to the formation of stable macro-aggregates (Six et al., 2004). 

 

6.1.2 EFFECT OF TIME ON SOIL STRUCTURE 

 
The development of soil structure overtime, varied depending on the soil environment 

i.e. soil texture and presence of plants and AMF. In Chapter 3 soil structure 

development was observed in microcosms containing three different soil textures 

(sandy loam, clay loam and loamy sand). Soil structure within these bare soil 

microcosms noticeably improved over time after an initial soil settling period (i.e. 

where soil within the microcosm compacted and porosity reduced, such as that 

observed by Leij, Ghezzehei and Or, (2002) after tillage). Total porosity and mean pore 
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size almost regained or increased compared to the values observed initially. Overall 

Chapter 3 illustrated that soil structural re-development took place over a nine month 

period in spite of the time-related reduction in microbial activity and number of colony 

forming units. Settling of the soil within macrocosms was also observed in Chapter 4 

however despite this, aggregate size distribution, porosity and mean pore size increased 

(with a decline in distance between individual pore spaces also observed) in the fifth 

month suggesting signs of soil structure development over a 2 month period. This 

improvement in soil structure did not continue into the seventh month due to soil 

macrocosms becoming root bound causing the roots to compact the available pore 

space as they grew and spread throughout the soil (Brund et al., 1996) resulting in 

individual pores becoming located closer together than previous.  

 
Development in soil structure at the macroscale was determined through assessment of 

porosity and mean pore area, with these data being the first in the research area. 

Previous assessment at the aggregate scale, highlighted individual aggregate turnover 

rates ranging from 4-88 days (Plante, Feng and McGill, 2000; De Gryze et al., 2005; 

De Gryze, Six and Merckx, 2006). At an individual aggregate scale within this study, 

Chapter 4 highlighted an increase in aggregate stability over a 60 day period (from the 

first to third month harvest) and an increase in aggregate water repellency over a 120 

day period (from the first to fifth month harvest). Such time periods for aggregate 

stabilisation and repellency appear to be comparable to those of aggregate turnover rate 

(Plante, Feng and McGill 2000; De Gryze et al., 2005; De Gryze, Six and Merckx, 

2006). Despite development of stable aggregates over a 60 day period, development of 

porosity (i.e. compared to that initially introduced) took place over much longer time 
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periods, with the only increase in porosity observed after 15 months (in the bare soil 

treatments of Chapter 3). This was much slower than that observed by Feeney et al. 

(2006a) who illustrated increases (between 3-7 %) in soil porosity after a 30 day period 

within bulk and rhizospheric soil. In spite of this, porosity changes generally take place 

over much longer periods than aggregate turn over, particularly at a field scale, where 

soil structure development can take many months to years (Elliott and Coleman, 1988; 

Boersma and Kooistra, 1994). 

 

6.1.3 EFFECT OF PLANTS, ROOTS AND AMF ON MICROBIAL COMMUNITIES AND 

SOIL STRUCTURE 

 
In Chapter 4 soil biomass, total substrate utilisation from Biolog microtitre plates and 

fungal species richness were all lowest within the bare soil environment, highlighting 

the importance of microbial communities associated with root and mycorrhizal exudate 

release within the soil (Fitter and Garbaye, 1994; Jaeger et al., 1999; Walker et al., 

2003; Nappipieri et al., 2008). Chapter 5 also highlighted that microbial species 

richness and diversity were all higher within soil located within the planted half of the 

split macrocosms. T-RFLP profiles from Chapter 4 further showed that the soil 

environment influences the microbial community composition, with particular 

differences observed between the bare soil and planted macrocosms with the presence 

and absence of different fragments determined from principal component analysis 

(PCA). Differences in bacterial community composition between bare soil and 

rhizospheric soil have been observed previously by Baudoin, Benizri and Guckert 

(2002); Marschner and Baumann (2003) and Remenant, Grundmann and Jocteur-

Monrozier, (2009). Furthermore, the effect of plants and their roots on microbial 
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populations was further highlighted in Chapters 4 and 5, with a close positive 

relationship between microbial and root biomass. Such findings were similar to those 

reported in previous research by Lynch and Whipps (1990) and Bardgett (2005). 

 

Chapter 4 illustrated that AMF increased aggregate stability, with the impact of roots 

and mycorrhizal fungi on aggregate stability being greater than that of roots alone. van 

der Heijden et al. (2006) outlined such a relationship, with mycorrhizal roots increasing 

aggregate stability and even to some extent water percolation through a soil, compared 

to a treatment with uncolonised roots. This finding was further tested in Chapter 5, 

which illustrated that within the planted side of the macrocosms (that also contained 

mycorrhizal fungi) an increase in aggregate stability was observed. Results from 

Chapter 5 highlighted that soil with roots and mycorrhizal hyphae influenced aggregate 

stability more than the impact of hyphae alone, similar to the findings of Hallett et al. 

(2009). Further investigation of mycorrhizal fungi was undertaken in Chapter 5 with 

the assessment of the effect mycorrhizal fungal diversity had on soil structure. 

Different AMF species had different colonisation rates and hence differential effects on 

root biomass, with root biomass lowest in macrocosms containing the highest 

percentage root length colonised. However, an interesting pattern was observed with 

root (and shoot) biomass increasing as the number of AMF species within the mixture 

increased. A negative relationship of AMF species number with soil structure was 

observed in chapter 5, but instead highlighted the importance of roots rather than AMF 

have on soil structure development. Furthermore different mycorrhizal species also 

influenced microbial biomass (in addition to bacterial and fungal community 

composition) with the highest mycorrhizal colonisation rate associated with the highest 
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microbial biomass. T-RFLP profiles also illustrated that the presence of G. geosporum 

regardless of the other additional species (probably identified as fragment 260 bp), 

resulted in a similar ‘background’ fungal community structure compared to the other 

mycorrhizal species investigated. Moreover Chapter 5 illustrated that mean pore size 

was lowest within the macrocosms containing G. mosseae due to the low colonisation 

rates observed within the P. lanceolata roots. 

 

Unexpectedly (in Chapter 4) it was noted that soil within an unplanted environment 

contained larger aggregates and pores compared to the planted macrocosms. This was 

because roots utilised pore space (particularly > 10 µm in diameter) and through their 

physical presence compressed surrounding soil (Braunack and Freebairn, 1988) 

reducing pore area and fragmenting macro-aggregates into micro-aggregates (that are 

important in hierarchical aggregation models (Tisdall and Oades, 1982)). In Chapter 5 

however, soil from the planted side of the macrocosm had a higher total porosity and 

mean pore area, due to the biophysical action of roots, resulting in the movement of 

soil particles binding them together creating additional and larger pore space. This was 

particularly the case since the roots remained free from becoming root bound as 

previously observed in Chapter 4, which resulted in the breakdown of aggregates and 

loss of larger pores. These results from Chapter 5 agree with other measurements in 

Chapter 4, namely that porosity was significantly higher in the planted non-AMF 

treatment correlating with columns containing the most root biomass. Soil aggregates 

under the presence of roots have greater stability (Haynes and Beare, 1997) with root 

hairs being important in the adhesion and stability of soil compared to fungal hyphae 

(Moreno-Espíndola et al., 2007). In addition, Feeney et al. (2006a) also highlighted the 
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importance of roots (and microbes) in the formation in micropores over a 30 day 

period. Hence work presented here also leads to the assumption that the driving force 

behind aggregate formation and stabilisation, in addition to the development of porous 

spaces within the soil, was predominantly due to root activity. 

 

Aggregate water repellency peaked when root biomass, AMF colonisation and soil 

biomass were at their highest, suggesting that chemicals such as glomalin, released by 

AMF and exudates released from microbe functioning and roots, increased the water 

repellency of soils (Wallis and Horne, 1992; Hallett and Young, 1999; Czarnes et al., 

2000; De Bano, 2000). Czachor (2006a, b) also discussed the influence of pore 

characteristics, with non-cylindrical shaped pore influencing wettability and repellency. 

The increase in water repellency of aggregates can lead to improved and maintained 

aggregate stability (Piccolo and Mbagwu, 1999), thus improving soil structure over 

long term periods in addition to increasing the carbon sequestration of soils (Spaccini et 

al., 2002). However disadvantages include preferential wetting, particularly within the 

plant zone that influences plant growth through water availability and nutrient losses 

(Ritsema et al., 1993; Dekker and Ritsema, 1996; Doerr, Shakesby and Walsh, 2000; 

Gordon and Hallett, 2009). In addition to reducing and modifying water infiltration, 

more extreme effects include increases in surface runoff and soil erosion due to soil 

water repellency (Doerr, Shakesby and Walsh, 2000).  
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6.1.4 EFFECT OF MICROBIAL COMMUNITIES AND DIVERSITY ON SOIL 

STRUCTURE 

 
The soil system is extremely important since it controls a vast number of processes 

such as nutrient cycling and has huge economic value through agriculture, yet despite 

this there have been very few investigations that have assessed the impact biodiversity 

has on a soil’s structure. Davidson and Grieve. (2006) provided an investigation into 

the effect of biodiversity on soil structure through modification of fauna via additions 

of different faunal size classes and liming; concluding the loss or change in some 

species within the soil ecosystem had no measureable effect, since soil has a huge 

diversity. Their studies (Davidson et al., 2002; Davidson and Grieve, 2006) focused 

predominantly on macrofauna and their excretions, without thorough assessment of 

microorganisms, that were highlighted by Tisdall and Oades (1982) as being vital in 

microaggregate formation and hence ultimately macroaggregate formation. 

 

Chapter 3 highlighted the importance of microbial communities within the soil 

environment. Total porosity and mean pore size showed a distinct relationship with 

culturable bacterial and fungal numbers suggesting that as culturable microorganism 

numbers increased, soil structure measured by total porosity and mean pore area 

increased. Porosity was found to increase 144.7 % in the clay loam, 18.5 % in the 

loamy sand and 0.07 % in the sandy loam soil after a 9 month incubation period (after 

initial soil settling). Feeney et al. (2006a) also observed increases in porosity (although 

over a short time period of 30 days) due to the presence of microbes. Furthermore in 

Chapter 4 and 5, a relationship between microbial communities and soil structure was 

observed within the macrocosms inoculated at two different dilution levels. In Chapter 
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4 bare soil macrocosms amended with the 101 dilution had lower species diversity than 

the 106 amended soils (despite both dilutions having the same biomass, which was 

unexpected; Griffiths et al., 2001). Within this 101 dilution-amended bare soil (with 

lower diversity), porosity, mean pore size and nearest neighbour distance between 

pores all increased, with sphericity decreasing. Moreover in the planted AMF 

macrocosms of Chapter 4 the opposite impact of dilution level on bacterial diversity 

was observed compared to the bare soil macrocosms, with the 106 dilution having the 

least diverse soil in terms of bacteria. The results however concurred with those from 

the bare soil treatment, demonstrating that in a soil environment with low bacterial 

diversity mean pore size, pore perimeter and nearest neighbour distance increased and 

pore sphericity decreased. Thus, it can be assumed that as bacterial diversity within soil 

systems declines, soil structure development (namely aggregate size and pore 

morphology) improves.  

 

The impact of microbes on soil structure can also be assessed in terms of bacterial and 

fungal numbers (similar to that of Chapter 3). Within the bare soil amended with the 

101 dilution (of Chapter 4), higher bacterial and fungal numbers would be expected 

(Wertz et al., 2006), hence resulting in the increase in porosity and mean pore size (in 

addition to other factors) within soil macrocosms. A similar pattern was also observed 

in Chapter 5, with soil within the 101 dilution-amended treatments having a 

significantly higher total porosity, mean pore size and pore perimeter, assumed to be 

due to different microbial numbers from inoculation using the dilution technique 

(Wertz et al., 2006), particularly since no differences in diversity were observed. 

Furthermore, from T-RFLP profiles (Chapter 4), it was evident that total porosity was 
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correlated with bacterial species richness, since increased bacterial species richness 

resulted in greater porosity. Despite porosity and mean pore size being influenced by 

bacterial species richness, aggregate size and stability were generally more controlled 

by organic matter content, since aggregate size and stability were greater in the high 

dilution macrocosms where organic matter was highest. This supports findings by 

Chaney and Swift (1984) that highlighted an increase in aggregate stability with 

increasing organic matter and more recently by Chenu, Le Bissonnais and Arrouays 

(2000) who suggested increased stability with organic matter was related to an 

increased hydrophobicity.  

 

T-RFLP profiles from Chapter 5 also highlighted the impact microbial diversity has on 

soil structure, with bacterial and fungal diversity both having a negative impact on 

aggregate size within the unplanted and planted side of the macrocosms respectively. 

Furthermore reductions of fungal diversity within the soil macrocosms increased 

aggregate stability. This relationship assumes that as species diversity declines, 

microbial processes that release exudates (for example), that aid aggregate formation 

and stabilisation increase (due to the lack of competition) causing an improvement to 

aggregate size and stability. A very limited number of studies have examined the role 

of fungal diversity on soil aggregation with Schreiner et al. (1997) illustrating an 

increase in aggregate stability with diversity and Klironomos et al. (2005) finding no 

significant effect of fungal diversity on aggregate stability. Moreover, generally within 

the literature it is assumed that redundancy of functions typically exists within the soil 

environment, especially since no relationship between microbial diversity and 

decomposition of organic matter has been observed (Griffiths et al., 2000 and 2001). 
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More specific functions such as nitrification and methane oxidation however have been 

observed to reduce with decreased microbial diversity (Griffiths et al., 2000). The 

results presented here suggest that species diversity losses within the soil may prove to 

be advantageous for soil structure development, hence suggesting the effect of 

biodiversity of soil structure may follow the idiosyncratic hypothesis instead. This 

hypothesis demonstrates that the losses of biodiversity on soil structure would be 

determined by conditions (e.g. community composition, site fertility and disturbance) 

under which the extinction occurs, and thus ultimately on the impact the loss of that 

species has on soil structure.  

 

Since soil structure can be measured in many different ways (e.g. total porosity, mean 

pore size, aggregate size, stability and water repellency), biodiversity losses may have 

effects on various aspects of the soil structure. A decline in species diversity may have 

idiosyncratic effects on processes that predominantly influence total porosity and pore 

size within a soil, but may be redundant for other soil processes, such as aggregate 

stability. Since aggregate stability increases with increasing organic matter (Chaney 

and Swift, 1984); and that there is a high degree of redundancy with regard to 

decomposition, this may ultimately mean that redundancy may exists in terms of 

aggregate stability and maintenance, with a reduction of certain species having very 

little if any affect on aggregate stability. As so many processes are involved in soil 

structure formation and stabilisation, it seems reasonable that each process which takes 

place within the soil ecosystem (that influences soil structure) needs to be assessed with 

regard to the impacts of diversity losses on the function.  
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In addition to the effect culturable numbers and diversity had on soil structure in 

Chapter 3, total microbial activity also influenced mean pore area (Chapter 4). This was 

probably due to the release of exudates from microbes (Czarnes et al., 2000) binding 

soil particles together forming aggregates and increasing pore area. Since the soil 

environment is so dynamic, the reverse pattern of this should also be considered, with 

mean pore area influencing microbial activity within the soil. As illustrated through soil 

thin sections that had been biologically stained, microbial communities within the soil 

were related to areas of pore spaces within the soil. Nunan et al. (2001) found that 

bacteria tend to clump near pore spaces, where substrate availability (Wright et al., 

1995), water, air and nutrient flow would be highest. Thus if pores are larger in size, 

the area available for microbes to inhabit, which are high in resources, would increase 

leading to an increase in soil activity.  

 

6.2 EXPERIMENTAL APPROACHES AND METHODOLOGIES 

 

6.2.1 APPLICATION OF DIFFERING BIODIVERSITY LEVELS 

 
From T-RFLP profiles of soil samples described in Chapter 4 and 5, it became apparent 

that use of differing dilutions did indeed change the microbial communities. These 

changes were not exactly as expected, with differences in diversity only associated due 

to the differing soil conditions (i.e. presence of plants roots and variations in AMF 

species). Such variation in responses by the soil microbial community may be due to 

insufficient incubation of the soil prior to the start of the experiment, causing 

incomplete development of an even microbial population (Griffiths et al., 2001 and 

Wertz et al., 2006 left soils for time periods ranging from 19 weeks to 9 months after 
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inoculation). Therefore the immediate introduction of plants and mycorrhizal fungi to 

the soil, may have had sufficient effects to modify inoculated soil communities before 

initial development of different diversity levels. Such limited changes in diversity of 

denitrifiers and ammonia oxidising bacteria was also observed in low dilution by Wertz 

et al. (2006). However, although limited differences in diversity were observed using 

the dilution technique described by Griffiths et al. (2001), the technique still acted as a 

suitable methodology for modification of the re-introduced microbial populations 

within the sterilised soil. Indeed, T-RFLP analysis of inoculated soils left for 14 weeks 

prior to experimentation in a parallel study at Nottingham University, found no 

dilution-related decreases in diversity, but did demonstrate alterations in microbial 

composition of the soils receiving a range of dilutions (West, Pers. Comm., 2009). 

 

6.2.2 MICROBIAL ASSESSMENTS 

 
Despite some recent criticism of the use of culturable community assessment, such as 

plate counts in modern environmental microbial ecology (Ritz, 2007), there still 

remains a large number of publications reporting CFU data. Indeed within the area of 

soil research, there is a linear increase in papers being published using CFUs, with 

more recent work utilising the technique as it as quick and inexpensive compared to 

DNA methods (after a Web of Science search using ‘soil AND CFU’ as search terms). 

Hence, for a simple, inexpensive and quick look at microbial counts within the soil 

microcosms at varying points in time, CFUs appear to be a suitable option. It is worth 

noting however that CFUs related to single cells and the culturable conditions do not 

replicate those of the heterogeneous natural soil environment in which the 

microorganisms normally grow and function. Ritz (2007) also states that since 
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organisms have evolved, the culturable community would further be influenced by the 

presence and status of other organisms within the vicinity of other species.  

 
Biolog microtitre plates, have also come under criticism, since the carbon substrates 

present within the 95 wells, are not completely relevant to those found in the natural 

soil system (Konopka, Oliver and Turco, 1998). The well conditions are aqueous, 

buffered pH-neutral, temperature and light controlled in addition to being nutrient rich. 

These factors introduce bias into assessments as the metabolic potential of the natural 

system maybe unrepresented (Smalla et al., 1998). Pre-treatment of soil prior to 

inoculation (through sieving) and the quantity of soil used for inoculation both 

influence activity within the Biolog plate, particularly with regard to differences in 

inoculation cell density between plates (Haack et al., 1995; Preston-Mafham, Boddy 

and Randersoon, 2002). Moreover, Konopka, Oliver and Turco, (1998) also suggest 

that inoculation from such natural systems may lead to low cell densities being 

transferred into the well, altering the physiological state of the organisms. The 

approach is further hampered by the fact it is culture based and slow growing bacteria 

will have a nominal contribution to the overall profile (Preston-Mafham, Boody and 

Randerson, 2002). Finally, separate plates are required for bacterial and fungal 

communities since fungal species are not capable of reducing the purple tetrazolium 

salt. 

 

Despite some negative reviews of Biolog® plates, it still remains a popular technique 

for rapid visualisation of microbial communities. For example, 37 publications were 

found using a Web of Science search of ‘Biolog AND soil’ during 2009 (correct as of 
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23th August 2009). The technique has been further developed to allow determination of 

physiological profiles of whole soil microbial communities through the measurement 

of carbon dioxide (CO2) evolved from varying carbon substrates within a microtitre 

plate (Campbell et al., 2003). Hence it remains a rapid method for gaining insight into 

metabolic potential differences between soil microbial communities, as long as 

replication (in order to reduce the likelihood of missing rare species within the 

community), soil inoculum quantity remains constant and correction for background 

absorbance is applied through transforming with AWCD (Preston-Mafham, Boddy and 

Randerson, 2002). Such problems associated with culturability of microbes by plate 

counts and Biolog microtitre plates was resolved through the use of DNA profiling that 

provided a reliable and rapid methodology through the use of an automated sequencer.  

 

Although reducing the culturability biases, T-RFLP has its own disadvantages (as with 

any method) particularly since the identification of T-RFLP peaks cannot be made due 

to the inability to generate sequence information (Anderson and Cairney, 2004). 

Further drawbacks include the lack of distinction between fragments that share the 

same fragment length, but different sequences, which is represented by only one peak 

on the T-RFLP profile. This is particularly the case when T-RFLP is used on complex 

communities (like soil), where the total diversity within the sample can be compressed 

to a small number of distinct peaks since phylogentic differences cannot be made 

(Bibiloni, Lay and Tannock, 2008). Although this problem can be diminished through 

the use of more than one restriction enzyme. Reduced peak occurrence can lead to 

oversimplification of the diversity within a sample (as observed with the low number of 

peaks detected in this study). Furthermore, with such complex ecosystems rare species 
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may not amplify during PCR preventing detection (Dickie, Xu and Koide, 2002). Since 

the soil is a relatively uncharacterised environment identification of peaks present 

within the sampled soil is limited due to the lack of sequence data related to fragments 

present within the soil under specific restriction enzymes such as HaeII and MseI, in 

addition to the limited bacterial database currently determined using the 23S region 

compared to that of 16S. 

 

6.2.3 SOIL STRUCTURAL ANALYSIS 

 
Numerous methods have been used to determine aggregate stability resulting in no 

universal method for its assessment. In this study a technique described by Le 

Bissonnais (1996) was used. Le Bissonnais described three methods to determine an 

aggregate’s stability which assessed the four main mechanisms for aggregate 

breakdown. These were by slaking, breakdown by differential swelling of soil primary 

particles, mechanical breakdown by raindrop impact and physio-chemical dispersion. 

Results in this study were determined using the slaking technique which were very 

reliable and consistent. However, with no universal agreement as to the most 

appropriate method to study aggregate stability (as discussed in the review by Díaz-

Zorita, Perfect and Grove, 2002), comparisons in aggregate stability data from other 

studies must be assumed with caution.  

 

The use of X-ray CT throughout all experimental work was vital in determining soil 

structure within the micro- and macrocosms over time non-invasively. Generally this 

technique provided an excellent tool for soil structure visualisation. A disadvantage of 
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the technique was the lack of differentiation between soil pore space and root material 

(due to the close density values that air and root material share) resulting in the 

overestimation of pore space. The development of micro-X-ray CT has resolved some 

of these discrimination issues and has even allowed quantifications of root diameter 

(Gregory et al., 2003), something that could in the future be utilised on X-ray CT at the 

larger scale. Further overall development of this technique could be undertaken through 

the generation of more algorithms for application in X-ray CT analysis of soil images 

(such as appropriate techniques for auto-thresholding) to prevent misclassification 

errors through manual (human error) and allow standardisation across the technique, 

As mentioned in section 1.1.3.4 this technique is still relatively new, so with further 

technological advances with regard to image resolution and reconstruction this 

technique appears to be very useful technique for soil structure determination. 
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7 CONCLUSIONS AND FUTURE WORK  

 

7.1 CONCLUSIONS 

 

This research has highlighted that interactions in soil are complex with direct and 

indirect associations taking place at the micro- through to macro- scale. Soil texture 

influenced soil structural development and microbial communities that lived within the 

soil ecosystem. Furthermore the presence and type of mycorrhizal fungi within the soil 

also influenced microbial communities within the soil environment. As highlighted in 

previous studies the importance of organic matter on aggregate stability was also 

illustrated, with aggregate stability increasing with increased organic matter content. 

 

It is widely believed that soil structure is affected by microbial communities (despite 

there being very little data to prove this), however work within this study particularly 

highlighted the importance of interactions between microbes and plants. Soil structure 

development was determined through changes in aggregate size, stability and porous 

characteristics over time determined from X-ray CT. Investigations indicated that after 

a settling period, soil structural development took place within soil microcosms under 

the influence of microbial populations alone over a nine month period, whereas within 

a planted soil (with and without AMF) soil structural development took place over four 

months. This illustrated that the introduction of plants and their roots to the soil 

ecosystem accelerated the development of soil structure directly and indirectly (by 

altering microbial communities), until a point where root density became too high 

resulting in breakdown of soil structure through their movement and compression of 



 

Chapter 7: Conclusions                                                                                              Page 324 

 

surrounding soil. However generally it is concluded that root activity is the main 

driving force behind soil structure development compared to that of microorganisms. 

 

This work provided insights into how soil structure is affected by the diversity of 

bacteria, saprotrophic fungi and mycorrhizal fungi within planted and unplanted 

macrocosms. Within planted (but non-mycorrhizal) treatments, less biodiverse soil (in 

terms of microorganisms) increased aggregate size, whereas within unplanted and 

planted soil with mycorrhizal fungi porosity and pore size were larger within the less 

diverse soil. However, the reverse effects of diversity on aggregate stability were 

observed, where declines in biodiversity, caused reductions in organic matter content 

and thus declines in aggregate stability. Soil has generally been characterised by a 

redundancy of function and generally a reduction in microbial diversity has little effect 

on overall processes. However with regard to the physical structure, the effect of 

biodiversity loss on function may in fact be idiosyncratic, as the effects of biodiversity 

losses appear to be influenced by soil conditions (such as the presence or not of plants 

and mycorrhizal fungi). Furthermore it was illustrated that with a slight decline in 

diversity, an improvement in soil structure was observed; possibly because other 

microorganisms effectively take on the function of the extinct microbe. In order to 

assess the true extent biodiversity has on soil structure as a whole, thorough assessment 

of the functions and the species involved in the development and stabilisation of soil is 

fully required. This should be undertaken before the assessment of the effect 

biodiversity losses have on each of these individual functions. Furthermore it was also 

observed that as microbial numbers increased soil structure improved, highlighting that 
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a soil system high in microbial numbers, but with a low diversity maybe be appropriate 

for efficient development and stabilisation of soil structure.  

 

7.2 IMPLICATIONS 

 

With changes and extinctions within the soil microbial community, due to agricultural 

practices and intensification in addition to changes mediated by climate change, the 

impact of microbial numbers (and biodiversity) on soil structure and thus plant 

productivity is highly important. This work has highlighted the importance of bacterial 

and fungal numbers on soil structural measurements, namely porosity and mean pore 

size, thus any decline in the numbers of microbes within a soil community could have 

an impact on soil structure and ultimately agricultural productivity. 

 

To humans, sustaining soil structure is vital to maintaining crop production in addition 

to grazing pastures, particularly since the soil environment provides all the food 

components humans require including carbohydrates, proteins, fibre, water, minerals 

and vitamins. Estimates from the US highlighted that up to 99 % of US food is sourced 

from the soil environment (Pimental and Giampietro, 1994); hence the maintenance of 

this ecosystem is vital. In recent years food security has become a very important 

concern, particularly within developing countries, but even within developed countries 

like the UK which are open to trade. Food security is defined as when all people, at all 

times, have access to sufficient, safe and nutritious food to meet their dietary need and 

food preferences for an active and healthy life (FAO, 1996). As global population 

increases, it is estimated that by 2050 the world population will be 8.9 billion (Chamie, 
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2004) thus food security for the future is an important issue. With cereal deficits in 

developing countries predicted to increase from 78 to 244 million metric tons by 2020 

(Oldeman, 1998), it is vital that the soil environment and its structure is maintained in 

order to maintain the agricultural demand placed on it. Improving management of soil 

organic matter (that improves soil aggregation and stability) can double the financial 

returns of UK farmers from £31 to £66 per hectare, due to easier tillage, fertiliser 

saving and higher yields (Defra, 2008), thus proper management of such ecosystems is 

fundamental for both food security and effective soil function to maintain this system.  

 

Climate change will also have important impacts on food and farming, particularly on 

what kinds of farming and what crops can be grown in certain areas. The preservation 

of a good soil structure will be fundamental to maintaining good drainage within soils, 

good seedbeds (Bouaziz and Bruckler, 1989; Souty and Rode, 1993; Aubertot et al., 

1999) and a suitable environment for crop anchorage (Mooney et al., 2007), especially 

with the occurrence of extreme weather events (e.g. wind, rain and floods) likely to 

increase (Barling, Sharpe and Lang, 2008). Changes in temperature and rainfall 

patterns, will also influence microbial populations, resulting in some adaption but also 

extinction, that will influence ecosystem functioning. Furthermore awareness and 

modification of current and modern farming practices is vital in the management of soil 

throughout these changing environmental conditions (Defra, 2008). 

 

In addition to sustaining food production, the porous network within soil controls the 

flow of water and chemical substances between the atmosphere and the earth, in 

addition to acting as a source and store for gases in the atmosphere. Soil contains up to 
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58 % carbon (Defra, 2008), with 3.73 million tonnes (Mt) of carbon emitted from UK 

soils and 1.52 Mt added in 2003 (Barling, Sharpe and Lang, 2008). Thus maintenance 

of such an ecosystem is vital for the continued functioning of this ecosystem within 

water and gaseous flow cycles. Effective management of the soil, particularly within 

the agricultural context (West and Post, 2002) may also improve the potential of the 

soil environment to sequester carbon dioxide from the atmosphere (Sampson and 

Scholes, 2000) partially mitigating atmospheric carbon dioxide, albeit at a minor scale.  

 

7.3 FUTURE WORK 

 

Investigations on biodiversity/soil-structure interactions must focus on effective 

methodologies for manipulating diversity that provide realistic changes pertinent to the 

natural environment. Furthermore, effective studies need to be conducted in order to 

apply results from laboratory based studies to the field environment where large areas 

need to be assessed.  

 

In addition to the research presented here, which could be improved through use of 

more replication in chapter 3 and selection of more restriction enzymes for T-RFLP in 

chapters 4 and 5, other investigations are required in order to assess the true impact 

biodiversity has within the highly important soil environment. 

 

• A complimentary study to those presented within this thesis would also include 

an assessment of a soil structural response to declining levels of microbial 

diversity. Throughout Chapters 3, 4 and 5 the effect of diversity on soil 
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structural development was assessed, however a comparison would be to 

monitor the effect of biodiversity decline on intact soil cores taken invasively 

from the field and measured using non-destructive techniques such as X-ray 

CT. 

 

• Determination of the impact microorganisms have on soil structure at the 

micro-scale. Research within this study was limited to a resolution of ~ 65 µm 

pixel-1, hence further assessment at a much enhanced resolution may be able to 

monitor finer changes to soil structure over time than those observed here. It is 

hypothesised that the pore space and pore connectivity within an aggregate may 

influence the stability of that aggregate (Papadopoulos, 2007). Hence an 

unstable aggregate would have pores poorly connected with each other and the 

outside environment, whereas pore space within stable aggregates would be 

well connected both within and externally. A study could be undertaken where 

microbial activity within individual aggregates would be manipulated and the 

effect of that aggregate’s pore structure (through X-ray µCT) and stability 

monitored over time (particularly since aggregates have been recognised to be 

held together under transient, temporary and persistent binding agents that vary 

in the timescale in which they influence aggregate stability). These factors 

could ultimately influence microbial biodiversity, particularly since microbes 

tend to be located near pore space (Nunan et al., 2001). A further 

complimentary study could look at the converse of this idea with an assessment 

of microbial communities (by T-RFLP while using more than one restriction 
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enzymes) within aggregates, comparing systems in relation to their porous 

environment (i.e. connectivity within and externally).  

 

• Comprehensive assessments of the effect bacterial and fungal numbers have on 

soil structure. It has been observed and hypothesised during the current research 

and by Aşkin et al. (no date), that as microbial numbers increase soil structural 

development increases. However, no thorough investigation today has been 

focused solely on this hypothesis. A macrocosm investigation into the effect 

different bacterial and fungal numbers have on the soil could be undertaken, by 

inoculating sterilised soil with various microbe numbers before assessment of the 

aggregate’s size and stability and porous network is made with the use of X-ray 

µCT. Furthermore during this study a comprehensive assessment of the 

functioning of the particular bacteria and fungi present within the inoculated soils 

could be determined, to actually assess the impact various organisms have on soil 

function (which currently is one of the main problems affecting our knowledge of 

the impact biodiversity has on soil functioning). 

 

• An assessment of the capability of soil to support a decline in microbial diversity. 

The current investigation clearly demonstrated that biodiversity can have an 

impact on soil, particularly within the bare soil environment, however a more 

through quantification of the effects biodiversity has on long term soil structure is 

required. Due to time constraints the longest time period soil structure was 

assessed over was 15 months, since soil structure can take years to develop, a 

longer assessment would be required.  
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